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This thesis concerns the evaluation of molecular receptors for peptide carboxylates.

Chapter 1 outlines the scope of the work, including recent developments in the host-guest
chemistry of oligopeptide carboxylates, the combinatorial paradigm, sequencing
methodologies, its application to the discovery of receptors and the nature of guests of
interest studied.

Chapter 2 describes the evolution of a novel method of determining a solid-phase linked
peptide sequence. Limitations are discussed. The method is then successfully
implemented in the synthesis of a library ‘pseudo-tweezer’ receptors for carboxylates and a
library of authentic tweezer receptors, including the synthesis of appropriate carboxylate-
binding motifs.

Chapter 3 describes the use of the libraries synthesised in solid-phase screening
experiments with oligopeptide guests of biological interest. Results of these experiments
are discussed, leading to the identification of receptors. Resynthesis of these receptors in
both solid-phase-linked and free form is detailed and evaluation of binding is made.
Chapter 4 describes the synthesis and binding constant evaluation of a receptor for the
oligopeptide of interest D-Ala-D-Ala, which had previously been identified by alternative
combinatorial methods.

A perspective on the method is offered and future investigation indicated.
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Chapter 1

Introduction

1.1 The field of supramolecular chemistry

Supramolecular chemistry is a young and burgeoning field within chemical science,
amalgamating many traditional disciplines. It addresses the chemical, physical and

biological features of species held in union by non-covalent interactions.

In the broadest sense, supramolecular chemistry is the study of systems containing more
than one molecular identity and more specifically, the ‘chemistry of molecular assemblies
and of the intermolecular bond’'. In a semantic sense, supramolecular chemistry is
‘transcending molecular chemistry’, turning away from the molecule as individual entity
and towards molecular association and thus an interest in functionalities that confer

intermolecular interaction rather than chemical reactivity.

The birth of supramolecular chemistry is traditionally recognised as Charles Pedersen’s
potassium-templated synthesis of crown ethers®>. However, the study of molecular
interaction has a much longer history, especially in medicinal chemistry. Emil Fischer
formulated the basic principles of enzyme-substrate interactions in the simple analogy of
“wie Schloss und Schliissel zueinander passen miissen” [must be complementary like a
lock and key], which contains the idea of specificity in molecular binding, of how
substrates and enzymes must interact selectively. Current studies into effective drugs rely
on the study of interaction between a drug molecule and a target biomolecule involving
many of the concepts developed in supramolecular chemistry, yet many practitioners would

not consider themselves supramolecular chemists.

A common terminology is used within the field to describe interacting systems. Two

participants in a molecular binding event are generally termed the ‘host’ and the ‘guest’.
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The host is generally regarded as the larger of the two, displaying convergent binding
functionality whereas the guest is usually smaller in size and displays divergent binding
functionality. These terms are flexible, since binding is a cooperative event between two
species; what is termed the ‘host’ and what the ‘guest’ is an issue of perspective. Hosts are

also commonly referred to as ‘receptors’.

For example, epidermal growth factor receptor’ (EGF-R) is a protein tyrosine kinase ‘host’
which is able to bind several different epidermal growth factor hormone ‘guests’®®. Such
biological interactions are usually highly specific and critical for many cellular processes,
including DNA-synthesis, self-assembly of protein complexes and antigen-antibody
responses, all taking place in aqueous medium. A great challenge for supramolecular
chemists is to mimic such highly selective processes and to generate systems which also

recognise complex biological structures under physiological conditions.

The application of host-guest systems stretches beyond the biochemical world. ‘Molecular
machines’ such as those generated by Stoddart and co-workers rely on differing recognition
processes occurring under differing conditions™'®. For example, the molecular elevator
formed by the association of tris-crown ether 1 and tripodal guest 2 can be controlled by

pH, and generate modest amounts of mechanical energy (Fig 1-1).
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Fig 1-1 Stoddart et al’s molecular elevator; Association of the two components 1 and 2 into the
‘molecular elevator’, shown below in a simplified schematic with only two ‘shafts’. ‘Legs’ of 2 insert
into the macrocyclic rings of 1. Depending on pH (and hence the protonation state of the secondary

amines in 2), the tris-crown platform occupies an ‘upper’ or ‘lower’ station

Supramolecular systems also have applications in catalysis, such as Cram et al’s ‘synthetic-

chymotrypsin’ species’’ *?

(Fig 1-2). A further application of supramolecular systems is in
separation science, for example the enantioseparation of phenylalanine salts'* by binding

and transport across phase boundaries by hosts which are enantioselective.
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Nucleophile
Proton transfer catalyst

Site of complexation

Fig 1-2 Cram et al’s ‘synthetic chymotrypsin’ 3. Displaying the same essential features as the active site
of the chymotrypsin enzyme (binding site, nucleophilic OH, imidazole proton shuttle — lacks the extra

carboxyl group of Asp), the species is able to catalyse a model transacylation reaction by 10°

This brief overview indicates the broad scope of supramolecular chemistry. A large
number of synthetic hosts have been prepared for the binding of a plethora of substrates for
a variety of applications. In particular, there has been extensive interest in the binding of

biomolecules including nucleotide bases, amino acids and oligopeptides.

1.2 Factors affecting the solution-phase binding of species

Synthetic receptors are based around the design paradigm of the eventual construction of a
stable host-guest complex held together by non-covalent interactions. Such constructions
are possible due to thermodynamic stabilisation gained by the system on complexation,

often a synergy of several interactions.

Binding is a fluid, equilibrium-based process, with guests being able to freely associate and
disassociate from hosts. Hence binding affinities are often expressed as an equilibrium

constant. For example, in the simplistic binding event;
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H+G = HG
the binding constant K,, is given by;
_ [HG]
© [H]IG]

and a larger K, represents a higher equilibrium concentration of host-guest complex and

hence a more strongly binding receptor.

Binding constants are thus thermodynamic quantities and are related to the free energy
exchanges of the binding process. Free energy change is conveniently divided into
enthalpic contributions (due to the formation/destruction of intermolecular bonds) and
entropic contributions, which are both discussed below. It is the combination of all such
contributions which determines the ability of a host to bind a specific guest in a particular
medium, hence the design of a receptor usually attempts to maximise all positive

contributions. A brief discussion of some typical contributions follows.

1.2.1 Conformational flexibility

Upon binding, a host-guest complex acquires a new rigidity not associated with either the
free host or free guest, due to the formation of non-covalent intermolecular bonds. The
geometrical demands of such bonds force the host and guest to adopt particular
conformations in order to maximise the interactions. Hence both host and guest lose
various degrees of freedom upon binding. A ‘pre-organisation’ of a host prior to a binding
event is often used to denote this. The loss of flexibility is an entropic contribution and is

commensurate with the transition from two independent units to a single, associated unit.

Recognition of this process has led to the design of receptors with a rigid structure. The
host is then in theory perfectly defined to interact with a guest molecule, thus losing fewer

degrees of freedom upon binding and in effect ‘pre-paying’ this entropic penalty binding at
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the stage of receptor synthesis. An example is the highly rigidified spherand systems such

as 5 used to bind metal cations (Fig 1-3)."

4:Na* K, =2.5x10* 5:Na* K, =1.4x 10"

Fig 1-3 Pre-organisation of binding sites. The crown ether 4 is flexible and loses entropy on binding a
metal cation, an energetic penalty. In contrast, the spherand 5 is highly rigid and creates a perfect
binding site for binding certain metal cations. No energy is required to reorganise 5 into a binding

conformation

However, it is rarely possible to so perfectly design a host for guests of complexity greater
than spherical geometry, and host rigidity often impedes binding of guest by preventing
access to sites of binding functionality. Thus a compromise is often achieved by using
receptors with both rigid portions (to avoid a high entropic penalty of binding) and flexible
portions which allow access by the guest and some degree of system-internal optimisation

of binding geometry (rather than imposing it through rigidity).
1.2.2 Electrostatic interactions

Electrostatic interactions result from the forces between charged species, as described by
Coulomb’s laws. They are enthalpic in nature. The magnitude of the interaction depends
on the size of the charges, the distance between them and the nature of the medium

containing the charges.
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Typical electrostatic interactions exist between ions and permanent dipoles. Since dipoles
are vector quantities, they must be correctly aligned in order to maximise the interaction,

which is attractive between opposite charges (Fig 1-4).

©n@ Wty e X g

Fig 1-4 Electrostatic interactions. Attraction exists between ions of opposite charge and maximally

between correctly aligned dipoles. Incorrectly aligned dipoles do not attract.

Such interactions are typified in crown ethers of Pedersen’, which bind metal cations
through ion-dipole interactions between the metal ion and the oxygen atoms of the
polyether macrocycles. A correlation has been made between the cavity size of the
macrocycle and the cation radius for maximum complex stability, such that a more stable
complex is formed when the cation fits best inside the crown ether. A similar situation
exists for the naturally occurring macrotetrolide nonactin 6 (Fig 1-5), which is a known

potassium ionophore'® and ammonium sensor'’.

(0]
INENT ]
H H
0 o} 6
H H
[T
Hy H o

Fig 1-5 Nonactin 6, a natural product known to effectively bind potassium and ammonium
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1.2.3 Hydrogen bonds

Hydrogen bonds are ubiquitous in supramolecular complexes, and may be thought of as the

basic tool in the kit of supramolecular chemistry. Such interactions are enthalpic in nature.

Hydrogen bonds are established between an electronegative heteroatom (including, but not
exclusively, N, O and F) and a hydrogen atom. The heteroatom is characterised by the
presence of a lone pair of electrons, which act as the hydrogen bond acceptor; the hydrogen
atom is formally covalently bonded to a third atom and is regarded as the hydrogen bond

donor. Examples are shown in Fig 1-6)
F—HF O—H"N 0-H"0 F—HN

N—-H'0 N—H"N C—H'O S—-H'0
Fig 1-6 Examples of hydrogen bonds

Hydrogen bonding is independent of the charged nature of host and guest; hydrogen bonds
form equally well between neutral species and between charged species. However the
strength of a hydrogen bond can be reinforced if the atoms involved do carry charge.
Hydrogen bonds are far weaker than standard covalent bonds (~50-100kcal/mol) but much

stronger than surface-dependent van der Waals interactions (~O.05-0.5kcal/mol).18

Hydrogen bonds are detected in X-ray crystal structures and have a nominal length of
between 1.7 and 2.0 A, however this is not exclusive.”” Countless examples of hydrogen

bonding exist in the literature, of which a few illustrative examples are discussed.

The most famous example of hydrogen bonding between two species is given by the
double-helix structure of DNA. Two strands of ribophosphate polymer backbone are held
together by the complementary hydrogen bond interactions of appended nucleobases.
Selective recognition is noted between the triply hydrogen-bonded guanine-cytosine pair

and the doubly hydrogen-bonded adenine-thymidine pair (Fig 1-7), which gives rise many
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of the information-storage properties of DNA. The selectivity arises from the matched

nature of hydrogen bond donors and acceptors displayed by the nucleobases.

H H
N_H“I“““I““O N [ERRRRANRRRANYY —_ 1
—— PN NS
/ N i H— \ N\ / -
N N . R N"‘H'““'“"""N\ /) N\R
N—4 _ N NN
On H-N R 0
H
Cytosine Guanine Thymine Adenine

Fig 1-7 Complementary base pairs in DNA. R groups represent the point of attachment to the
ribophosphate backbone. Cytosine and guanine interact through three hydrogen bonds, thymine and

adenine through two. Both arrangements are donor-acceptor matched.

Hydrogen bonding in synthetic receptors is often utilised in the form of an array of
donor/acceptor functionalities which match those of the guest. The three-dimensional
arrangement is of critical importance, as secondary electrostatic interactions can arise,

which affects both the binding strength and binding selectivity.?

IR R I R R T N S
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A synthetic receptor which relies heavily on hydrogen bonding interactions is the
barbiturate receptor of Hamilton et al.*! This macrocyclic receptor contains six hydrogen
bonding functionalities which are complementary both in nature and in arrangement to that
of barbiturate (Fig 1-8). The importance of the hydrogen bonds was shown by
investigating the binding of guests with fewer H-bonding functionalities (e.g. 8, 9), which

were found to bind with a much lesser K.

o 0
~‘ 0 0
/N, 0 \ Pz
H. /Ik ,H J\ HNJ\N/
N., a-N
7:K,=25x10% 8: K, =4x10? 9: K, =6.8x10°

Fig 1-8 Hamilton ez al’s barbiturate receptor. The network of six hydrogen bonds contributes to

maximal binding of barbiturate. Guests lacking certain H-bond functionalities are bound less strongly

1.2.4 The effect of solvent

Binding events are usually observed under ambient conditions in a solution phase, which
permits efficient access of hosts and guests to one another. Thus the nature of the solvent
plays a critical role in the binding event and has great effects on complex stabilistation.?
Hydrophobic (or more specifically solvophobic) interactions also influence a number of
important processes including the formation of micellar and colloidal structures,

stabilization of protein-protein complexes and protein folding.

10
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In the first instance, there is a great entropic contribution made by solvent; both host and
guest must desolvate over their mutually binding surfaces to permit intermolecular
interactions to occur. This releases a number of solvent molecules to the bulk solution,
which is a positive entropic contribution to binding. This is especially the case where host
or guest is only weakly solvated in its unbound state, leading to the so-called ‘hydrophobic
effect” where a guest much prefers the environment provided by the host than bulk solution.
A specific example is the binding of aromatic species by cyclodextrins™ in aqueous
solution, whereby the aromatic guest prefers the non-polar environment provided by the
cavity of the cyclodextrins. Binding is accompanied by the displacement of several

molecules of water.

U

0 10 HO

R
OH
Ot 6 R B on ‘O)
%(,)H %\0}4 <
OH 0

Fig 1-9 p-Cyclodextrin 10, an oligomer of 7 pyranoses (cyclodextrins of varying size exist). The
structure forms a funnel shape displaying all the pendant hydroxyls either on the outer face or on the

rims, parallel to the funnel. This creates a polar exterior coupled with a non-polar interior,

A study of complexes of cyclophane receptors displaying hydrophobic cavities with
aromatic guests® found that binding strength decreased upon progression from aqueous
systems to more organic systems, demonstrating the relationship between complexation and

solvent nature.

11
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1.3 The binding of carboxylates and oligopeptides

Carboxylates are ubiquitous in nature, commonly as amino acids but also in the form of
oligopeptides and proteins. Such species have important biological functions®, and much
effort has been devoted to investigating the binding of such species. A brief introduction to
the binding of carboxylates and oligopeptides is now given; more extensive information

can be found in the literature.?® 26-3°

1.3.1 Carboxylate receptors
Species used to specifically bind carboxylates are often characterised by the presence of a

carboxylate-binding site (CBS). Examples of CBS include urea, thiourea and guanidinium

moieties (Fig 1-10)

o S \f\ﬁ/ﬁh
N, I

LI v«f\w) v LA
b - b
020 020 o\.@(o

Urea Thiourea Guanidinium

Fig 1-10 Examples of CBS. These moieties display hydrogen bond functionality matched to the

carboxylate

These moieties all display a bidentate hydrogen bond donor system which is matched to the
bidentate hydrogen bond acceptor arrangement of the carboxylate. They are also matched
in size, making these groups well-suited for use as CBS-units. In particular, the
guanidinium moiety is highly appropriate as it remains protonated over a substantial pH
range, thus forming not only hydrogen bonding interactions but also strong electrostatic
interactions with carboxylates.® Nature uses the guanidinium moiety (present as the

natural amino acid Arg) in order to coordinate carboxylates and other anionic groups

12



Jon Shepherd Chapter 1: Introduction

(present as Asp, Glu or various phosphates). The properties of natural and synthetic

guanidines are amply noted in the literature.”!

Hamilton et al** have studied a range of alkylguanidinium species as tetrafluoroborate salts
by isothermal titration calorimetry with tetrabutylammonium acetate, including acyclic and
bicyclic structures.  Substitution of potential hydrogen bonding sites in 11 by methyl
groups led to a significant reduction in binding constant (measured in DMSO). Likewise
the bicyclic system 14 was found to bind acetate strongly, but the alkylated derivatives 15

and 16 gave no detectable binding.

RLGNB,Fﬂ
R2. )'\
N

NH,
B2
11:R'=R%2=H, K;=7.9x103M"" 14:R'"=R%?=H, K, =5.6 x 103M""
12: R' =Me, R? = H, K, = 3.4 x 103 M"" 15:R' =Me, R = H
13: R' = R% = Me, K, = 1.1 x 102 M 16: R' = R%2 = Me

Fig 1-11 Hamilton et al’s model guanidinium CBSs for carboxylate binding

Binding of a carboxylate can be enhanced by incorporation of interacting moieties beyond
the CBS. Schmuck™ synthesised acylguanidinium 17, attached to a pyrrole ring and an
amide unit. This receptor was found to bind a variety of N-a-acetyl amino acid
carboxylates in DMSO-H,O mixtures (Fig 1-12). It was suggested that extra hydrogen
bonding interactions from the pyrrole nitrogen and the amide NH account for increased
binding in such polar medium. Incorporation of a Val unit into this receptor structure (18)

conferred a degree of enantioselectivity in binding N-a-acetyl amino acid carboxylates.>*

13
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o U \_ 0 0O U N\_ 0
N @ N ®
NONH H HN\(NH2 HoN NH H HN\(NHZ
NH, NH,
17: K, = 770 M (Ac-L-Ala) 18: K; = 1610 M-! (Ac-L-Ala)
K, = 930 M™' (Ac-D-Ala)
o. [\
N KH
NN, N 2
T I
S NH

Fig 1-12 Schmuck’s guanidiniopyrrole receptors for carboxylates in aqueous medium

Exchanging the pyrrole moiety for a pyridine ring gave guanidiniopyridine receptors 19
and 20.” These were found to bind the same N-a-acetyl amino acid carboxylates with
attenuated strength, and also the Val-linked receptor 20 showed no enantioselectivity. This
was attributed to dipole repulsion between carboxylate and pyridine nitrogen and
unfavourable steric interactions. The identical benzene system binds N-a-acetyl amino acid
carboxylates with strength lying between the pyridine and pyrrole systems (K, = 600 M,
Ac-L-Ala).

[ [
o) N/ o) . JO O N/ (0] .
NH HN NH NH HN NH
~ \f 2 H2N \f 2
NH, NHz
19: K, = 460 M! (Ac-L-Ala) 20: K, = 360 M (Ac-L-Ala)

K, = 330 M (Ac-D-Ala)

Fig 1-13 Schmuck et al’s guanidiniopyridine receptors

14
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136,37

The binding of polycarboxylates has also been reported. Anslyn et a synthesised

trisguanidinium 21 as a chemosensor for citrate 22, a triscarboxylate (Fig 1-14).

21 22

Fig 1-14 Anslyn et al’s receptor for citrate anions. The aromatic core of 21 displays three guanidinium

units on the same side to bind to the three carboxylates of citrate

21 was found to be selective for citrate in water over mono- and biscarboxylates,
phosphates and other salts in competition experiments.38 The three guanidinium units are
pre-organised onto the same face of the of the benzene core owing to steric effects imparted
by the ethyl groups, giving a conformation displaying multiple hydrogen bond donors in

positively charged moieties, perfect for binding citrate.

A noteworthy example of the use of a guanidinium in a carboxylate receptor is that of de
Mendoza et al who devised 23 (Fig 1-15) as a receptor for L-tryptophan.® 23 was
developed from similar structures by Schmidtchen et al.*® This receptor is designed to bind
the zwitterionic form of the amino acid owing to a three-point arrangement of binding
motifs; the rigid bicyclic guanidinium unit for association with the carboxylate, the aza-
crown macrocyclic unit to bind the ammonium (which is held in the correct region of space
on one face of the bicyclic unit to bind only one enantiomer of the amino acid), and the

appended naphthyl group to interact favourably with the aromatic side chain.
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Fig 1-25 de Mendoza et al’s bicyclic gnanidinium receptor for enantioselective recognition of

tryptophan

Liquid-liquid extraction experiments showed that L-Trp and L-Phe were readily extracted
into an organic phase by 23, whereas L-Val was not. The corresponding D-amino acids

were not extracted, illustrating the potential for highly enantioselective receptors.

Kilburn ez al have developed the bisthiourea macrocycle 24.*° The presence of the pyridine
rings helps to pre-organise the macrocycle for binding. 24 was found to bind N-protected
glutamate in an enantioselective fashion and to bind guest more strongly in more polar
solvent media; no detectable binding was observed in CDCl3 but a binding constant of 3720

M was measured in dg-DMSO, which is contrary to what is usually expected.

| X X
N S

(0] NH 0]
Ph +1Ph 24
Phu Ph

(0] NH (0]

= N* |

N NS

Fig 1-16 Kilburn et al’s bisthiourea macrocycle 24 for the binding of glutamate. The pyridine nitrogens

pre-organise the macrocycle into useful conformations
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This anomalous behaviour was attributed to strong intramolecular hydrogen bonds which
are strong in the non-polar medium but can be replaced by solvent interactions in the polar
medium. Hence in polar media the macrocycle is less constrained and can readily bind
guest, whereas in non-polar media a considerable energetic barrier must be overcome to

break the strong internal forces.
1.3.2 Peptide receptors

Control can be exercised over cellular processes (including intercellular communication,
and immune responses) through the judicious use of peptides to modulate protein function.
A central challenge of supramolecular chemistry is the discovery of synthetic receptors
which selectively bind such peptides, in order that their precise function can be ascertained.
However, the degree of molecular flexibility inherent in even the simplest dipeptide makes
a priori rational design of peptide receptors an extremely challenging vernture.”® A
number of peptide receptors have been reported in the literature, of which only a few choice

examples are presented here. The reader is directed to the literature for further details.”®*'

Still and co-workers*>** have investigated the properties of a large molecular-weight pair of
receptors 25 and 26. Both these receptors are polycyclic oligomers of a triscarboxyaryl unit
and vic-diamines, generating a large hydrophobic pocket, and all bind certain peptides

selectively in either chloroform or aqueous solution.
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Fig 1-17 Still et al’s cage receptors for peptides. The indicated A,B,C units are oligomerised into the

full cage structure

For side-chain protected dipeptides, 26 binds similar sequences in water to 25 in
chloroform. For deprotected tripeptides, 26 binds different sequences in water to 25 in
chloroform. This demonstrates that selective peptide receptors can be generated and that
sequence-selective receptors for peptides in aqueous medium can potentially be derived

from known sequence-selective receptors for peptides in organic medium.

Tetraguanidinium receptor 27 (Fig 1-18), investigated by de Mendoza and co-workers****,
was found to strongly bind a 16-mer peptide containing four Asp residues with K, ~ 10° M~
!, The peptide was stabilised in an a-helical conformation, presumably through binding of

the four side-chain carboxylate residues by the four guanidinium moieties.

18



Jon Shepherd Chapter 1: Introduction

©] ® @ @
} , ., R
R N)\N '//S N N '//S N N //S N N 7.~
H H H H H H H H

27: R = OTBDPS
Fig 1-18 de Mendoza et al’s tetraguanidinium receptor for Asp-containing peptides

Schrader et al*® have reported a synthetic receptor for the tripeptide Arg-Gly-Asp, which is
a known motif in several proteins which adhere to cell surfaces by interacting with integrin
proteins*’. 28 was found to bind Arg-Gly-Asp with K, = 1300 M in water. This binding
is ascribed to the m-xylene bisphosphonate motif which recognises the guanidinium side-

chain of Arg and the ammonium group binding to the carboxylate side-chain of Asp. pH

was carefully controlled to ensure the correct protonation state of all entities.

Q5 80
MeO~ P~ “P~oMe
28
0” N
EtO\ )
/,P\@
00 NH3

Fig 1-19 Schrader et al’s receptor for the Arg-Gly-Asp cell adhesion peptide

Many other peptide receptors are based on the concept of the ‘molecular tweezer’, first
described in 1978.* Such species consist of a ‘head-group’ or ‘hinge’, a conformationally
restricted moiety that holds two or three functionalised ‘side-arms’ in close proximity,
generating a partially enclosed binding region reminiscent of macroscopic tweezers. Both
the head-group and the side-arms may be functionalised for the binding of a specific guest.
- In particular, the case where both guest and side-arms are peptidic, it is anticipated that 3-

sheet structures will form (Fig 1-20).%
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Fig 1-20 Tweezer receptors. A flexible binding cavity is formed by the combination of side-arms and
head group. In the case of peptidic side-arms and guests, substantial formation of f-sheet structures

may lead to strong binding

Tweezers are popular as receptor molecules owing to their great versatility. For example,
Klirner et al have developed tweezer structures based on fused six-membered rings (Fig 1-
21) as receptors for Lys and Arg in aqueous medium. It is hypothesised that the alkyl side-
chain of these amino acids resides in the space enclosed by the tweezer arms, with the polar
functionalities protruding into the bulk solvent, in a structure reminiscent of
pseudorotaxanes.” Lysine-containing peptides of biological relevance were also bound in

aqueous solution.
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Fig 1-21 Kléarner et al’s molecular tweezer for the binding of Lys. The curved structure presents a

hydrophobic tunnel through which the aliphatic side-chain of Lys can thread

Returning to the binding of peptides, Still et al synthesised tweezer receptor 30, based on
vic-diamine/isophthalate oligomer side-arms. This receptor was found to bind only two

tripeptide sequences in chloroform from 3375 tripeptides assayed.’’

C’Ii,,'

H a
Dye—Nij) 30
vy C

"/,,l

N_Au\““
H \C’B

é‘s o) T

NH
A= B-= O % C- U
(o) bL"L "/NH

wuv

Fig 1-22 Still et al’s tweezer receptor for peptide binding in chloroform
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Further tweezers by Still et al”” showed distinct selectivity for peptides in water containing

the motif L-GIn-D-Leu, and similar motifs where Gln is replaced by Asn. These results

confirm the potential for selective binding even in aqueous media.
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Fig 1-23 Still et al’s tweezer receptors for peptide binding in aqueous medium

Schmuck et al’* have designed receptor 34 for dipeptides. The guanidiniopyrrole moiety
already described is used as a CBS, with an extended backbone to provide further hydrogen
bonding interactions and an imidazole/imidazolium moiety (depending on pH) to bind with

an N-terminal acetyl group (Fig 1-24).
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Fig 1-24 Schmuck et al’s guanidiniopyrrole receptor for dipeptides in aqueous medium
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This receptor was found to bind simple dipeptides in aqueous systems with binding
constants of the order 10* (determined by UV titration). This binding proved to be an order
of magnitude larger than for the simple amino acid constituents of the dipeptides, showing
the effect of the secondary hydrogen bonding interactions. Val-Val was the most strongly
bound dipeptide of those tested, which was ascribed to the propensity of valine to induce -
sheet conformations™ and the shielding of the secondary H-bonds from solvent by the

bulky side-chains, thus increasing the strength of interaction.”*

It is thus possible to generate highly selective receptors for peptides based on the tweezer
model. A particular advantage of such molecules and peptide guests is that they readily

lend themselves to a combinatorial treatment.
1.4 Combinatorial methods

Combinatorial chemistry is now a well-established branch of science, which has
revolutionised the practices of the pharmaceutical industry.  The beginnings of
combinatorial chemistry lie in the advent of solid-phase synthesis of peptides by
Merrifield.’ Its paradigms are now being applied to various other fields of research beyond

drug discovery.5 6-58

The main thrust of combinatorial chemistry lies in the consideration of the ‘library’, a
diverse collection of chemical entities. The method divides into three main steps; library
preparation; library screening for a desired property; determination of structures of active
(‘hit’) library members. Five distinct methods have been identified for this process,
including methods that require deconvolution processes (e.g. an iterative approach®,
positional scanning® and recursive deconvolution®"), spatially-addressable methods®* and

the one-bead-one-compound (OBOC) approach.63
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1.4.1 The ‘split-and-mix’ approach

Combinatorial library synthesis is typically exemplified by the ‘split-and-mix’ approach,
first developed by Furka et al**® and expanded upon by Houghten et al’® and Lam et al.®®
The procedure may be summarised as follows; solid-support is divided into portions before
independent and distinct reaction protocols are carried out on each portion. These portions
are then recombined and mixed, thus randomising the distribution of the different resin-
loaded entities before re-dividing and further independent reaction protocols (Fig 1-25)
This process can be iterated at will, generating a library of maximally »* members, for x

iterations of split-and-mix using » independent reaction protocols.

~o| [~o] [-0]

Mix
Split
Couple
/ 3 \
xv—Q) w—Q)

=~Q
\ /Spllt
Couple
/ Y \

xxx-Q Xyx-0x7x0 | | yxx0O Yvx-0Ovyzx-O zxx-0 2yx-02z2x-0

xxY-O xyY-O x72y-O YXY-O vYyy-O vzy-O zxy-0 zYy-O z2y-O
XX O xvA2 O x7-0 YO vv~Q vz 2x7-Q zv-0 27./-O

Fig 1-25 Split-and-Mix synthesis. After the first coupling, all resin is mixed and redivided. A second
cycle of coupling proceeds. By continuing in this manner, all permutations of a sequence with n

residues may be obtained over considerably fewer synthetic steps than traditional chemical synthesis.
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This process is not limited to linear systems, leading to the use of ‘scaffolds’ which become
differentially functionalised according to reactions carried out. An example is Nilsson et
al’s library®” derived from a 4-phenyl-2-carboxypiperzine scaffold to generate potentially

bioactive compounds (Fig 1-26).

linear
R\
s N-R

aate -

N N
H R1 0 H R3 \ \/
NH

R
e.g. peptides e.g. Nilsson et al's library

Fig 1-26 Different strategies in library synthesis. Linear libraries of such species as peptides arise from
sequential homologation of different units. Scaffold-based libraries arise from different reactions
applied to the same molecular core, usually resulting in ‘branched’ molecules, such as Nilsson et al’s

library where there are several positions (R) of diversity

It is critical to note that each individual bead submitted to split-and-mix has been subjected
to a distinct sequence of reactions, and thus a single bead represents only a single
synthesised compound (though perhaps present in billions of copies on a single bead).
Depending on the bulk quantity of resin used, multiple copies of each library member may
be present in the bulk library; for maximum diversity, a sufficiently large number of

individual resin beads must be used to allow the synthesis of each possible combination.
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The power of the split-and-mix method lies in its ability to rapidly generate very large
numbers of compounds, in comparison to traditional linear solution-phase synthesis. For
example, using a choice of five monomers for each position (resin splits into five portions),
a library of 125 trimers can be synthesised in 15 reactive steps with minimal purification
procedures associated with solid-phase chemistries. To create the same 125 trimers by
solution phase synthesis would require 250 reactive steps (not to mention more lengthy

purification procedures).
1.4.2 The identification of single library members

Upon identification of individual beads as active members of a library (“hits’), a process of
structural elucidation of the individual compounds can proceed. A number of different
methods are available, and often the choice of elucidation method has been predetermined
before library synthesis, so as to incorporate readily-analysed information into individual

beads.5®

In the case of spatially-encoded libraries, the location of individual library members
specifies the structure. This is illustrated in the ‘tea-bag’ method of Houghten® where the
synthetic history of a porous sachet of resin can be recorded on the sachet. Hence the
structure of the library member contained within the sachet can be determined. A
sophistication of this method has been developed as the IRORI system’ whereby porous
reactor units are labelled with a radio-frequency tag which allows both identification of
synthetic history of the reactor and also automated sorting of the reactor units into

appropriate batches for synthetic procedures.

Chemically-encoded libraries use chemical information supplied by bead-based entities to
determine the structure of a library member. The simplest form of this encoding involves
merely cleaving the library member from the solid-phase and using standard analytical
methods, assisted by knowledge of the potential chemical entities represented. However,

“the limited material available from a single resin bead is often insufficient in both quantity
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and purity to make a reliable assignation (except in the case of libraries of oligonucleotides,

where the polymerase chain reaction can generate a larger quantity for analysis).

For the analysis of N-deprotected peptide libraries (using only a—amino acids), recourse has
been made to Edman sequencing methodologies.”' Amino acids are sequentially digested
from the N-terminus of the peptide and digestion products characterised by HPLC at
picomolar quantity. Thus an entire peptide sequence can be determined. However, this

process is time-consuming and expensive to implement.

SINGLE BEADS

[ OLIGONUCLEOTIDE

0]
H2NW)LN PEPTIDE .
L

“ Cleavage from resin ﬂ Phenylisothiocyanate
H (0]
{OLIGONUCLEOTIDE (picomolar amounts) S NW)LN—— PEPTIDE ’—( )
H
Ph’NH R

U PCR reaction

H
S

N

l OLIGONUCLEOTIDE} (millimolar amounts) vo H2N
N

Ph”

R

“ HPLC
analysis

Standard methods of
oligonucleotide sequencing Amino acid lterate steps for

identified entire peptide length

Fig 1-27 Sequencing of single-bead oligonucleotides (by amplification and standard analysis) and

peptides (by Edman sequencing)

Both of these above methods can be used to index synthetic history of molecules of non-

oligonucleotide/non-peptidic nature.”*” In tandem with the synthesis of the desired library
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members, an oligonucleotide sequence or peptide sequence is synthesised. Individual
nucleobases/amino acids are related to the diverse synthetic steps used to create library
members (e.g. Gly codes for reaction A, Ala for reaction B etc). The synthetic history of an
individual bead can thus be determined by finding the peptide/nucleotide sequence and
‘translating’ into the structure of a library member. This method requires that the library

synthetic steps are orthogonal to the biomolecule synthesis, which limits this approach in

many ways.

etc

Fig 1-28 Peptide indexing of library synthesis. Each portion of resin is subjected to a reaction sequence
(to install X,Y,Z) followed by coupling of a distinct amino acid (AA”m). Which reaction a bead has
undergone is recorded on the bead by the presence of a specific amino acid. Continued cycles build up
the library and peptide chain, which is then sequenced and ‘translated’ into a reaction history.

Oligonucleotides can be used instead of peptides to the same effect.
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The coding for synthetic steps using chemical entities is not limited to linear biomolecules.
Alternative species can be used to code for synthetic steps in a ‘molecular barcode’ for the
library member. Still et al”® have used chemically inert halophenol derivatives that are
directly attached to the polystyrene resin matrix which can be oxidatively cleaved and
analysed in subpicomolar quantity by electron capture gas chromatography. This requires a
degree of care in both attaching the appropriate coding unit and in the cleavage and analysis

thereof. Gallop et al’’

have devised a method of coding based on secondary amines (Which
exist as secondary amides on the solid-support and are cleaved by hydrolysis for analysis)
which are analysed by HPLC as dansyl derivatives. Both of these methods require

substantial synthetic work to prepare appropriate reagents for attaching the coding units.
1.4.3 Mass spectrometric identification of library members

Mass spectrometry is among the most highly sensitive analytical methods available. Its

impact and implementation in the field of combinatorial chemistry has been reviewed.”®”

If individual library members are of distinct molecular weight, characterisation of each
member is feasible based on a single mass measurement. This method has indeed been
employed in various contexts®*®* but is limited to libraries where diversity units are all

completely distinct in mass.

Conventional coding strategies employing peptide-associated synthetic histories are also
documented, with sophisticated mass spectrometric techniques used to determine the

peptide structure.®

A more useful method to determine the sequence of bead-based peptides has been
described by Youngquist er al®* This method relies on the generation of ‘ladder
sequences’ during the synthesis of the peptide on the solid phase (Fig 1-29). During
synthesis of a library, a small percentage of the growing peptide chains are capped at each
step by Ac-Ala to generate a series of termination products on the bead. These termination

products (‘ladder sequences’) allow peptide sequence determination by consideration of the
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mass differences between consecutive products; since the mass of each amino acid is
generally distinct, a specific sequence can be simply read off from a single mass analysis.
Arginine is specifically incorporated into a linker unit before split-and-mix peptide
synthesis begins, to allow detection of ‘ladder sequences’ with great sensitivity. Further
investigation by St. Hilaire ez al*> developed the use of matched capping groups to account

for varying kinetics of different library members.

HN—(D)

A B 1
L H2N-AA1-NHAO — HaN-AA -NHHﬂ>

capHN-AA'-N

B HoN-AA2-AAT-NH

A AL AL )
HQNAA AA'-NH Q — CapHN_AA'I_NH sl X

capHN-AAT-NH capHN-AA2-AAT-NH
HoN-AA*-AAS-AAZ. AAT-NH capHN-AA4-AA3-AA2-AA1-NH2T ,
= AA
capHN-AA*-AA3-AA2-AAT-NH cleavage capHN-AAS-AA2-AAT-NH, :
capHN-AA3-AA2-AAT-NH 2 =AA

capHN-AA2-AAT-NH
capHN-AA2-AAT-NH # &

= AA2
capHN-AA'-NH capHN-AA'-NH,

Fig 1-29 Generation of ladder sequences for rapid analysis of peptides from libraries. Two basic steps
are used; amino acid coupling (A) followed by partial termination with a capping group (B), iterated
for the length of the peptide. Upon cleavage, the product mixture includes terminated species which

differ in mass by a single amino acid and thus the peptide sequence can be inferred

Youngquist ef al generate the appropriate ‘ladder sequences’ during the course of peptide
synthesis by incorporation of a capping group. Alternative methods for generating the
truncated sequences have also been recorded. Bradley et al generate the truncated
sequences for analysis by a process of ‘methionine scanning’.®® Peptide synthesis proceeds
as usual, with the addition of a proportion of methionine to each coupling mixture such that
Met is partially incorporated into the growing sequence at each position. To identify the
peptide sequence, a single bead is subjected to CNBr-mediated cleavage of Met giving rise
to cleavage products of different mass, with the mass differences again corresponding to an

individual amino acid (Fig 1-30).
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Fig 1-30 Methionine scanning. During synthesis, Met is partially incorporated at each amino acid
position, giving a homogeneous bead composition. Upon subjection of the bead to Met-cleavage
conditions, several species are released from the bead. Analysis by MS gives sequence information

based on mass differences between cleavage products

Pei et al’"®®

utilise a post-screening process of Edman degradation to generate ‘ladder
sequences’ (Fig 1-31). To prepare a bead for analysis, the full length peptide is partially
capped with an inert group before Edman degradation is applied to the remaining free

peptide to remove the N-terminal residue.
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Fig 1-31 Post-screening Edman degradation and MS sequencing of peptides. The ratio of PhNCS to
Bz-NHS allows partial degradation at each step, generating ‘ladder sequences’ which can be analysed

by MS upon total cleavage of material

This process is iterated for the length of the peptide to be sequenced, generating the
appropriate ‘ladder sequences’ to be analysed upon cleavage of all material from the resin.
An advantage of this method is that beads present a homogeneous composition of the
library member (devoid of ‘ladder sequences’ or chemical coding entities) for the screening

process.

In order to minimise the number of ‘ladder sequences’ necessary for full characterisation of
a peptide, Griesinger et al describe® the use of a computer algorithm (‘Biblio’).
Depending on library composition, it is perhaps unnecessary to cap the growing sequence
after the addition of each individual residue, instead capping after the incorporation of a
dipeptide unit or potentially longer units. The requirement is that each unit must still be
uniquely distinguishable from every other possible unit. For example, in Fig 1-32 the first

cap must come after position 2 since the potential tripeptide sequences Ser-Gly-Ser and
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Gly-Gly-Ser (of equal mass) would otherwise be indistinguishable. The second cap must

come after position 4 for identical reasons.

Direction of library synthesis

AA® AAS AA? AA3 AAZ2 AAT
CAP CAP

Fig 1-32 Minimal generation of ladder sequences to allow full sequencing. Depending on library
composition, it is not necessary to cap after every amino acid, rather at positions in order to prevent

oligopeptide units of identical mass being generated (which would be indistinguishable by MS)

‘Biblio” will perform this analysis given the details of library composition, and in fact
through nomination of two or more distinct capping groups for use (rather than the same
capping group for every possibility) can reduce the number or capping steps required,

though this makes sequence read-out from mass spectrometric data a non-trivial exercise.

‘Ladder sequence’ coding by peptides has been used identify terbium(IIl)-binding
peptides’®, small-molecule streptavidin ligands®" and triazole-based inhibitors of a cysteine
protease’, amongst others. The methodology represents a compromise between rapid and
simple determination of library members and the sophistication needed to encode libraries

of considerable size. Further developments continue to appear.®®*?
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1.5 Combinatorial methods applied to the study of receptors for carboxylates and

peptides

Combinatorial chemistry, developed for the rapid assessment of interaction between
biomolecules and synthetic agents, is equally amenable to the study of synthetic receptors.
A number of reviews on the application of combinatorial methods in the search for
receptors exist.”*®’ The following summary considers selected results. Strong and
selectively binding library members are identified by means of the solid-phase screening
experiment, whereby the library beads (each individually derivatised with a single library
member) are incubated with a dye-labelled or fluorogenic guest. After sufficient incubation
to obtain equilibrium, a limited number of beads are found to be active (highly stained with

dye or highly fluorescent). Such beads are then isolated and structurally assigned.

Original work by Still et al made the first contributions in this area.”®°! Steroidal cores or
varying conformation were attached to the solid phase and derivatised at two positions with
a randomised peptide chain (Fig 1-33) Such species represent a tweezer receptor.
Screening experiments of such libraries with a dye-labelled pentapeptide ‘Leu-enkephalin’
yielded a high consensus amongst ‘hit” structures in the case of the A,B-trans-steroidal core
35, showing that receptor libraries can be used to rapidly converge onto selective receptor
molecules. Comparisons with results from similar libraries based on the A,B-cis-cholic
acid core 36 show the importance of decreased receptor flexibility for selectivity of

binding.

34



Jon Shepherd Chapter 1: Introduction

NH
0
0
Q

NH NH 1
AA3 AAT 35 o ﬁQ 36
| | 3

4 2 AA '
’?‘A 'T“A o Ac
Ac Ac AA

Leu-enkephalin pentapeptide: Dye-spacer-Tyr-Gly-Gly-Phe-Leu-OMe

Fig 1-33 Still et al’s steroidal based tweezers for the Leu-enkephalin peptide. Results from screening

the trans-steroidal core library 35 had high consensus, results from the cis-core 36 less so

102
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Kilburn et al"™* synthesised a tweezer library 37 based on a diamidopyridine CBS core with

two identical peptide side-arms (Fig 1-34).
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Fig 1-34 Kilburn et al’s library of diamidopyridine-based peptide receptors 37 and a specific receptor

38 derived from screening experiments which binds well to the indicated guest.

This library was screened with a variety of dye- and fluorescence labelled derivatives of the
sequence Glu(O'Bu)-Ser(O'Bu)-Val (both side-chain protected and deprotected forms). It

was noted that the nature of the chromophore label had a certain effect on the results
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obtained from screening experiments. Identification was made of a particularly promising
structure 38 which was further investigated by titrative methods. A K, of 9.1 x 10° M was
determined in CHCls.

Investigation of similar libraries'®

(replacing the CBS-proximal Phe residue with f-Ala,
39) with the same tripeptide guest again yielded results of high consensus (CHCls
medium). Resynthesis of promising structures took place but did not lead to binding
constant determination since the receptors were found to be highly insoluble. Estimation of
solid-phase binding constants of 40 by HPLC assay gave K, ~ 3 X 10° for the deprotected
Glu-Ser-Val and K, ~ 1 x 10> for the protected guest. Estimation for the enantiomer D-Glu-
D-Ser-D-Val gave K, ~ 9 x 10°, showing a degree of enantioselective binding by this

receptor.
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Guest: Dye-spacer-Glu-Ser-Val-OH
Fig 1-35 Kilburn et al’s library of more flexible diamidopyridine-based peptide receptors 39 and a

specific receptor 40 derived from screening experiments which binds well to the indicated guest

A more flexible CBS based on alkylguanidiniums'® was also used to investigate the Glu-
Ser-Val guest. A symmetrical library 41 was screened against a dye-labelled derivative of
this tripeptide in aqueous medium and appeared to give high selectivity, however less

consensus was noted in ‘hit’ structures than in the screens of previous libraries in CHCl;.
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Whether this is due to the less conformationally defined nature of the receptors or to the
properties of the medium is unclear. A consensus result was determined and resynthesis of
42 took place. Enantioselective binding of the protected Glu(O'Bu)-Ser(O'Bu)-Val guest
(K, = 8.2 x 10* M™") over the protected D-Glu(O'Bu)-D-Ser(0'Bu)-D-Val guest (K, = 8.0 x
10° M) was noted by UV titration, and the side-chain deprotected guest was found not to

bind. Such results indicate the potential power of such systems for highly selective

binding.

H HN
HN HN
NH EH
HN ~g N 0

H\)<
+H3N-AA3-AA2-AA1-I?J_|J NSt

41 42

Guest: Dye-spacer-Glu(O'Bu)-Ser(0'Bu)-Val-OH

Fig 1-36 Kilburn et al’s flexible alkylguanidinium-based library of peptide receptors 41 and a specific

receptor 42 identified from screening experiments which binds well to the indicated guest

Screening experiments have also been carried out in the reverse sense, to find the binding

selectivity properties of a given receptor amongst a combinatorial library of guests.

d105,106

Wennemers et al have investigate tweezer receptors based on a diketopiperazine

head-group.
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_AAS_AAZ_AAT Ac-AA3-AAZ-AAT
Ac-AA>-AA--AA \NH AA \NH
N ||H N I‘H
(0] (o] (o] 0]
H'r—N Hr—N
Ac-AA3-AAZ. AN H Ac-AAs-AA2-AAVNH

trans, trans-scaffold cis, cis-scaffold

AA3 AA2 AA1
Phe  ASn(Tr)  Tyrdye) g pora pans
Phe Asn(Trt)  D-Tyr(dye) Zg frI:;sti:strans
Asn(Trt) Phe b-Tyr(dye) :Z :‘:rI:r‘)C;,strans
Phe Gin(Trt)  Tyr(dye) gg ({Z:;vcsii‘rans
Gin(Try Phe b-Tyr(dye) 51: cis,cis

52: trans,trans

Fig 1-37 Wennemers et al’s diketopiperazine receptors for peptides, used for screening against solid-

phase libraries of peptides

Dye-labelled receptors 43-52 (on the side chain of a Tyr-residue) were found to have
distinct binding preferences amongst a solid-phase library of 24389 N-a-acetyl tripeptides.
Subtle differences in receptor structure gave rise to significantly different binding
distributions. Critically, the geometry of the head-group (cis,cis- vs. trans-trans) was
found to determine whether the receptors showed a great degree of selectivity or no, with
the rigidly U-shaped trans,trans- receptors showing the best results, presumably due to
The

cis,cis-isomer is more linear in shape and less pre-disposed to convergent binding

enforcing a tweezer-conformation with ideal separation between peptide strands.

functionality. The methods presented exemplify a methodology used to investigate the

binding properties of receptor-classes.
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Recent work by Liskamp et al'*"%

with cyclotriveratrylene and triazacyclophane scaffolds
appended with three peptide arms has discovered highly selective receptors for the motif D-
Ala-D-Ala. A library of receptors 53 based on a triazacyclophane scaffold with three

distinct side-arms was prepared108

(Fig 1-38) and screened with a fluorescent-labelled D-
Ala-D-Ala compound in buffered aqueous medium. High homology was obtained from
‘hit” beads; The motif [Ml = Phe, AA® = Lys, AA® = Ile, AAS = Arg] was common, as
were the residue combinations solely at AA'/AA* or AA’/AAS, but AA’/AA* showed less
consensus. No independent binding constants were measured. The results obtained were
rationalised by considering the creation of a highly hydrophobic pocket for the guest
between the arms with most noticeable homology (similar to enzymatic clefts) and the

potential for ion-ion interactions between the carboxylate guest and basic Lys and Arg

residues in the side-arms.

?

Os__NH
AA', AAZ = Lys, Glu, Val, Phe, Gly, Ser
n AA3, AA% = His, Ala, Leu, Pro, Tyr, Asn
AAT-AA ~ | N,AA‘—AAZ AAS: AA = Arg, Asp, lle, Trp, Thr, Gin
&N\) 93
AAS
|
AAG

Guest: Dye-spacer-Gly-D-Ala-D-Ala-OH

Fig 1-38 Liskamp et al’s tripodal triazacyclophane-based library 53. Each arm consists of a distinct
selection of amino acids. Solid-phase screening revealed strong binding structures of the indicated

guest

A library 54 based on the cyclotriveratrylene scaffold with three peptide side-arms was also
prepared (Fig 1-39).'% In this case only two of the side-arms consist of (identical)

randomised sequences, the third arm being Ala-Ala-Ala for every library member.
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Screening was performed with the tripeptide L-Gly-D-Ala-D-Ala and the ester analogue L-

Gly-D-Ala-D-Lac labelled with a selection of chromophores (fluorogenic and dye-based).

Q}—N/LH/ \rﬁ J\rN{ RHN)OI\(H\HEH N 2 a

AA3.AA2AAT- N/\/\O HoN-Lys-Leu-Lys-N~ >0
AAS-AAZAAT- N0 HoN-Lys-Leu-Lys-N~ "0 Q
H
‘ MeO MeO
54 55: R =Q—§
Guest: Dye-spacer-Gly-D-Ala-D-Ala-OH 56:R=H

Fig 1-39 Liskamp et al’s cyclotriveratrylene-based library 54 for D-Ala-D-Ala and D-Ala-D-Lac. Solid-

phase screening revealed 55 as a binding structure for the guest indicated

A distinct difference in selectivity was noted between the two guests, with the D-Ala-D-Lac
guest showing a preference for more polar residues and the D-Ala-D-Ala guest showing a
preference for basic residues (in particular Lys). There was a complete absence of Lys in
the ‘hit” sequences for the D-Ala-D-Lac guest. A slight difference in selectivity was noted
depending on the nature of the chromophore label. The differences are all the more
remarkable considering the minimal difference between the two motifs (amide NH vs ester
0). A selected receptor was resynthesised on the solid phase (55) and binding was
confirmed by experiments with an appropriate fluorescent guest, which also established
that recognition is not due to the chromophore itself. Again, no absolute binding constant
was measured. Bioassay of the non-solid phase linked receptor (56) showed no inhibition

of bacterial growth, suggesting that the binding constant is low.

1.6 Biologically interesting oligopeptide carboxylates
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The study of peptides is a major endeavour within science, including the development of
molecular receptors for specific peptide sequences of biological interest.'’® Three such
peptide sequences currently under study are now briefly discussed below, including any
developments in receptors for these peptides. It is to be noted that these three peptides are
C-terminal sequences, that is, each presents a carboxylate terminus in the naturally occuring
peptide or protein. Thus the development of receptors for these sequences based on a CBS

motif is of great significance as such receptors have immediate application.

1.6.1 Bacterial cell-wall precursor peptide

Bacterial infection is still a major killer in the modern world, and remains of concern to the
medical community.""! Vancomycin, a complex glycopeptide antibiotic has long been
considered as a last line of defence against bacterial infections as for many years it was

used without observation of resistance.

Vancomycin 57 is known to function through highly-specific non-covalent binding to the
C-terminal D-Ala-D-Ala motif of the uridine diphosphate-muramyl pentapeptide that is a
precursor of bacterial cell wall synthesis."'” In many strains of bacteria, the C-terminal
tripeptide sequence is conserved as Lys-D-Ala-D-Ala. The binding interaction consists of
five specific hydrogen bonding interactions'"® (Fig 1-40). Due to binding, the action of
transglycosidase enzymes that assemble the cell wall from the D-Ala-D-Ala fragments is
prevented, thus preventing normal formation of the bacterial cell wall and causing cell

lysis.
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_disaccharide
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Cl

OH
AH 57
N
y
o
0 58

R'—NH

Fig 1-40 Vancomycin 57 and the five hydrogen bonding interactions with Lys-D-Ala-D-Ala 58. Where
the NH* unit is replaced by O in Lys-D-Ala-D-Lac, only one hydrogen bond is lost but binding affinity

decreases sharply

The emergence of vancomycin-resistant strains of bacteria has been traced to a mutation in
the C-terminus of the cell-wall precursor peptide. The resulting mutant now presents the
sequence Lys-D-Ala-D-Lac which is bound 1000 times less efficiently than the D-Ala-D-Ala
sequence.''” This is surprising considering the conservative nature of the change and the

114

loss of only one hydrogen bonding interaction” ~ (though it is replaced by a repulsive

interaction).

Since the mode of action has been traced to the binding of a peptide, significant research
has been invested in developing receptors for the D-Ala-D-Ala sequence. Vancomycin,
being a glycopeptide, has proven amenable to a combinatorial approach to modifying the
aglycon, peptidic portion'" to generate receptors with significant affinity for both Ac-Lys-
D-Ala-D-Ala and Ac-Lys-D-Ala-D-Lac. Such structures are however still highly complex.

116,117

More simplified binding pockets resembling the vancomycin core were found to bind

carboxylic acids, suggesting a minimal CBS as a constituent of vancomycin in addition to

the hydrogen bonding pattern.
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There are few non-vancomycin inspired receptors for the D-Ala-D-Ala motif reported. Still

118
0

et al reported as early as 1990 ° a macrobicyclic structure 59 which bound the benzyl! ester

of Ac-D-Ala-D-Ala, but binding with the enantiomeric Ac-L-Ala-L-Ala in CDCl3 was

stronger.

b_H/N © 59
8 0

-/
Fig 1-41 Still ez al’s macrobicyclic receptor 59 for alanylalanine in CDCl,

Kilburn ez al synthesised a simpler macrocyclic system 60'*° based on a diamidopyridine
CBS, which was found to efficiently bind various amino acids and dipeptides in CDCl;
solution, including the free carboxylic acids of Cbz-L-Ala-L-Ala and Cbz-D-Ala-D-Ala.

Again, the L-enantiomer was bound more strongly.
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60

Fig 1-42 Kilburn et al’s receptor 60 for alanylalanine in CDCl;. Cbz-L-Ala-L-Ala is bound more
strongly than Cbz-D-Ala-D-Ala

Macrobicyclic receptors'**'*!

containing the diamidopyridine unit have also been
synthesised. For the flexible version with an alkyl spacer in the bridging ring 61, binding
(in CDCl3) was found to be stronger with Cbz-D-Ala-D-Ala than Cbz-L-Ala-L-Ala.
However the more rigid aryl-spaced version 62 was found to associate more strongly with
the L-enantiomer (though association with both enantiomers were stronger than with the

flexible version). The reasons for this reversal in selectivity are unclear.
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Fig 1-43 Kilburn et al’s macrobicyclic receptors 61,62 for alanylalanine. The rigidified receptor 62

binds more strongly to both enantiomers, but enantioselectivity is reversed between the two

Ungaro et al'* have studied a macrobicyclic receptor 63 for D-Ala-D-Ala based on
calixarenes (Fig 1-40). The chiral receptor was not only discovered to effectively bind D-
Ala-D-Ala in CDCl; (presumably reinforced by a proton transfer from the acidic guest to
the secondary amine of the host) but also to perform as inhibitor against a similar range of
bacteria as vancomycin. Derivatising the secondary amine with a Boc-group or replacing it
with a methylene unit completely suppressed biological activity, showing the crucial nature

of this group.
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Fig 1-44 Ungaro et al’s bridged calixarene receptor for alanylalanine 63 and binding model of the
association between x and Ac-D-Ala-D-Ala. The peptide threads through the macrocycle and the

carboxylate-ammonium ion pair accounts for much of the complex stability

A binding model was proposed based on experimental results with the guest threaded
through the peptidic bridging ring with electrostatic interactions between ammonium and
carboxylate and hydrogen bonding interactions between amide groups. In this case, the
calixarene portion merely functions to rigidfy the arrangement of the bridging ring.
However it was proposed that one of the guest methyl groups could occupy the

hydrophobic space in the neck of the calixarene, especially in more aqueous media.

Tweezer receptors for D-Ala-D-Ala are less well developed. Kilburn et a/'* have described
tweezers with a diamidopyridine CBS as head group with sulphonamidopeptide side-arms
(64,65). In contrast to amides, which present both hydrogen-bond donor and acceptor
functionalities (amide NH and carboxyl CO respectively), sulphonamides provide strong
donor functionality but only weak acceptors. The bisulphonamide receptor 64 was found to
bind both N-protected alanines and alanylalanines with comparable strength, however
tetrasulphonamide receptor 65 was found to be markedly selective for Cbz-D-Ala-D-Ala
when compared to Cbz-L-Ala-L-Ala (K, of 2404 vs 107 M"', measured by NMR titration in
CDCly).
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0=5§ = o
64 H 0= k 65 5=0
Oj/NH HN\fo

Fig 1-45 Kilburn ef al’s sulphonamidopeptide receptors 64, 65 for alanylalanine

Liskamp ef al’s combinatorial studies'®’""'®

on tweezer receptors for D-Ala-D-Ala and D-
Ala-D-Lac in aqueous medium have already been described (section 1.5). Tweezers were
generated which appeared to be both highly selective for either D-Ala-D-Ala or D-Ala-D-

Lac and strongly binding.

Very recently, Schmuck et al have reported'** a guanidiniopyrrole-based receptor library 66
for binding the tetrapeptide Glu-Lys-D-Ala-D-Ala. A selected receptor 67 from this library
is reported to bind the guest in aqueous medium with a startling K, of 1.7 x 10* M on both
solid-phase and in solution. The binding strength is attributed solely to electrostatic
interactions and hydrogen bonding, with no significant contribution from hydrophobic
effects (as uncharged hydrophobic library members showed only modest binding
constants). For such a simplistic (though highly charged) receptor, the result is

encouraging for the development of more sophisticated systems.
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Fig 1-46 Schmuck et al’s receptor library 66 for Glu-Lys-D-Ala-D-Ala and selected receptor 67 found to

bind strongly in aqueous medium

Further studies on the binding interactions between this highly important D-Ala-D-Ala
sequence may continue to provide further understanding of bacterial pathology and evolve
potent receptors for the sequence in aqueous medium with the potential for development

into therapies.
1.6.2 Amyloid p-protein C-terminus

Amyloid S-protein (Ap) is a relatively short protein of 39-42 amino acid residues, derived
from the Alzheimer precursor protein by protein scission in the body.'* It is known to be a
major component of plaques deposited in the brain, most commonly in Alzheimer’s disease
patients.'**'?* It is now known that the C-terminus of Af (Val-Val-lle-Ala) is critical for
the seeding of this plaque formation'* though whether the formation of plaques is a cause

. . 2
or a symptom of the degenerative process is unknown.'?°
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A/ has now been identified as a viable target for the treatment of Alzheimer’s disease"", by
the process of inhibition of amyloid formation. Many inhibitors have now been discovered
which inhibit AS aggregation both in vitro and in cell assays, including Congo Red,
rifampicin, curcumin and apomorphin'*>">*, however the mode of action of these molecules

1s unknown,

Schmuck et al have been active in the research of receptors for the C-terminal tetrapeptide
sequence of Af (Val-Val-Ile-Ala). The observation that the tetrapeptide, labelled with a

5 confirms the

dansyl fluorophore, also shows the propensity to form insoluble units"
viability of the study of this sequence as a route to amyloid precipitation inhibitors. A
solid-phase library 68 of 125 peptide receptors was prepared (using the IRORI
radiolabelling technique) based on a guanidiniopyrrole CBS attached to a tripeptide (Fig 1-
47) and studied for binding in MeOH with the fluorescent guest 69.'% The receptors could
be ranked according to the measured K, values, and it was noted that small changes in
receptor structure could greatly affect the binding. The most strongly binding receptors are

noted.
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Phe Val Lys(Boc) 4600

Val Val Lys(Boc) 4500

Fig 1-47 Schmuck et al’s library of guanidiniopyrrole receptors 68 and solid-phase binding constants

with guest 69 in MeOH of the strongest binding library members

A binding model based on the formation of a f-sheet is proposed. Side-chain interactions
between AA' and the first Val within the f-sheet complex are revealed to be of great

importance. A different library 70'>°

of the same overall structure but varying in the nature
of the randomised amino acids was also assayed for binding to the Val-Val-Ile-Ala
sequence (appropriately N-terminally derivatised with PEG to increase solubility) in

aqueous buffer.
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t t
Tyr(O'Bu) Leu Ser(O'Bu) 4000 library members (aqueous buffer)

Lys(Boc) Lys(Boc) Glu(OBn) 3000
Lys(Boc) Phe Val 2900

Fig 1-48 Schmuck et al’s library of guanidiniopyrrole receptors 70 and solid-phase binding constants

with guest 71 in aqueous medium of the strongest binding library members

Binding constants were again measured and the results rationalised by the use of molecular
modelling studies. In both cases the guanidinium-carboxylate ion-pair is deemed to be the
major interaction, with the formation of a pf-sheet structure and secondary hydrogen
bonding increasing binding strength. Selectivity of binding amongst receptors is due to the
nature of the side-chains, which is not immediately obvious. For example, the most
strongly binding receptors in aqueous buffer were found to display AA' = Lys(Boc). This
has been attributed to the formation of the S-sheet allowing the Boc-group to be positioned
in the cleft between a Val-side chain and the Ile-side chain, thus reducing hydrophobic

contact of the tetrapeptide in a favourable interaction (Fig 1-49)
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Fig 149 Energy minimised conformation of Schmuck ef al’s receptor 72 and the guest Ac-Val-Val-
Hle-Ala 73. Solvent accessible surface of the guest is shown in green. It is clearly evident that the
Boc-side chain of Lys sits between the side-chains of Val and Ile of the guest. Picture taken from

Schmuck et al*®

The use of these guanidiniopytrole receptors extends beyond the theoretical study of Ap
aggregations. Certain of the receptors were shown to inhibit in vitro fibnil formation by
interaction with the C-terminus of AS, as measured by bioassay."”’ Thus the prospect
exists for further developments of carboxylate-receptors m this area towards the
generation of potential therapies for Alzheimer’s disease and other neurodegenerative

diseases.
1.6.3 HIV-1 Protease C-terminus

The spread of the AIDS virus is of critical concemn, with a 40 millions cases reported

o
O

worldwide in 2001, with increasing infection rates.”® Prophylaxis is effective in
controlling the spread of the disease, but there is still a pressing need for therapies as

currently no vaccination exists.

The causative agent of AIDS has been identified as HIV, a highly active retrovirus."”
Antiretroviral drug therapies'*’ are available which target the viral enzymes HIV-1
Protease (PR) and reverse transcriptase (RT), however evolution of drug resistance is

141

becoming a problem. ™ 150 changes have been established m the PR and RT regions

associated with antiretroviral resistance. Thus current antiviral therapy has led to the
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conditions of drug pressure.142 Particularly problematic is the emergence of mutations
which are cross-resistant to the available drugs, which all show similar modes of action and
pharmacology. The available drugs are peptidomimetics which target active sites by
mimicking an appropriate transition state. Alternative strategies are thus needed to control

HIV by PR inhibition.

PR has been extensively studied by crystallography.'*® The enzyme is found to self-
assemble into an active homodimeric structure of two 99-amino acid monomers, forming a
tube-like hydrophobic catalytic site (Figs 1-50 and 1-51). The dimer is stabilised by
hydrophobic contact area and also by the interdigitation of the N- and C-terminal strands to
form a fS-sheet structure. This S-sheet structure is estimated to provide 75% of dimer

stability.'**
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Active site
——— T ————

Fig 1-50 X-ray crystal structure of HIV-1 Protease (PR). The active enzyme forms from two

identical strands, stabilised by the #-sheet region of the V- and C-terminal strands

—
H H,N-PQIT >
I
A%
HOOC -FNL T
P r
R
Vv
TLNF - COOH
P
R
C TIQP-NH,

Fig 1-52 Simplified schematic of PR highlighting the interdigitation of N- and C-terminal strands
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The N- and C-terminal regions of the monomeric enzyme sequences are known to be highly
conserved in many strains of HIV.!*"*® Destabilisation of the dimer destroys the shape of
the active site, rendering PR inactive'*®® This evidence suggests that disrupting the -
sheet structure formed by the N- and C-terminal strands through the use of ‘dimerisation
inhibitors’ would be an effective method of controlling HIV. A significant advantage to
this mode of action is that viral mutation is unlikely to confer inhibitor resistance, as any
mutation in the targeted terminal regions must be matched by a simultaneous
complementary mutation in the opposite strand to maintain dimer stability. Initial studies
using so-called ‘interface peptides’ has proven successful, generating potent inhibitors
based on a consensus peptide sequence (not identical to the native terminal strands) and

minor modifications. >3

H HN-PQIT ) H H,N-PQIT :
I I

v INTERFACE v

PEPTIDE PEPTIDE
P P
R R
TLNF-COOH TLNF-COOH
PEPTIDE

Fig 1-52’Dimerisation inhibition’ of PR by a single ‘interface peptide’ (left) and ‘cross-linked’ peptides

(right). The resemblance between cross-linked peptides and a tweezer receptor is obvious

Since the targeted region of the enzyme includes the C-terminus of PR, it is not
unreasonable to assume that a carboxylate receptor for the sequence would be effective as a
dimerisation inhibitor. The problem is thus reduced into finding receptors for the C-

terminal sequence (Leu-Asn-Phe).

Dimerisation inhibitors'>"** have already been investigated which could be considered

tweezer receptors. Chmielewski et al have been particularly active in the field, studying
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structures such as 74 (Fig 1-53) based on two peptides cross-linked by a flexible alkyl
tether of varying length'>>'*®, though 14 methylene units was discovered to be optimal in
the cases studied. This is also suggested by the 10A strand-separation in the natural
dimer."* An alanine-scanning approach15 7 was used to determine the relative importance of
each residue in the peptide side-arms. It was indicated that side-chains were more
important for f-sheet formation than amide functions™® and an investigation was carried
out into which amide residues were crucial for inhibitory potency. A focused library was
systematically synthesised and evaluated based on single mutations of amino acids in a

previously determined optimal structure, generating highly potent analogues."”’

Fig 1-53 Chmielewski et al’s cross-linked interfacial peptides 74 as dimerisation inhibitors of PR.

Various investigations around this core structure have been undertaken

It was also shown that inhibitory potency could also be achieved using much more modest

tweezers with only dipeptide side-arms (Fig 1-54), thus dramatically reducing molecular

weight and complexity.'s
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Fig 1-54 Chmielewski ef al’s truncated cross-linked interfacial peptides e.g. 75. Dimerisation inhibitory

potency is maintained in these reduced pharmacophores

Similar cross-linked peptides have been developed based on more rigid structures. Sicsic et
al'®" have developed aryl units symmetrically derivatised with peptides (Fig 1-55) giving
more rigid receptors than the alkyl-tethered versions of Chmielewski et al.  Bio-assay of
such structures revealed highly potent inhibitors of PR dimerisation, with favoured
sequences being identified. The inclusion of a pyridine-linker could be viewed as the
incorporation of a primitive CBS for the carboxylate unit based on an ion-pair interaction.
The dimerisation inhibitory potency in bioassay was found to decrease in the order 76 <<
78 < 77.
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Fig 1-55 Sicsic et al’s rigidly tethered peptides in tweezer receptors. Various aromatic units were tested

A

with various peptides. Only a representative selection is shown here

Unsymmetrical versions of the above receptors have also been developed.'®* A quinoline-
based linker was utilised to incorporate the favoured ion-interaction of the pyridine-linker
and the more appropriate size of the naphthalene-linker. Again, highly potent inhibitors

were possible (Fig 1-56), with the receptor 82 performing best in bioassay for dimerisation

inhibition.
0
peptide’
o ' X peptide’ peptide® Kig/uM
— 79: C Val-Leu-Val-OMe lle-Thr-Asn-NHs 1.50
N\ /X 80: N Val-Leu-Val-OMe lle-Thr-Asn-NH, 0.25
81: C Val-Leu-Val-OMe Val-Leu-Val-OMe 0.56
82: N Val-Leu-Val-OMe  Val-Leu-Val-OMe 0.13
0
-\—>‘peptide2

0]

Fig 1-56 Sicsic et al’s further development of tweezer receptors for PR. Various peptides were utilised

in varying combinations; representative examples are shown
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163
l6

Song et al ™ used a 4-(2-aminoethyl)-6-dibenzofuranopropionic acid scaffold as a so called

‘B-sheet nucleator’, a hydrophobic cluster which was shown to nucleate a variety of peptide

164

sequences in a A-sheet conformation. Peptide side-arms were attached, however

inhibitory potency was less than other receptors noted above.

NH
HO\/ 0

”Nﬁ -

NH
0 0 20
H H
NIWNQL” L,
H o) = 0 z
OH

Fig 1-57 Song et al’s tweezer receptor 83 with f-sheet nucleator scaffold

The most sophisticated dimerisation inhibitors to date, potentially representing true
carboxylate receptors rather than peptide-based receptors, have been developed by de
Mendoza er al'®  Structures consisting of a bicyclic guanidinium CBS, peptides
representing the C-terminus of PR and a hydrophobic tail were synthesised and were found
to be highly potent (Fig 1-58). For example, 84, 85, and 86 all inhibit dimerisation of PR
with respectable inhibition constants (Kj; < 0.29uM) with some difference noted by the
peptide sequence. The configuration of the bicyclic guanidinium was found to be
inconsequential for PR inhibition; 85 and 86 were equipotent. However 87 was found to
have a far weaker inhibitory power, ascribed to self-association of the guanidinium with the

free carboxylate of the peptide, thus preventing efficient binding to the C-terminus of PR.
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0
/—/< 84: (S,S), peptide = Gly-lle-Ser(OBn)-Tyr(OBn)-Asn-Leu-OMe

—S peptide

(—{ 85: (S,S), peptide = Gly-Ala-Thr(OBn)-Leu-Asn-Phe-OBn
N—H

N_\<® 86: (R,R), peptide = Gly-Ala-Thr(OBn)-Leu-Asn-Phe-OBn

N—H

H 87: (S,S), peptide = Gly-Ala-Thr(OBn)-Leu-Asn-Phe-OH
—QTBDPS

Fig 1-58 de Mendoza ef al’s dimerisation inhibitors of PR, based on carboxylate binding by the bicyclic

guanidinium unit

Such structures are rigid, in contrast to the Chmielewski receptors. The potential for
hydrogen bonding and electrostatic interactions provided by the guanidinium unit may
contribute to inhibitory potency by increasing the binding affinity for the C-terminus.

Further developments in the nature of the peptide side-chains are awaited.

All the above detailed receptors, based on a tweezer model, have been developed in
reference to the full PR enzyme. It remains to be seen whether potent receptors for the
truncated C-terminal sequence of PR (Leu-Asn-Phe) are also effective dimerisation
inhibitors. Considering the noted modes of action of the known receptors, this seems
highly probable. As an interim target, carboxylate receptors of the Leu-Asn-Phe sequence

are worthy of investigation.

1.7 Scope of the current work

The current work wishes to expand on the methods of combinatorial investigation of
receptors for peptides with free carboxylates in aqueous medium. The general limit of such
investigations is not in the synthesis of such receptors, as most have been based on the
molecular tweezer with rather simplistic head groups. Peptide side-arms are very easily
introduced in solid-phase synthesis and are readily amenable to combinatorial variation.
Interpretation of ‘hit’ structures remains a bottle-neck in such methods and the current work
aims to address some of the current problems through the development of simple-to-

implement procedures based on the concept of the ladder sequence.®*
. I :.‘4', fr;ﬁ
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In particular, the development of receptors for biologically interesting peptides (such as
those discussed above) is a goal of the current methods. Receptors currently exist for all
these peptides, but with heavy limitations of either binding solely in organic medium or
being of high molecular complexity. The generation and study of simpler systems with
high binding affinity in aqueous medium should provide greater understanding of the

biological systems and perhaps be an entry-point into synthetically-viable inhibitors.
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Chapter 2

Synthesis of a receptor for a D-Ala-D-Ala guest and solid-phase binding

studies

2.1 Introduction

This chapter describes the synthesis of a solid-phase-linked receptor of the tripeptide guest
N-a-Ac-Lys-D-Ala-D-Ala, and estimation of a binding constant by solid-phase uptake

assay.

As discussed in Chapter 1, the motif Lys-D-Ala-D-Ala plays an important role in bacterial
cell wall synthesis, and it is the binding of this unit by vancomycin in a complex interaction
that gives this powerful antibacterial its efficacy. Vancomycin is however a sophisticated,
highly functionalised molecule and interest exists in the generation of simpler systems
which also bind the Lys-D-Ala-D-Ala motif. Current research has been devoted to the
discovery of strongly binding receptors for this sequence and several structures have been
highlighted.

Previous work within the Kilburn group'® has involved the synthesis of libraries of tweezer
receptors. Such a library 91 was synthesised in a split-and-mix protocol as detailed in
Scheme 2-1. A simultaneously synthesised peptide coding strand was utilised to identify
receptor structures present on individual beads by Edman sequencing, with Phe present as
the last residue in each case. Owing to the need for orthogonal strategy in building the

coding strand, the diversity of residues in one tweezer arm was limited.
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88, Tentagel 89

O~ NH
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07 "NH
Boc-AA3—AA2—AA1-Phe*Q)
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e
+
NHs
( \cr)]AH RS 1/\
e), ), o NH
—_— HoN=(
1), ©), k) NH 1 3
0 5 8" 0 q
N NJ\‘/ NHAC
H HISE g2 \cr)(\
07 "NH o

+
HaN-AAS-AAS-AAS-AAS-AAZ-AAT —Phe—o)

Reagents and conditions: a) 10 mol% Boc-Phe, PyBOP, HOBt, DIPEA, DMF; b) 93, PyBOP, HOBt, DIPEA,
DMF; ¢) 20% piperidine/DMF; d) split-and-mix Fmoc-peptide synthesis using Gly, Ala, Val, Phe, Gln; ¢)
30% TFA/DCM,; f) split-and-mix Boc-peptide synthesis using Gly, Ala, Val, Phe, Gln; g) repeat c-f twice; h)
Ac,O, DMAP; 1) 35% aqueous hydrazine; j) three-fold split-and-mix peptide synthesis using Gly, Ala, Ser,

Met, His; k) liquid HF

Scheme 2-1 Kilburn et al’s library of tweezer receptors 91 for solid-phase screening

63



Jon Shepherd

H\)?\E Ho 9
N - N
TN e

\

HN AN
o)
IR O W

COLH

FmocHN

o

Chapter 2

Solid-phase screening experiments were carried out using 91 and dye-labelled N-a-Ac-Lys-

D-Ala-D-Ala 92 in DMSO/borax. Since Edman sequencing is both time-consuming and

expensive to perform, a limited number of beads (10) were selected for analysis. Results

are summarized in Table 2-1, from which receptor 94 emerged from the results as a

promising structure.

Bead | AA" | AA® | AA° | AA" | AN’ | AA°
1 Gly Val Val Met His Ser
2 Gly Phe Ala His His Ser
3 Ala Val Gln Gly His Ser
4 GIn Ala Val Gly Met Ser
5 Val Ala Val Ser Met Ser
6 Gln Phe Ala Met Gly Ser
7 Ala Ala Ala Met Ser Ser
8 Phe Val Val Gly Met His
9 Gly Ala Ala Met Met His

10 Ala Val Phe Met - -

Table 2-1 Results from screening library 91 with guest 92. Sequencing was inconclusive for certain

residues of bead 10, as indicated
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Synthesis of isolated receptor 95 was carried out on Rink Amide resin and NMR binding
studies attempted. However, owing to poor resolution of signals no meaningful binding
constant was obtained. UV titration gave evidence of binding; a decrease in the absorption
of the guest chromophore of 92 upon addition of 95 and a clearly identified isobestic point
were noted. However, it was not possible to fit the resulting data to a presumed 1:1 binding
model. 1:2 and 2:1 binding modes were also found to be inappropriate. In order to obtain
an estimate of magnitude of the binding between receptor 95 and guest 92, it was decided
to perform a solid-phase binding assay using receptor 94. Various methods are known for

101

this measurement, including those of Still'”', Wennemers'®’ and Kilburn.'®

2.2 Synthesis of Binding Site 112

Os__OH
O\\ /©/ j/ 0 Oj/OH
N

)N|\s\0 Ho i F3CJ\N TR

RPN Ny N/\/N\H/\NHFmoc deeHN\/\N/”\N/\/N\ﬂ/'\NHF
Hige 0 H H I T
93 96

To obtain receptor 94 as a solid-phase linked entity, it was necessary to synthesise an

appropriately protected CBS, as described below. Of particular importance are the
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orthogonal protecting groups at opposite ends of the molecule, allowing independent

synthesis of each tweezer arm when attached to the solid phase.

In previous studies, the binding site 93 had been synthesised using the tosyl group as
protection for the guanidine. Removal of the tosyl group requires the use of hazardous
conditions (liquid HF), which are ideally avoided. Kilburn et al'® have demonstrated the
use of the trifluoroacetyl group as protection for guanidines. This group is simply and
efficiently removed from species in both solution and on the solid-phase using mild
aqueous base (K,COs3). It was decided to use this group for protection in the current work

i.e. to generate 96.

Protected guanidine 107 was synthesised according to Schemes 2-1 to 2-3. Thiocarbonyl

169

transfer reagent 99 was synthesised according to modified literature procedure > (Scheme

2-1).  FEthylenediamine 101 was mono-Boc-protected to give 102. 101 was also
independently reacted with benzylphenylcarbonate to give mono-Cbz-protected diamine
100 (Scheme 2-2).

S
I\!\ N\ b ,N\N/lLN/N\
N 8 N ), N N
N N
H TMS
97 98 99

Reagents and conditions: a) HMDS, reflux 4 hours, 75%; b) Thiophosgene, DCE, 5 hours, 56%

Scheme 2-1 Synthesis of thiocarbonyl transfer reagent 99
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a) b)
NHCbz NH
HQN/\/ - — H2N/\/ 2 —_— BOCHN/\/NHZ

100 101 102

Reagents and conditions: a) Benzylphenylcarbonate, EtOH, 18 hours, 60%; b) Boc,O, CHCls, 18 hours, 77%

Scheme 2-2 Synthesis of monoprotected ethylenediamines 101 and 102

100 was reacted with 99 to give intermediate 103 which was then coupled with amine 102
to give thiourea 104. 104 was then activated as a thiouronium salt 105 by sequential
treatment with methyl iodide and ammonium hexafluorophosphate, followed by reaction
with trifluoroacetamide and DBU to give protected guanidine 106. Functional group
exchange of Cbz for Ddpe led to protected guanidine 107 (Scheme 2-3). (For synthesis of
108, see Chapter 3).

N=N
NH, _ 3 Ho
CbzHN" "2 — = N e
S
100 103
NN
H H r Y NN
b) d) BocHN NHR
e BocHN" NN NHeBz —— o
N\H/CFg
X
o)
Ho| Ph
C)D104:X=S 0 106: R = Cbz o 0
105: X = SMe.PFg 107: R = Ddpe 108

Reagents and Conditions: a) 99, DCM, 18 hours, 74%:; b) 102, Et;N, DCM, 18 hours, 59%; c) i) Mel, acetone,
2 hours, ii) NH,PFs, MeOH/DCM, 18 hours; d) F;CCONH,, DBU, toluene/CHClj, reflux, 18 hours, 51% for
three steps; e) i) H,, Pd/C, DMF, 6 hours, ii) 108, DMF, 18 hours, 27% over two steps

Scheme 2-3 Synthesis of protected intermediate 107
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Guanidine 107 was Boc-deprotected and coupled with N-a-Fmoc-glutamic acid-w-tert-
butyl ester to give derivative 109 (Scheme 2-4). Unfortunately upon attempted
deprotection of the tert-butyl ester using dilute TFA, a mixture of products was obtained
from which it was not possible to isolate the desired acid 110. This is partly due to the
sensitivity of the trifluoroacetyl group to the presence of MeOH, precluding the possibility
of chromatographic purification. Attempted recrystallisation from a range of solvents did

not give pure product.

0
H H
BocHN™ > ~"“NHDdpe  a) L NP
by e
o 107 0] 40\ 109
0
H H
N
b) FmocH \;)J\N/\/NYN\/\NHdee
oLy
0% “OH O 110

Reagents and conditions: a) i) TFA/DCM, 2 hours, ii) Fmoc-Glu(O'Bu)-OH, HOBt, DIPEA, EDC, DMAP,
DMF/DCM, 18 hours, 79% over two steps; b) 30% TFA/DCM, 3 hours

Scheme 2-4 Failed synthesis of protected binding site 110
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An alternative protection strategy was thus devised for the synthesis. Guanidine 106 was
Cbz-deprotected under hydrogenation conditions and the resulting amine directly coupled
to N-a-Fmoc-glutamic acid-w-benzyl ester yielding compound 111 (Scheme 2-5). It was
then possible to cleave the benzyl ester under hydrogenation conditions in EtOH, which did
not appear to affect the trifluoroacetyl protection. Acid 112, thus obtained, is suitable for a
solid-phase synthesis of 94 since one arm of the desired receptor contains no acid-sensitive
protecting groups (Gly, Val only), and hence is compatible with a later-stage Boc-

deprotection before construction of the second arm.

0
H H H H
BocHN/\/'Nm/N\/\NHCBz a) BocHN/\/Nm/N\/\HJ NHFmoc
FaC N T Fscm/N
75 106 1

0~ OR
111: R = Bn
b)l:. 1122.R=H

Reagents and conditions: a) i) H,, Pd/C, DMF, 18 hours, ii) Fmoc-Glu(OBn)-OH, HOBt, EDC, DIPEA,
DMAP, DMF, 18 hours, 20% over two steps; b) H,, Pd/C, EtOH, 2 hours, 88%

Scheme 2-5 Synthesis of protected binding site 112

2.3 Synthesis of the Solid-Phase linked Receptor 94

Acid 112 was coupled to Tentagel resin (loading 0.2mmol/g) using standard conditions
(DIC/HOBt, DIPEA, DMF). Standard Fmoc-SPPS methods were then used to construct
the first arm of the receptor before capping with an acetyl group (114). A Boc-deprotection
was then performed using dilute TFA and the second arm of the receptor constructed using
standard Fmoc-SPPS. Side chain deprotection was carried out using 50% TFA/DCM,
followed by cleavage of the trifluoroacetyl protecting-group with 0.15M K,CO; in
MeOH/DMEF/H,0 to obtain solid-phase linked receptor 94 (Scheme 2-6). The resin was
finally rinsed with Et;O and rigourously dried in vacuo. All steps were monitored by the

Kaiser ninhydrin test.
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Reagents and conditions: a) 112, DIC, HOBt, DIPEA, DMF, 18 hours; b) 20% piperidine/DMF, 20 mins; ¢)
Fmoc-Gly-OH, DIC, HOBt, DIPEA, DMF, 3 hours; d) Fmoc-Val-OH, DIC, HOBt, DIPEA, DMF, 3 hours; ¢)
Ac,0, DIPEA, DMF, 3 hours; f) 20% TFA/DCM, 20 mins; g) Fmoc-Met-OH, DIC, HOBt, DIPEA, DMF, 3
hours ; h) Fmoc-His(Trt)-OH, DIC, HOBt, DIPEA, DMF, 3 hours; i) Fmoc-Ser(O'Bu)-OH, DIC, HOBL,
DIPEA, DMF, 3 hours; j) 95% TFA/DCM, 2 hours; k) 0.15M K,CO;, MeOH/DMF/H,0

Scheme 2-6 Synthesis of solid-phase linked receptor 94
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2.4 Synthesis of diastereomeric guests

In order to perform the solid-phase binding assay, a dye-labelled guest is required which
has a strong chromophore allowing facile detection by UV. Many potential dye-units exist,
however an aqueous soluble dye without carboxylate functionality is needed. It was
decided to use the commercially available Disperse Red 1 for guest synthesis, an intense
red dye (115).

g ~

/©/N\/\OH " /©/N\/\O/ﬁ]/OEt
N+ (o}
N

115 116

117

Reagents and conditions: a) ethyl iodoacetate, Rhy(OAc),, toluene, 24 hours, 44%; b) LiOH(aq), dioxane, 18
hours, 88%

Scheme 2-7 Synthesis of dye-acid 117

First 115 was appropriately functionalised for incorporation into peptide guests as acid 117.
According to literature procedure'’®, 115 was treated with ethyl iodoacetate and rhodium
acetate at reflux to generate ester 116, which was hydrolysed to give acid 117 (Scheme 2-
7).

Side-chain dye-labelled N-o-Ac-Lys-D-Ala-D-Ala 122 was synthesised in solution

according to Scheme 2-8. Conversion of D-alanine into its methyl ester followed by simple
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peptide coupling under standard conditions gave dipeptide 119. 119 was then Boc-
deprotected and coupled to Ac-Lys(Boc)-OH under standard conditions, giving 120. Boc-
deprotection of 120 and amide formation with dye-labelled acid 117 gave highly coloured
ester 121, which was hydrolysed in disappointing yield to give the desired dye-labelled
guest 122 under basic conditions. The low yield of the final step is perhaps due to

problematic isolation of the acid from aqueous conditions.

0]

: Q H o 9
a) : H b), c) N : N J\
0 (0] B (0]
119

118
H\)Oj\ : H 0 NHBoc
N7 : H/\g/ 1/U\0R

0
b), ) \
N
HNT(\O/\/N\@
0 2N
L
N

121: R = Me
o, 122 R-H o-

120

Reagents and conditions: a) i) SOCl,, MeOH, reflux, 2 hrs, ii) Boc-D-Ala-OH, EDC, HOBt, DIPEA, 18 hrs,
53% over two steps; b) 20% TFA/DCM, 1.5 hrs; ¢) Ac-Lys(Boc)-OH, EDC, HOBt, DIPEA, 18 hrs, 27%
over 2 steps; d) 117, EDC, HOBt, DIPEA, 18 hrs, 33%; e) LiOH(aq), dioxane, 18 hours 7%

Scheme 2-8 Synthesis of dye-labelled D-Ala-D-Ala guest 122

In a similar manner, the diastereomeric guest N-o-Ac-Lys-L-Ala-L-Ala 127 was synthesised
according to Scheme 2-9, utilising the Cbz-protecting strategy. Final hydrolysis of the
methyl ester again proceeded in disappointingly low yield, most likely due to problematic

isolation of the acid.

72



Jon Shepherd Chapter 2

H (0] H (0]
0 a) H Q b), c) ﬁrN\i)J\H/Lf(N\i)J\OMe
HAN A e _’CszN/k”/NEJJ\OMe .9 o o °:

= (0]
123 124 125
NHCbz
H Q H
\H/N\_)J\u N\)J\OR
b), d) ) o -

126: R = Me o
127:R=H

Reagents and conditions: a) Cbz-L-Ala-OH, EDC, HOBt, DIPEA, CHCl,, 2 hours, 58%; b) H,, Pd/C, MeOH,
2 hours; ¢) Ac-Lys(Cbz)-OH, EDC, HOBt, DIPEA, CHCI;, 16 hours, 24% over two steps, d) 117, EDC,
HOBt, DIPEA, DMAP, DMF, 86% over 2 steps; ¢) LiOH(aq), dioxane, 4 hours, 7%

Scheme 2-9 Synthesis of dye-labelled L-Ala-L-Ala guest 127

2.5 Solid-Phase Binding Assay

Binding constants of species can be determined by a number of different methods.'”' Most
often this involves a titration experiment, whereby one of the interacting partners is slowly
added to the other in a solution phase, and the change in output of a particular physical
property is monitored. For maximum sensitivity, the change in the physical property must
be of significant magnitude, and is often related to the binding interaction. For example,
NMR-titration experiments will monitor the changes in chemical shift of protons which are
involved in the primary host-guest interaction, the movement of a signal in the spectrum
corresponding to the changes in environment a particular proton experiences on binding
(more or less deshielded). Likewise, UV-titration experiments will monitor the changes in

absorbance of a chromophore associated with either the unbound host or unbound guest.
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From these measured changes, numerical methods allow the computation of a binding

constant based on appropriate stoichiometries of interaction.

Measurement of binding constants where one of the interacting species is immobilised on

101,103,167 In these

the solid-phase can be performed using the previously detailed methods
methods, a receptor-derivatised resin is incubated with a solution of the desired guest.
After incubation, and removal of the resin (by filtration) the concentration of the
supernatant solution is then measured by UV or HPLC. Based on the change in
concentration, it is possible to calculate the quantity of guest which has localised to the
resin (and is presumably in a binding interaction with the receptor located there), and hence
a 1:1 binding constant. This necessitates either an estimation of the receptor loading on the

resin, or the solving of simultaneous equations which eliminate this variable (c.f. Still et

allOl).

In the known cases, solid-phase binding constant determination has been carried out either
in organic solution or in aqueous solution using a PEG-ligated guest which is highly water-
soluble. In the current case, the guests 122 and 127 are somewhat hydrophobic owing to
the side-chains, and are readily absorbed from an aqueous solution into underivatised
Tentagel, which represents a more hydrophobic environment than bulk solution. It is thus
necessary to take account of this ‘background’ non-binding adsorption before a calculation

of binding constants from UV data can be made.

Attempts were made to account for the non-binding adsorption using a simple model
involving initial concentration of supernatant guest and mass of Tentagel resin used.
However, it was not possible to fit experimental data to this model. Hence it was decided
to approximate the non-binding adsorption by performing two experiments in tandem; one
utilising receptor-derivatised resin and one using an equivalent mass of underivatised
Tentagel. After incubation of both samples with identical solutions of dye-labelled guest,
the concentration of the supernatant was determined by UV. A direct subtraction of the
non-binding adsorption was then possible, giving the bound concentration and hence an

estimation of the binding constant. Loading of the receptor onto Tentagel was assumed to
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have proceeded efficiently, hence the loading of the underivatised Tentagel could be used
for calculations. The system is too complicated for a simple elimination of this variable by

solution of simultaneous equations.

A detailed account of the calculation method used to determine solid-phase binding
constants is now given. Since the mass of the receptor loaded to the resin is 928.09 (for 94)
and the nominal loading of the resin used is 0.2mmol/g, the masses of resin used in the
binding experiment (m,,. and mzs for receptor-derivatised resin and Tentagel, respectively)

are linked by the expression;

m,,, =1.186m,, [1]

Both the sample of receptor-derivatised resin and the sample of Tentagel are then incubated
with guest solution of starting concentration c;,; and volume V. Final concentrations of the
supernatant solutions are then determined by UV (c,.. and cy¢ for the receptor-derivatised
resin and the Tentagel, respectively). The final amounts of dye in the supernatant solution
are thus given by cV and hence the amounts localised to the resin are calculated by

subtraction from the starting amounts;

njinal,rec = V(cinit - crec [2]

Rtz = V(s = C16) [3]

Since the masses of resin used are equivalent, it is possible to subtract these amounts from

each other and obtain the amount bound by the receptor, Rpound;

nbound = nﬁnal,TG - nﬁnal,rec = V(CTG - crec) [4]

The concentration of the host guest complex, [HG] is thus given by;

[HG] = 1,V = (Crg —C,p) [5]
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and the concentration of free guest [G] is ¢e. The amount of free host is calculated as the
difference between the amount of receptor loaded onto the resin and the amount utilised for

binding;
nfreehost = (‘L'mTG) ~Poouna = L‘mTG - V(CTG - crec) [6]
for initial resin loading L. Hence the final concentration of host, [H], is given by;

n reenost Lm
[H] = =5 = = = (e = €.c) [7]

A 1:1 binding constant K, can then be calculated using the standard model;

__[HG]

K, :
[H].[G]

[8]

Note that the receptor loading must be known in order for accurate calculations to be made.
In practice, an estimation was used based on the known, measurable loading of
underivatised Tentagel. Note also that the calculation assumes a 1:1 binding model,
instinctively appropriate yet not proven. The subtraction of ‘background’ non-binding
adsorption by Tentagel also introduces inaccuracy, as it assumes totally homogeneous base

resin which is rarely the case.

Calibration curves were made by measuring the UV absorption of the dye-chromophore of
guests 122 and 127 at varying concentration in 20% DMSO/borax. Both curves gave the
same relationship between concentration and absorption at 500nm. Results of the binding
assay of solid-phase linked receptor x with guests x and x are shown in Tables 2-2 and 2-3.

Errors are estimated based on a 20% error in the estimated loading of the resin.
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Myecd/ MZ 51 3.2 2.7
mrg/ mg 4.3 2.7 23

/M 134x10" | 1.34x 10" | 1.34x 10"

V/ ml 1.2 1.2 1.2

Cred M 2.08x10° | 1.77x10° | 1.49 x 10
cre/ M 422%x10° | 2.67x10° | 2.30 x 10
[HG/M | 2.14x10° | 897x10° | 8.15x10°
[Gl/ M 2.08x10° | 1.77x10° | 1.49x10°
[H/M 6.95 x 10" | 441x10* | 3.75x 10"
K,/M' | 1480+380 | 1150 +300 | 1460 *370

Table 2-2 Results obtained in solid-phase binding assay of resin-linked receptor 94 and dye-labelled

guest 122, assuming a nominal loading of 0.2mmol/g. Mean K, = 1363 = 185 M

1 2 3

Mye/ MG 33 3.8 3.4

mrg/ mg 2.8 32 2.9
¢/ M 1.23x 107 | 1.23x10* | 4.90x 10”

V/ ml 1.2 1.2 1.2
Crecd M 1.93x10° | 2.88x10° | 5.21x10°
crg/ M 258x10° | 3.14x10° | 633 x10°
[HGY/M | 6.51x10° | 2.66x10° | 1.12x 10°
[G/ M 1.93x10° | 2.88x10° | 5.21 x 10°
[H]/ M 460x 10" | 531x10* | 4.82x10*
K,/ M! 734 + 185 174 +43 | 446+ 111

Table 2-3 Results obtained in solid-phase binding assay of resin-linked receptor 94 and dye-labelled
guest 127, assuming a nominal loading of 0.2mmol/g. Mean K, = 451 = 280 M™*

It is noted that the binding is stronger with the D-Ala-D-Ala guest 122 than for L-Ala-L-Ala
guest 127, suggesting a certain diastereoselectivity by receptor 94. However, the differing
results (e.g. 734 M vs. 174 M, Table 2-3) obtained in assays using 127 suggest that
diastereoselectivity is potentially significantly less than the order of magnitude indicated by
the mean results quoted above. It is also to be noted that the calculation assumes a 1:1
binding mode, which although instinctively appropriate is in no way supported by previous

UV binding studies carried out in solution'®

(where data was found not to fit 1:1
stoichiometry). It is also to be noted that the microenvironment of the resin can affect the

nature of the binding event, and thus cannot be directly compared to the situation in
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solution. However, it is encouraging that the values obtained suggest strong binding,
confirming power of combinatorial screening in identifying receptors for particular peptide

carboxylate sequences.

2.6 Conclusions

Receptor 94 was successfully synthesised on solid-phase and a binding constant with dye-
labelled N-a-Ac-Lys-D-Ala-D-Ala 122 estimated by solid-phase UV assay. A limited
diastereoselectivity is noted over N-a-Ac-Lys-L-Ala-L-Ala 127. Tweezer structures appear
to be viable, strongly binding receptors for the N-o-Ac-Lys-D-Ala-D-Ala sequence, and
hence may find application in further biological studies. The power of the screening
combinatorial libraries of receptors is further confirmed, indicating that development of
more diverse libraries of receptor structures could reveal more potently binding receptors
and/or more diastereoselective binding units; more comprehensive assessment of screening
‘hit’ results is however required. In particular, the ability to selectively bind peptide
sequences in a highly polar medium is encouraging. Previous results (see Chapter 1)
utilising non-guanidinium based binding sites have been limited to relatively non-polar
media; the strong ion-pair interaction between guanidinium and carboxylate thus appears to
be a prequisite for strong binding in aqueous media, and further investigation is indicated.
Evaluation of receptor 94 with the known mutagenic guest N-a-Ac-Lys-D-Ala-D-Lac (in

vancomycin-resistant bacterial strains) is also indicated.
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Chapter 3

Development of a method of peptide-library sequencing and application

in the construction of libraries of tweezer receptors

3.1 Introduction

This chapter describes the evolution of a method of determining the sequence of a solid-
phase linked peptide or peptide-based molecule by mass spectrometry. It is based upon
the ‘ladder sequencing’ methods of Youngquist et al,®* and obviates the need for
expensive and time-consuming Edman degradation procedures. The use of this
methodology is then demonstrated in the construction of two libraries of receptors for
carboxylates based on guanidinium binding-sites. Thus, by screening the libraries of
receptors against carboxylate guests and determining the peptide sequence loaded onto a
‘hit’ bead, rapid and more cost-effective evaluation of promising receptors for particular

oligopeptide carboxylates is envisaged.

The basic philosophy of the methodology involves the partial termination of a growing
peptide sequence with a capping group after the addition of each amino acid residue, thus
generating a heterogenous resin composition of not only the full peptide sequence but
also the sequences lacking successively greater numbers of residues from the N-terminus
(See Chapter 1). Hence upon cleavage of all material from the resin bead, a sequence can

be interpreted from the mass differences between individual cleavage products.

Limitations of this methodology are considered. The methods are then used to build
solid-phase based libraries of carboxylate-binding receptors based on the tweezer model.
Such receptors consist of a single binding site (CBS) modified with randomised peptide
side-arms. Randomisation arises through the application of a combinatorial split-and-mix
protocol. Structural determination of a single library member is achieved by MALDI-

TOF-MS analysis of the appropriate ‘ladder’ sequences built up on the resin during
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library synthesis. The synthesis of two libraries is described, one based on a single
peptide sequence capped with a CBS (the single-armed receptor library) and one

authentic tweezer library with two peptide side-arms.
3.2 Deirelopment of mass spectrometric ‘ladder sequencing’ methods

Bradley et al have described a modification of Youngquist’s method of ‘ladder’
generation® which involves the use of an equimolar mixture of AcOH and ds-AcOH in
tandem with PyBOP and DIPEA as the capping reagent mixture. This mixture thus
theoretically generates equal amounts of sequence capped with Ac and d;-Ac. Hence,
upon cleavage and MALDI-TOF-MS analysis, relevant peaks for sequencing are readily
identified by the characteristic isotopic pattern of equal intensity peaks at [M+H]" (for
Ac-terminated sequence) and [M+3+H]" (for ds-Ac-terminated sequence). Identification
is also facilitated by the application of software (Masslynx v3.2, Micromass Ltd.,
Manchester, UK, cluster analysis function) which can identify such isotopic patterns

within a limit of statistical tolerance.

Attempts to utilise this strategy proved capricious, most likely due to the sensitivity of the
deuterated reagent; the method could not be used reliably in the course of this work.
However, the basic principle of utilising an isotopically-differentiated mixture as the
capping reagent is a useful one. Characteristic isotopic patterns occur in MS with
chlorinated and brominated compounds, since these halogens occur naturally as a
constant isotopic mixture. In particular, naturally occurring bromine consists of an
equiabundant mixture of ”’Br and ®'Br. Hence monobrominated compounds are easily
identified in MALDI-TOF-MS as the characteristic isotope pattern of [M+H]" and
[M+2+H]" (molecular ion and quasi-molecular ion), which is referred to informally as a
‘bromine doublet’ or ‘doublet’ in this thesis. More complex isotope patterns are seen

with polybrominated species.

It is thus feasible that a monobrominated capping reagent could be implemented in the

generation of ladder sequences to the same effect as Bradley’s use the of AcOH/ds-AcOH
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mixture, with similar facile identification of relevant ladder peaks from noise. It is to be
noted that using such a reagent does not serve to distinguish isobaric residues (e.g. Leu
from Ile), which is circumvented in other methods by using capping reagents of two
distinct types (e.g. Bradley et al’’, by the use of either Ac/ds-Ac or Bz/ds-Bz for the

isobaric pair).

A similar method for easy identification of relevant ladder peaks has recently been
reported by Lam et al,” who incorporate bromine into a linker in the form of
bromophenylglycine (Fig 2-1). This however means that every cleavage product from
the bead will contain bromine, including any articles of mis-synthesis on the solid phase,
potentially making MS-analysis more complex. By using the isotopic label in the

capping group, as in the current work, this problem is avoided.

H 0]
Library elements N
Ladder sequences]_m I_'}‘-Met-u/b
Br
H CLEAVAGE

O
Library elements N
Ladder sequences]_m [
Br

Fig 3-1 Lam et al’s paradigm for isotopic detection of ladder sequences Note that all species cleaved
from the bead will contain bromine, including library elements not devoted to capping, potentially

complicating MS results

Regarding MS-analysis, MALDI-TOF is the method of choice. Owing to the nanomolar
quantities of material represented by a single resin bead, and the fact that the ‘ladder’

sequences of interest will be present in fractions of this quantity (i.e. picomolar amounts),
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a highly sensitive method is required. MALDI-TOF-MS provides this sensitivity whilst
still allowing ease of analysis. ES-systems in theory should also be suited to this work, as
peptides are readily protonated under ES conditions and are detectable at the amount
limits indicated. However, attempted use of automated ES-MS for analysis proved
fruitless, probably due to the complex nature of the mixtures released from the resin on
cleavage and probable contaminants such as PEG. Reliable detection of a bromine
isotope pattern was not observed for systems which were reliably analysed by MALDI-

TOF, and hence ES methods were not further developed.
3.2.1 Evaluation of capping unit

para-Bromobenzoic acid (abbreviated as p-Br PhCOOH) was deemed a suitable capping
reagent, in tandem with standard amide coupling reagents (DIC/HOBt/DIPEA in DMF).
The additional use of a dibrominated compound to differentiate isobaric residues is
possible, since a dibrominated compound would give a distinct isotopic pattern; this was

not investigated in the current work.

First a linker-construct was loaded onto Tentagel using standard methods of Fmoc-SPPS
to generate 128 (Scheme 3-1). The linker-construct consists of a C-terminal Met residue,
which is selectively cleaved under conditions of excess CNBr/TFA/H;0 generating the
C-terminal homoserine lactone (Hsl), and three Phe residues to provide sufficient ‘dead’
mass such that cleavage products of interest are out of range of low-mass noise and
matrix ions inherent in MALDI-TOF-MS analysis. A further Ahx residue was then
loaded to generate 129.
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H2N/\O a), b), ©), b) H2N—Phe-Phe-Phe-Met-ll\J|/\O
88 )

C)vb)yc)yb 128
Tentagel
d), b)
— H2N—Ahx-Phe-Phe-Phe-Met-N/b
129
R 0

— RHN-Ahx-Phe-Phe-Phe-Met-H/\O

130
Reagents and conditions: a) Fmoc-Met-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins; ¢) Fmoc-Phe-OH, DIC, HOBt, DIPEA, DMF, 3 hours; d) Fmoc-Ahx-OH, DIC, HOBt, DIPEA,
DMF, 3 hours; e) p-Br PhCOOH, DIC, HOBt, DIPEA, DMF, 18 hours

Scheme 3-1 Synthesis of linker-construct 128 for investigating capping methodology and

demonstration of exhaustive capping

This resin 129 was subjected to a mixture of excess p-Br PhCOOH and excess
DIC/HOBt/DIPEA in DMF. After thorough washing and drying of the resin, single
beads were picked using tweezers, individually cleaved and the cleavage mixture
analysed by MALDI-TOF-MS. The presence of the expected ‘doublet’ for [M+Na]" at
m/z 850/852 and the lack of a peak for the uncapped peptide confirmed the potential of
this method (Fig 3-2).
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Fig 3-2 Sample MALDI-TOF-MS spectra of a single cleaved bead of 130 Lower spectrum represents

raw data, upper spectrum represents software-processed data (for detection of Br-isotope patterns).

The isotopic ‘doublet’ of the expected cleavage product is obvious, in this case as both [M+Na]* and
[M+K]* adducts

Experiments were then undertaken to investigate the detection limit for capped peptide
sequences. To this end, resin 131 was generated by coupling Val to resin 129 by Fmoc-
SPPS (Scheme 3-2). This was to test against the most hindered amino acid, which should
provide the most stringent test of reaction efficiency. Samples of resin 131 were then
submitted to reaction with varying proportions of p-Br PhCOOH relative to the resin
loading (from 0-100%) and excess DIC/HOBt/DIPEA in an 18 hour reaction. Single
beads were selected from each sample, cleaved using CNBr/TFA/H,O and the cleavage
products were analysed by MALDI-TOF-MS. It was found that the capped sequence (as
the [M+Na]" adduct) could be detected down to the 10%-loaded level, however the
relevant ‘doublet’ is much more easily identified and more reliably extracted by software
at higher proportions. For further experiments, it was decided to use a 25% proportion of

capping group for ease of experiment read-out.
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HoN-Ahx-Phe-Phe-Phe-Met- N/\O —»  HoN-Val-Ahx-Phe-Phe-Phe-Met-N
H

129
k

R =
HoN-Val-Ahx-Phe-Phe-Phe-Met-N 132
! H
Br

[0-100%)] RHN-VaI-Ahx-Phe—Phe-Phe-Met-NH

Reagents and conditions: a) Fmoc-Val-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins; ¢) p-Br PhCOOH (various mol%), DIC, HOBt, DIPEA, DMF, 18 hours

Scheme 3-2 Capping at various loadings of capping group

Efficiency of the capping method was then evaluated. Further samples of 131 were
reacted with varying proportions of p-Br PA\COOH, then cleaved in bulk and the cleavage
mixtures were analysed by HPLC. It appears that the capping reaction is efficient as in
all cases the relative peak integration of the capped and uncapped products corresponded

well to the proportion of the capping reagent used.

It was desirable to know whether each individual amino acid could be capped in an
identical manner. To this end, samples of resin 129 were individually loaded with an
amino acid by Fmoc-SPPS. Amino acids used were Gly, Ala, Val, Phe, Leu, Ile,
Ser(O'Bu), Thr(O'Bu), Gln, Asn, Glu(O'Bu), Lys(Boc), Pro, Trp and Tyr(O'Bu). (Met
and Cys are incompatible with the CNBr-mediated cleavage, His and Asp were
unavailable and Arg is to be avoided in future application of this methodology in the

synthesis of guanidinium-based receptors).
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H2N-Ahx-Phe-Phe-Phe-Met-N/\o a), b) H2N—AA-Ahx-Phe—Phe-Phe-Met-N% n
H — H
129

R 0 lC)

s
- /@ H,N-AA-Ahx-Phe-Phe-Phe-Met-N
H

AA = Gly, Ala, Val, Phe, Leu, lle,
Ser(O'Bu), Thr(O'Bu), GIn,
Asn, Glu(O'Bu), Lys(Boc),
Pro, Trp, Tyr(O'Bu)

134

[25%] RHN-AA-Ahx-Phe-Phe-Phe-Met-N
H

Reagents and conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20mins; ¢) i) 25mol% p-Br PhCOOH, DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, DMF, 18 hours

Scheme 3-3 Capping of various amino acids on the test construct 133

At this stage it was discovered that certain beads within a sample of resin were not being
capped (a lack of the isotopic ‘doublet’ in the MS spectrum) whereas other beads were
being completely capped (lack of uncapped product in MS). This was hypothesised to be
due to a combination of inefficient mixing of the capping group throughout the resin
sample and a highly efficient coupling reaction. To account for this, an alternative
capping protocol was instigated, whereby a solution of p-Br PhCOOH in DMF was first
allowed to pre-mix with the resin sample for at least an hour before addition of coupling
reagents (DIC/HOBt/DIPEA) to allow an even distribution of the capping group
throughout the resin sample (Scheme 3-3). Utilising this method, the problem of
unequally distributed capping appeared to be solved; all of the tested amino acids showed
detectable incorporation of the capping group at the level of a single bead (MALDI-TOF-
MS analysis). It was noted that the acid-sensitive side-chains (fert-butyl esters, tert-butyl
ethers, Boc groups) were fully deprotected during the cleavage protocol, except in the

case of Ser(O'Bu) which only partially deprotected; the reasons for this are unclear.
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3.2.2 Application of methodology in generation of a single peptide and of a limited
peptide library

With a protocol in place to partially terminate a growing solid-phase-linked peptide
generating an easily identified ‘ladder’, it was decided to test this methodology in the

synthesis of a single peptide sequence.

A ‘sequencable’ tripeptide (Ile-Ala-Gly) was thus built on the solid phase. The synthesis
is illustrated in Scheme 3-4; resin construct 129 was sequentially loaded as normal for
Fmoc-SPPS, but with the implementation of the capping protocol after each cycle of
coupling-deprotection to generate heterogeneous resin 137. Single bead cleavages and
MALDI-TOF-MS analysis as standard clearly showed the presence of all the ‘ladder’
sequences and the peptide sequence could be read off from the spectrum by calculating
mass differences (accounting for the different adducts in certain cases). A sample

spectrum is shown in Fig 3-3).

HzN-AhX—F’he-Phe-Phe-Met-H a), b) H2N-GIy-Ahx-Phe-Phe-Phe-Met-N/\Q 135
ASAied 5
129 )
(o] L = 3 " o o 5
HoN-Gly-Ahx-Phe-Phe-Phe-Met [I\_j' 136

[25%] FRHN-GIy-Ahx-Phe-Phe-Phe-Met-NH

R= B
/@2‘\‘; 9)b),c)  Hal-lle-Ala-Gly-Anx-Phe-Phe-Phe-Met-N o
B Sy
: €) b), )

[25%] RHN-GIy-Ahx-Phe-Phe-Phe-Met-NI_|
[25%] FlHN-Ala-GIy-Ahx-Phe-Phe-Phe-Met-NH

[25%] RHN-Ile-Ala-Gly-Ahx-Phe-Phe-Phe-Met-N
H

Reagents and conditions: a) Fmoc-Gly-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins, c) i) p-Br PACOOH (25mol%), DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, 18 hours; d)
Fmoc-Ala-OH, DIC, HOBt, DIPEA, DMF, 3 hours; e) Fmoc-lle-OH, DIC, HOBt, DIPEA, DMF, 3 hours
Scheme 3-4 Synthesis of a single, ‘laddered’ tripeptide 137
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Fig 3-3 Sample MALDI-TOF-MS spectrum of a single cleaved bead of 137. Lower spectrum

represents raw data, upper spectrum represents software-processed data. The tripeptide sequence is

easily identified from the isotopic ‘doublets’

To confirm the power of the developed method, a small library of tripeptides (64
members) was built on resin 129 using split-and-mix synthesis, again implementing a
capping protocol (at the 25% level) after the addition of each residue and before

combination of the resin portions (Scheme 3-5).
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HQN-Ahx-Phe-Phe-Phe-Met-H/\O a), b) H2N-AA1-Ahx-Phe-Phe-Phe-Met-N/\O 138
- H
129

o) HQN-AA1-Ahx-Phe—Phe-Phe-Met-H 139

—_—

[25%)] RHN-AA1—Ahx—Phe—Phe-Phe-Met—NH

HoN-AA3-AA2-AAT-Ahx-Phe-Phe-Phe-Met- N
a), b), ) 2 e ki
RE 0 a), b), ¢) [25%] RHN-AA'-Ahx-Phe-Phe-Phe-Met-N
0y v i
Br [25%] RHN-AAZAA'-Ahx-Phe-Phe-Phe-Met- N

AA2B - | ys(Boc), Val,

H
[25%] RHN-AA3-AA2-AAT-Ahx-Phe-Phe-Phe-Met-N~"
Ser(O'Bu), Ala H

Reagents and conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins; c) i) p-Br PhCOOH (25mol%), DMF, ii) addition of DIC, HOBt, DIPEA, 18 hours

Scheme 3-5 Synthesis of a limited ‘laddered’ tripeptide library

Twenty single beads were selected from library 140, cleaved as standard using
CNBr/TFA/H,0 and analysed by MALDI-TOF-MS. It was possible to fully assign a
sequence to eighteen of these beads. The remaining two beads showed no relevant
‘doublet’ signals in the mass spectrum, suggesting either imperfect resin or cleavage
thereof. The resultant sequences are shown in Table 3-1. Sample spectra are shown in

Fig 3-4.
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Fig 3-4 Sample MALDI-TOF-MS spectrum of a single cleaved bead of 140. Lower spectrum
represents raw data, upper spectrum represents software-processed data. The tripeptide sequence is

easily identified from the isotopic ‘doublets’ without prior knowledge of the sequence
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Bead AA AA’ AA®
1 Ala Ala Ala
2 Ser(O'Bu) Ala Ala
3 Lys(Boc) Ala Val
4 Ser(O'Bu) Val Val
5 Val Lys(Boc) | Ser(O'Bu)
6 Lys(Boc) Ala Lys(Boc)
7 Lys(Boc) Val Ala
8 Ser(O'Bu) Ala Lys(Boc)
9 Lys(Boc) Val Val
10 Lys(Boc) Val Ser(O'Bu)
11 Ala Lys(Boc) | Lys(Boc)
12 Ser(O'Bu) Ala Lys(Boc)
13 Ala Val Val
14 Ser(O'Bu) Ala Val
15 Ser(O'Bu) | Lys(Boc) | Lys(Boc)
16 Ser(O'Bu) | Ser(O'Bu) Val
17 Lys(Boc) Ala Val
18 Ala Ser(O'Bu) | Ser(O'Bu)
19 - - -
20 - - -

Chapter 3

Table 3-1 MS Sequencing results of random sample beads taken from library 140

3.2.3 Use of highly-ionisable linker

Despite the success achieved with the capping protocol to this point, its application is

obviously limited. By utilising 25% of the bead composition for the generation of each

‘ladder’ sequence, potential diversity in library structure becomes highly limited; either a

tripeptide is the limit (since it is desirable not to completely terminate a bead by blocking

all free sites) or careful design avoiding isobaric oligopeptide units is required (such as by
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use of the ‘Biblio’ algorithm®). Thus it was desirable to attempt to reduce the required

proportion of capping group for reliable detection.

Youngquist et al’s original work® incorporated an unprotected Arg-unit into the linker.
This is doubly favourable as it not only adds requisite ‘dead’ mass by also introduces a
guanidine unit. Guanidines are highly ionisable species (pK, of alkylguanidiniums ~14)
and are detectable by MS at extremely low concentration. In this way, a lesser absolute
amount of a particular ‘ladder’ sequence (as cleaved from a single bead) is required for
detection, as the great propensity towards ionisation of the guanidine unit increases the

signal to noise ratio.

Since the implementation of this methodology is to be in building libraries of receptors
based on a guanidinium-derived binding site, the incorporation of a second guanidine into
the linker is undesirable. Its presence would allow a higher degree of ‘background’
binding in a solid-phase screen, perhaps making differentiation between strongly binding
beads and weakly binding beads more difficult. It is also possible that stronger binding
would exist between a putative guest and the linker, hence selectivity of binding would

be based on a different species than the designated library member built onto a bead.

Hence it was necessary to use a protected Arg as part of the linker, which could then be
simply deprotected after screening and prior to cleavage, allowing release of the free
guanidine for facile analysis by MS. Pbf'’! (Fig 3-5) is a suitable group for this function,
as it is cleaved in 50% TFA/DCM, and is compatible with Fmoc-SPPS. An alternative is
the more acid-stable Mtr'’?, cleavable in 1M TMSBr in TFA.
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Fig 3-5 Protected Arg units for solid-phase synthesis; Arg(Pbf) 141, Arg(Mtr) 142

To test the use of an Arg(Pbf)-containing linker, the resin 143 was built by standard
Fmoc-SPPS (Scheme 3-6). This linker represents that which would be used for final
library synthesis, with flexible Ahx units instead of Phe units (which were also noted to
cause documented problems of sequence aggregation'”” as mass loaded to the resin
increased). 143 was then loaded with Val by Fmoc-SPPS to give resin 144, which was
then treated with excess p-Br PhCOOH and DIC/HOBt/DIPEA. After requisite washing
and drying steps, single beads were selected and sequentially treated with 50%
TFA/DCM (to remove Pbf) and then the standard cleavage mixture of CNBr/TFA/H,0.
MALDI-TOF-MS analysis revealed a clearly identifiable ‘doublet’ at the appropriate
mass. (Fig 3-6)
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a), b), ¢), b),
HzN/\Q H2N-Ahx-Ahx-Arg(be)-Met-ﬁ/\O 143
88,

d), b), d), b)
Tentagel
e), b)
— H,N-Val-Ahx-Ahx-Arg(Pbf)-Met-N
0 H 144
R =
e f)
ALy RHN-VaI—Ahx-Ahx-Arg(be)-Met-N/\O 145
H

Reagents and Conditions: a) Fmoc-Met-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins; ¢) Fmoc-Arg(Pbf)-OH, DIC, HOBt, DIPEA, DMF, 3 hours; d) Fmoc-Ahx-OH, DIC, HOBt,
DIPEA, DMF, 3 hours; e) Fmoc-Val-OH, DIC, HOBt, DIPEA, DMF, 3 hours; f) i) p-Br PhnCOOH, DMF, 1
hour ii) addition of DIC, HOBt, DIPEA, DMF, 18 hours

Scheme 3-6 Synthesis of Arg-containing-construct 143 for investigating capping methodology and

demonstration of exhaustive capping

Fig 3-6 Sample MALDI-TOF-MS spectrum of a single cleaved bead of 145. Lower spectrum

represents raw data, upper spectrum represents software-processed data. The isotopic ‘doublets’ are

clearly in evidence in both spectra, as [M+H]" and [M+Na]" adducts
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In a similar manner to that followed with resin 131, samples of resin 144 were submitted
to reaction with varying proportions of p-Br PhCOOH relative to the resin loading (from
1-25%, Scheme 3-7). Single beads from each sample were then treated with 50%
TFA/DCM as above and cleaved with CNB1/TFA/H,O. The requisite ‘doublet’ was

clearly identified for each sample down to the 10% level.

H,N-Val-Ahx-Ahx-Arg(Pbf)-Met-N
2 g( H/\CD 144
R = (0] J

¥
Br /Ej)k HoN-Val-Ahx-Ahx-Arg(Pbf)-M et—H /? 146

[1-25%] RHN-Val-Ahx-Ahx-Arg(Pbf)-Met- N
H

Reagents and Conditions: a) i) p-Br PhCOOH (various mol%), DMF, 1 hour, ii) addition of
DIC/HOB!/DIPEA 18 hours

Scheme 3-7 Capping the Arg-containing-construct at various loadings of capping group

A viable methodology was now in place for the generation of solid-phase receptor
libraries based on peptidic side-arms with sequence determination by MALDI-TOF-MS.
The capping proportion could be varied based on requirements, but could be determined
as low as 10% of the nominal resin loading; a minimum of 15% was used in the

construction of libraries to ensure good detection and facile read-out.
3.2.4 Criticism of the method

Though the method described above is simple to implement, it is limited in many ways.
Firstly, a maximum of six indexed positions can be utilised, even at a level of 15%
capping. This limits library ‘length’ to that of six consecutive diversity units (potentially

longer, if an algorithm such as ‘Biblio’®

is consulted in library design). This theoretical
limit cannot be achieved in practice; owing to the process of split-and-mix, the absolute
quantity of available reactive sites on individual beads can only be estimated and care

must be taken not to over-load the capping group at any particular point. Over-loading of
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the capping group would potentially ‘kill’ the growing peptide sequence before library
synthesis is complete by blocking all the reactive sites. This would result in a highly
heterogeneous and undefined library composition. Hence the limit of six indexed
positions, which would utilise 6 x 15% = 90% of the bead composition for the generation

of ladder sequences, cannot be achieved in practice.

Of particular import in the design of libraries of receptors for carboxylates, the necessary
use of Arg in the linker is unsatisfactory. This second guanidine shows distinct potential
to act as an alternative binding site for carboxylate guests and renders results from solid-
phase screening experiments open to question; selectivity noted in a solid-phase
screening experiment could be due to binding by the nominal receptor structure or due to
binding at the Arg-side chain. Protection of the Arg unit as used in the following library

syntheses is a viable solution to this problem.

3.3 Synthesis of a Single-Armed Tweezer Library 149

With a functioning methodology for generating ‘ladder sequences’ (and hence ‘readable’
libraries of beads) in place, synthesis of a simple library of receptors for carboxylates
commenced. The basic design of the library is indicated in Fig 3-7, and consists of a
CBS linked to a randomised peptide sequence loaded onto the Arg-containing linker
necessary for sensitive detection of ‘ladder’ sequences. This is described as a single-
armed receptor as it consists of only a single strand flanking the CBS, rather than the

usual two or three strands that act to envelop a guest in an authentic tweezer receptor.
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Fig 3-7 Schematic of a simplistic receptor for carboxylates. The binding site is the point of major

interaction, with the diversity unit accounting for further favourable binding interactions. As the
nature of the carboxylate guest varies (different peptide guests), a different diversity unit represents

the most strongly binding library member.

An effective CBS was required, since it was desired to determine receptors for
carboxylates in aqueous medium. One effective motif for this purpose is the bicyclic

guanidinium moiety of de Mendoza et al*®

(Fig 3-8) which is known to bind carboxylates
in aqueous systems, owing to the formation of strong ion-pair interactions. This bicyclic
system is also highly conformationally defined. This is beneficial in the designing of
selective receptors, since the randomised peptide portion of the receptors will be held in a
defined region of space ensuring a secondary interaction between potential guests and
this unit. This is particularly important for the single-armed receptor structure, where a

guest will not be enveloped by side-arms on interaction with the CBS.

e
ftl/ ” |
R R

Fig 3-8 de Mendoza et al’s bicyclic guanidinium unit for binding carboxylates
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The synthesis of acid-derivative 145 has been described in the literature!™ but is non-
trivial and lengthy. Fortunately an amount of 145 was obtained from the group of de

Mendoza in a most generous collaboration. It was decided to use this as the CBS for the

iy
A
'Tj H | 145

H OTBDPS

single-armed receptor library.

Library synthesis was carried out as in Schemes 3-8 and 3-9. Using the construct 143 as
a basis, three cycles of split-and-mix synthesis were performed as follows; in each cycle
the resin was split into nine portions and each portion was individually coupled with an
Fmoc-amino acid from the following list; Gly, Ala, Val, Leu, Phe, Asn, Ser(O'Bu),
Glu(O'Bu), Lys(Boc). Fmoc-deprotection was then carried out on each portion. Both of
these steps were monitored by the Kaiser ninhydrin test. Each portion of resin was then
submitted to the capping protocol with p-Br PhCOOH (20% of nominal loading) to
generate a ‘ladder’ sequence for that residue. The resin portions were then thoroughly
mixed together by shaking whilst suspended in DMF. After three cycles, the library
composition is given by 146 (Scheme 3-8).
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H2N—Ahx-Ahx—Arg(be)-Met-N/\O a), b) H2N-AA1-Ahx-Ahx-Arg(be)-Met-N /\O
H
143 146

; HoN-AA' -Ahx-Ahx-Arg(be)-Met-H 147
C

[20%)] RHN-AA’-Ahx-Ahx-Arg(be)-Met-NH

3 2 1. 3 i 3 2
a), b), ¢), H,oN-AA3-AA2-AAT-Ahx-Ahx-Arg (Pbf)-Met N e
a), b), c)
e 0 [20%] RHN—AA1-Ahx-Ahx-Arg(be)-Met-NH
o
Br/©)\ [20%] RHN-AAZAA! -Ahx-Ahx-Arg(be)-Met-NH

% _AA3_AA2-AAT-AhX-Ahx- Met-N~"
AAY28 _Gly. Ala, Val, Phe, Leu [20%] RHN-AA°-AA=-AA'-Ahx-Ahx-Arg(Pbf)-Met |\|1_|

Asn, Glu(O'Bu), Lys(Boc)
Ser(O'Bu)

Reagents and Conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% piperidine/DMF,
20 mins; c) i) p-Br PhCOOH, DMF, 1 hours, ii) addition of DIC, HOBt, DIPEA, 18 hours

Scheme 3-8 Synthesis of a tripeptide library 148, indexed with ‘ladder sequences’ for MS

determination of members

It should be noted that owing to the non-homogeneous nature of beads, it is not possible
to define absolute NH,-loadings at each step. This arises from the incorporation of
different units during the split-and-mix procedure, from the presence of the capping
group in unspecified amount and from the non-homogeneous nature of the base resin of
individual beads. Hence the quantity of capping group used in each application of the
capping protocol is calculated based on the average additional mass gained by a bead up
to that juncture. For example, after two cycles of split-reaction-mix, the average added
mass per gram of resin 1S equivalent to the calculated average mass of two amino acids
multiplied by the measured loading of resin 143. (The additional mass of the

incorporated capping group is not accounted for). Thus a given mass of resin library can
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be related to an equivalent mass of resin 143 and an appropriate amount of capping group
introduced. This allows the incorporation of capping group to be kept roughly constant
for each iteration, rather than diminishing as individual bead mass increases and hence

loading per unit mass decreases.

To complete the synthesis, 148 was completely coupled with CBS 145 using a standard
DIC/HOBt/DIPEA in DMF protocol (Scheme 3-9), to generate library resin of

composition 149.

HoN-AA3-AA2-AAT-Ahx-Ahx-Arg (Pbf)-Met-N 148
H
[20%] RHN-AA'-Ahx-Ahx-Arg(Pbf)-Met-N 2
H
[20%] RHN-AA2"AA-Ahx-Ahx-Arg(Pbf)-Met-N
H
[20%] RHN-AA3-AA2-AAT-Ahx-Ahx-Arg(Pbf)-Met-N~
H
_-OTBDPS
N SRNH
R= 0 K/\ (o)
e S
Br N-AA3-AAZ-AAT-Ahx-Ahx-Arg(Pbf)-Met-N
H H
AA128 _ Gly, Ala, Val, Phe, Leu [20%] RHN-AA'-Ahx-Ahx-Arg(Pbf)-Met-N
Asn, Glu(O'Bu), Lys(Boc) 7
Ser(0'Bu) [20%] RHN-AAZAAT-Ahx-Ahx-Arg(Pbf)-Met-
H

[20%] RHN-AA3-AA2-AAT-Ahx-Ahx-Arg(Pbf)-Met- N~
H
149

Reagents and conditions: a) 145, DIC, HOBt, DIPEA, DMF, 18 hours

Scheme 3-9 Addition of CBS to the ‘148, generating single-armed receptor library 149
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149 may be usefully abbreviated as structure 150, where the * notation indicates the

presence of ladder-sequences in a non-homogenous bead (Fig 3-9).

_/OTBDPS

i'_| X
= 150
N"SRH

(0]

SN

HN-AAS-AAZ-AA1 -Ahx-Ahx-Arg(be)—Met—H% *

Fig 3-9 150, an abbreviated notation for the single-armed receptor library 149. The * mark indicates

the presence of ‘ladder’ sequences for each randomised position, which are not shown.

Finally, the resin was thoroughly washed dried in vacuo to give the library ready for
screening experiments (See Chapter 4). To test the ‘readability’ of the library, three
beads were picked at random, deprotected using 50% TFA/DCM, cleaved under the
standard CNBr/TFA/H,O conditions and successfully sequenced; results are shown in
Table 3-2.

Bead AA! AA® AA’
1 Ser(O'Bu) Phe Val
2 Phe Gly Gly
3 Ser(O'Bu) Val Ala

Table 3-2 MS Sequencing results of random sample beads taken from library 149
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3.4 Synthesis of a Tweezer Library 184

Owing to the success observed in screening the single-armed receptor library 149 (see
Chapter 4), it was decided to synthesise an authentic library of tweezer receptors with
two peptidic arms for screening experiments. A greater diversity of structures is possible
whilst still utilising only a-amino acids as diversity elements. Such a library would
feasibly show a more marked selectivity amongst members; despite inherent flexibility,
several highly selective tweezer receptors are already known (see Chapter 1). Potential
S-sheet formation between peptidic arms and peptide-carboxylate guest is also

anticipated.

In order to generate authentic tweezer receptors on the solid-phase, it is necessary to
employ a usefully functionalised CBS. It is also necessary to consider the method of
solid-phase synthesis. The primary concern is to avoid generation of ‘truncated’ receptor
structures which contain the CBS but are missing particular diversity elements (Fig 3-10).
In the context of a combinatorial library, the presence of such ‘truncated’ structures
would imply the presence of two or more distinct receptors on an individual bead, any of
which could give rise to identified selective binding associated with that bead. The
diversity elements missing in the ‘truncated’ receptors, though present in the full
structure, are effectively redundant. Screening is unlikely to reveal information about

such positions.
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HzN/\O Lol iy HzN/\C)/\NHPG1 e PGQHN/\O/\NHP@

Bifunctional resin

Randomised
oligopeptide

ladder sequences/\O/\
NO CBS

(PG? strand)

Full Tweezer structure
PG! strand

[ Randomised
oligopeptide

Fig 3-11 Proposed synthetic outline to a library of tweezer receptors. A “coding” strand is generated
by partial derivatision of resin. ‘Ladder’ sequences are generated without CBS in this coding strand,

full receptor structures are generated in the non-coding strand

Naturally, individual bead composition remains heterogeneous. However, since the
primary interaction of any carboxylate guest will be an ion-pair interaction with a
charged guanidinium binding-site, it is again conjectured that contributions from ‘ladder’
sequences to binding will be minimal and not strongly affect selectivity in a solid-phase

screening experiment.

3.4.1 Synthesis of Binding Site

The CBS required for this library synthesis is of the general form of an extended, N-
protected amino acid (Fig 3-12). This leads to facile incorporation of the CBS into a

growing peptide strand by the usual methods of SPPS, and is amenable to standard

methods of solid-phase reaction monitoring.
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Binding by truncated 'ladder' sequence

AA*-cap
c }---o
Al B YR
s }---0
et~ }-Q{ i -
o----1 €
R—( B ls
Q-==-4 S
AAB-AAS-AA%

Binding by full structure

Fig 3-10 Problem of generating ‘ladder’ sequences in a linearly-synthesised tweezer library. If
truncated sequences are present (A), the extra amino acids in the full structure (B) are effectively

redundant

Unlike the single-armed receptor library 149, where the CBS is incorporated in the final
step (thus eliminating the issue), it was proposed to incorporate the CBS as an
interpolation into a growing peptide sequence (as implied by Fig 3-10), which should
simplify the solid-phase approach and reduce the need for orthogonal protecting groups.
Hence it was inadvisable to implement capping methodology in the same simplistic
manner as for the single-armed receptor library; this is guaranteed to generate truncated
receptors terminated by the p-Br-PhCOOH group. To circumvent this problem, it was
instead decided to divide the composition of the resin beads. Resin was partially
derivatised with one protecting group before reaction with a second, orthogonal
protecting group. This generates two distinct ‘strands’ (PG'-strand and PG*-strand). By
selective deprotection, it is possible to generate the full receptor structure with the CBS as
the sole unit in one strand. In tandem, ‘ladder’ sequences are generated in the other

(“coding”) strand without the presence of the CBS (Fig 3-11).
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PG
\ protected
H,N guanidinium COOH

Fig 3-12 Required species for incorporation of a binding site during tweezer library synthesis

The carboxylate-binding motif was to consist of a guanidinium, and this is most usefully
masked as a protected guanidine during library synthesis. Simple guanidine deprotection
is performed as a final step before screening. Kilburn et al'®® have pioneered the use of
trifluoroacetyl as a protecting group as described in Chapter 2. Hence 151 was selected
as a simple target CBS, to be prepared in routes analogous to those already reported in

the literature.'®®

0
F30J\ JN\
AN OH
BocHN N ﬁ/\/\g/
151
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First, y-aminobutyric acid 152 was Boc-protected using a known procedure'” to give

acid 153, and converted to the benzyl ester 154 using K,COj; and benzyl bromide'™
(Scheme 3-10)

HzN/\/\g/OH _a)» BocHN/\/\IC])/OH —b)> BocHN/\/\ﬂ/OBn

0]

152 153 154

Reagents and conditions: a) Boc,0, Et;N, MeOH, reflux, 3 hours, 90%; b) BnBr, K,CO;, wet acetone, 1
hour, 91%

Scheme 3-10 Synthesis of protected ester 154

Isothiocyanate 157 was synthesised according to a known procedure'”’ via mono-Boc-
protected diamine 156 (Scheme 3-11).

a) b)
HoN""NH, ——  BocHN” > " NH, — BocHN” >""NCS

165 156 157

Reagents and conditions a) 3 eq. Boc,0, CHCls, 18 hours, 87%; b) Thiophosgene, K,CO; (aq), CHClL;, 18
hours, 84%

Scheme 3-11 Synthesis of isothiocyanate 157

106



Jon Shepherd Chapter 3

Boc-deprotection of ester 154 followed by coupling of the resulting amine salt with
isothiocyanate 157 under basic conditions yielded thiourea 158 in satisfactory yield
(Scheme 3-12). 158 could be converted into protected guanidine 160 using the reported
three-step procedure via the thiouronium hexafluorophosphate salt 159."®  Final

hydrogenolysis yielded the desired acid 151 in excellent yield (39% across 5-step

sequence).
OBn j(\
a), b) B
BocHN/\/\n/ — = BocHN" "N N/\/\n/o n
0 H H
154 0]
158: X =S
9, 150 x - SMe.PFq
X
9, FaC JN\
OR
BOGHN/\/\N H/\/\ﬂ/
0]
8) 160: R = Bn
161: R=H

Reagents and conditions: a) 20% TFA/DCM, 1 hour; b) 157, Et;N, MeOH/DCM, 18 hours 75%; c) i) Mel,
acetone, 1 hour, ii) NH,PFs;, MeOH/DCM, 18 hours; d) F;CCONH,, DBU, toluene/CHCl;, 1 hour, 50%
over 3 steps; ) Hy, Pd/C, EtOAc, 3 hours 94%

Scheme 3-12 Synthesis of CBS acid 161

A similar route could be envisaged for the synthesis of the complementary Fmoc-
protected acid 162a. However, Fmoc is not compatible with the trifluoroacetylguanidine
synthesis, owing to the use of strong base (DBU) to generate the appropriate nucleophile.
It is possible to replace Boc with Fmoc at the stage of the guanidine ester (Scheme 3-13)
to give the Fmoc compound 162 in good yield, but sadly attempted hydrogenolysis of
162 yielded a mixture of compounds from which the putative desired acid 162a could not

be satisfactorily purified.
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OL 0
FaCJ N a), b F3C)J\N
BOCHIVMNJ\N/WrOBn FmOCHN/\/\N/”\N/\/\H/OBn
H H ) H H I
160 162

0
. FSCJL JN\

AN OH
FmocHN N H/\/\”/

0o
162a

Reagents and conditions: a) 20% TFA/DCM, 1 hour; b) Fmoc-Cl, Et;N, DCM 1 hour, 71%; c) H,, Pd/C,
EtOAc, 2 hours

Scheme 3-13 Conversion to Fmoc-protection and failed attempted synthesis of Fmoc-protected acid

162a

An alternative to Fmoc is the Ddpe group, cleaved by hydrazine and orthogonal to Boc.
CBS 170 could be synthesised in analogous manner to 151 as described below. 1,3-

diaminopropane 155 was protected with Ddpe (prepared according to known procedure

5168

as in Scheme 3-15"") to give amine 163. 163 was converted into the isothiocyanate 164

using standard conditions (Scheme 3-14).

a b
HoN">""NH, 3, DdpeHN™ " NH, B, DdpeHN” >""NCS
155 163 164

Reagents and conditions: a) 108, cat. TFA, DCM, 5 hours, quant.; b) Thiophosgene, K,COs(aqg), CHCl;, 18
hours, 45%

Scheme 3-14 Synthesis of isothiocyanate 164

108



Jon Shepherd Chapter 3

]/OH N a) OH
— 108
0 o) | o)

165 166

Reagents and conditions: a) DCC, DMAP, DMF, 3 days, 42%

Scheme 3-15 Synthesis of the Ddpe protecting group 108

Ester 154 was then Boc-deprotected and the resulting amine salt was coupled with
isothiocyanate 164 under basic conditions to yield thiourea 167 in good yield (Scheme 3-
16). Conversion into guanidine 169 was accomplished by activating 167 as the
thiouronium hexafluorophosphate 168 and reaction with trifluoroacetamide and DBU.
This occurred in disappointing yield, possibly due to partial deprotection of the Ddpe

group under the strongly basic conditions. Final hydrogenolysis revealed acid 170.

X
OBn a), b)

B

ocHN/\/\lc])/ — deeHN/\/\NJLH/\/ﬁ]/OB"

o)
167: X = S
154 [, 168: X = SMe.PF;
1
FsC” N

9 I
OR
DdpeHN”™ "N~ N
169: R =Bn
9L, 170 R - H

Reagents and conditions: a) 20% TFA/DCM, 1 hour; b) 164, Et;N, DCM, 18 hours, 84% over two steps; c)
i) Mel, acetone, 3 hour, ii) NH,PFs, MeOH/DCM, 18 hours; d) F;CCONH,, DBU, toluene/CHCl;, reflux, 2

hours, 32%; e) H,, Pd/C, EtOAc, 2 hours, 98%

Scheme 3-16 Synthesis of Ddpe-protected CBS 170
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3.4.2 Library Synthesis

With an appropriately protected CBS precursor unit 151 in hand, synthesis of a full
tweezer library was undertaken. Firstly, high-loaded Tentagel resin (0.47mmol/g) was
partially coupled (~90%) with Fmoc-Met by first shaking the resin with a solution of
Fmoc-Met-OH in DMF, followed by addition of excess DIC/HOBt/DIPEA. The pre-mix
is to ensure an even distribution of the amino acid throughout the resin before coupling
begins, ensuring partial derivatisation at the single-bead level and not at the level of bulk
resin. A quantitative Ninhydrin test{fREF] gave NH, loading as 0.10mmol/g. The

remaining free sites were reacted with excess Boc,O to generate bifunctional resin 172
(Scheme 3-17).

HzN/\O a) HQNA? b)  BocHN™

Fmoc-Met-N Fmoc-Met-N
H H

88, 171 172
Tentagel

Reagents and conditions: a) i) Fmoc-Met-OH, DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, 18 hours;
b) Boc,O, DIPEA, DMF, 3 hours

Scheme 3-17 Partial derivatisation and protection of solid-phase in preparation for library synthesis
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It was now necessary to incorporate the appropriate linker for generation of ‘ladder’
sequences. To this end, the resin was Fmoc-deprotected and standard Fmoc-SPPS was
carried out to incorporate first Arg(Mtr), then two Ahx residues, giving 174 (Scheme 3-
18). In this case Arg(Mtr) (cleavage in 1M TMSBr in neat TFA) is selected because it is
necessary to perform several Boc-deprotections on the resin to generate the library; Mitr is
much more acid-stable than Pbf. All coupling steps were monitored for completion using

the Kaiser ninhydrin test. A quantitative ninhydrin test gave the NH,-loading of 174 as

0.13mmol/g.
BocHN™ BocHN
a), b)
Fmoc-Met-l\|I_| Fmoc-Arg(Mtr)-Met- r?l_I
172 173
BocHN
[@), )] x 2

a) HoN-Ahx-Ahx-Arg(Mtr)-Met-N
H

174

Reagents and conditions: a) 20% piperidine/DMF, 20 mins; b) Fmoc-Arg(Mtr)-OH, DIC, HOBt, DIPEA,
DMF, 3 hours; ¢) Fmoc-Ahx-OH, DIC, HOBt, DIPEA, DMF, 3 hours

Scheme 3-18 Synthesis of linker for ‘ladder sequence’ generation in the Fmoc-strand
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Split-and-mix methodology was then implemented as illustrated in Schemes 3-19 to 3-22.
Firstly the bulk resin was split into eight portions, and each portion was then
independently coupled to an Fmoc-amino acid (from Gly, Ala, Val, Phe, Asn, Glu(OBn),
Lys(Cbz), Thr(OBn); benzyl-based protection was used owing to the need to perform
many acidic Boc-deprotections), giving 175 (Scheme 3-19). Each separate portion was
then Boc-deprotected using dilute TFA, followed by coupling with the same amino acid
as before but with a Boc rather than Fmoc protecting group (176). Each sample was then
Fmoc-deprotected, followed by implementation of the capping protocol (15% of nominal
loading of the Fmoc-strand). In this way, the amino acid incorporated in the Boc-strand
is indexed by the same amino acid in the ‘ladder sequences’ generated in the Fmoc-

strand. The resin portions were then mixed (177).

BocHN 174 a) BocHN 175

HoN-Ahx-Ahx-Arg(Mtr)-M et—rxﬂ1 Fmoc-AA'-Ahx-Ahx-Arg(Mtr)-Met- N

H

176 ]
1 Boc-AA -
b), ¢ BogAdtN ), e) N 177
— H
Fmoc-AA'-Ahx-Ahx-Arg(Mtr)-Met- N HoN-AA -Ah><+\h><-Af9('V'tf)-'\/'et-'\i|
H

['15%'] RHN-AA-Ahx-Ahx-Arg(Mtr)-Met-N
H

Ri= 0
/@)‘\g AA! = Gly, Ala, Val, Phe, Asn, Thr(OBn), Lys(CBz), Glu(OBn)
Br

Reagents and conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% TFA/DCM, 20
mins; ¢) Boc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; d) 20% piperidine/DMF, 20 mins; ¢) i) p-Br
PhCOOH, DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, 18 hours

Scheme 3-19 First round of split and mix synthesis
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It was now desired to incorporate the CBS into the Boc-strand. This was accomplished
as detailed below and shown in Scheme 3-21. The resin was split into eight portions and
coupled with an Fmoc-amino acid (same diversity of amino acids as before). Boc-
deprotection was then carried out using dilute TFA. However, the next step involved
coupling each resin portion individually with the CBS 151 (using a standard
DIC/HOBt/DIPEA in DMF, double-coupling procedure, again monitored by ninhydrin
test), giving 179. The resin portions were then again Boc-deprotected and coupled with
the appropriate Boc-amino acid to match the one attached in the previous Fmoc-coupling.
Fmoc-deprotection was then carried out, followed by implementation of the capping
protocol (20% of original nominal loading of Fmoc-strand), and mixing of the resin
portions. In this manner the CBS was incorporated into only one strand, with an

appropriate ladder sequence generated. Library composition is as indicated by 181.

A fourth and final iteration of split-and-mix synthesis was then performed similar to the
first two iterations (Scheme 3-22); Fmoc-coupling, Boc-deprotection, Boc-coupling,
Fmoc-deprotection were carried out as before, followed by a complete termination of the
Fmoc-strand using an excess of p-Br PhCOOH. A final Boc-deprotection was then
carried out, and the Boc-strand capped using an excess of acetic anhydride and DIPEA in
DMF. All processes were monitored by the ninhydrin test. All resin portions were

mixed together, to give library composition 183.
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A second round of split-and-mix synthesis was then performed in identical fashion
(Scheme 3-20); division into eight portions, Fmoc-protected coupling, Boc-deprotection,
Boc-protected coupling, Fmoc-deprotection, capping protocol (15% of original nominal
loading of Fmoc-strand), mixing of resin portions. The same diversity of amino acids as
in the first iteration was used. Again, all steps was monitored using the Ninhydrin test.

The library composition is now indicated by 178.

Boc-AA!- NH o
a), b), ¢),
HoN-AA'-Ahx-Ahx-Arg (Mtr)-Met-N TR
H d), )
[15%] RHN-AA1—Ahx—Ahx-Arg(Mtr)—Met-NH
!
Boc-AAZ-AA -NH o

HoN-AA2-AA-Ahx-Ahx-Arg(Mtr)-Met-N
H

['15%' RHN-AA!-Ahx-Ahx-Arg(Mtr)-Met- N
H

['15%] RHN-AA2-AA'-Ahx-Ahx-Arg(Mtr)-Met-N
H
Reagents and Conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% TFA/DCM, 20
mins; c) Boc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; d) 20% piperidine/DMF, 20 mins; e) i) p-Br
PhCOOH, DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, 18 hours

Scheme 3-20 Second round of split-and-mix synthesis in tweezer library generation
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Boc-AA2-AA'-N H H 0
H ) BocHN A~ NN~y
ety NCOCF;
HoN-AA<-AA ' -Ahx-Ahx-Arg (Mtr)-Met-N 151
H a), b), c)

['15%'] RHN-AA-Ahx-Ahx-Arg(Mtr)-Met- N

['15%'] RHN-AAZ-AA'-Ahx-Ahx-Arg(Mtr)-Met-N
H
H H )
BocHN._~_ N._N._~_J_
[ N-AAZAAT- NS o9
NCOCF3 H H
R Fmoc-AA3-AAZ-AAT-Ahx-Ahx-Arg(Mtr)-Met-N
b), d)J H

[15%'] RHN-AA'-Ahx-Ahx-Arg (Mtr)-Met- NH

['15%'] RHN-AA2-AAT-Ahx-Ahx-Arg(Mtr)-Met-N
0 H

H IR
3
Boc-AA 'N\/\/N\H/N\/\/U\ o
N-AAZ-AAT- N ish
NCOCF; H H

Fmoc-AA3-AAZ-AA’-Ahx-Ahx-Arg(Mtr)-Met-N ‘l -
H e L
['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- NH
[15%!] RHN-AAZ—AA1—Ahx-Ahx—Arg(Mtr)—Met-|\|j_1

H IR 0
3
Boc-AA"-N U NGN \/\)J\
i N-AAZ-AAT- N

NCOCF3 H H 181
HoN-AAS-AA2-AAT-Ahx-Ahx-Arg(Mtr)-Met-N
H
['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- N
H

['15%'] RHN-AA2-AA'-Ahx-Ahx-Arg(Mtr)-M et—NH

['20%'TRHN-AA3-AAZ-AAT-Ahx-Ahx-Arg(Mtr)-Met- NH/

Reagents and conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% TFA/DCM, 20
mins; ¢) 151, DIC, HOBt, DIPEA, DMF, 3 hours; d) Boc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; ¢)
20 % piperidine/DMF, 20 mins; f) i) p-Br PhnCOOH, DMF, 1 hour, ii) addition of DIC, HOBt, DIPEA, 18

hours

Scheme 3-21 Third iteration of split-and-mix synthesis including incorporation of CBS
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H H H Q
Boc-AA%-N NN \/\)I\
\”/ N-AAZ-AA'- N 181Lb)',
NCOCF; H H
c), d), e)
HoN-AAS-AAZ-AA —Ahx-Ahx-Arg(Mtr)-Met-l\ll_l
['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- NH
[15%'] RHN-AA2-AA’ -Ahx-Ahx-Arg(Mtr)-Met-NH
['20%']RHN-AA3-AA2-AAT-Ahx-Ahx-Arg (Mtr)-Met- NH/
o R i 0
EOCRRANEA RS N~ N\/\)J\ b), f)
i N-AAZ-AAT- N 182201,
NCOCFj H H

[‘50%']RHN-AA4-AA3—AA2-AA1—Ahx-Ahx-Arg(Mtr)-Met—r\IJ_l

['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- NH

[15%] RHN-AAQ-AA1-Ahx-Ahx-Arg(Mtr)—Met-NH

['20%']RHN-AA3-AA2-AAT-Ahx-Ahx-Arg(Mtr)-Met- N~
H
H H H o
Ac-AAT-AAS-N NN \/\/u\
\ﬂ/ N-AA2-AAT- N 183
NCOCFg H H
['50%'TRHN-AA*-AA3-AAZ-AAT-Ahx-Ahx-Arg (Mtr)-Met-|\|J_|

[15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- NH

[15%! RHN-AAZ-AA1-Ahx-Ahx—Arg(Mtr)-Met-NH

['20%'JRHN-AA3-AA2-AAT-Ahx-Ahx-Arg (Mtr)-Met- N~
H

Reagents and Conditions: a) Fmoc-AA-OH, DIC, HOBt, DIPEA, DMF, 3 hours; b) 20% TFA/DCM, 20
mins; ¢) Boc-AA-OH, , HOBt, DIPEA, DMF, 3 hours; d) 20% piperidine/DMF, 20 mins; ¢) p-Br
PhCOOH, DIC, HOBt, DIPEA, DMF, 18 hours; f) Ac,0, DIPEA, DMF, 3 hours

Scheme 3-22 Final round of split-and-mix synthesis in tweezer library generation
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As during the synthesis of the single-armed receptor library 149, the quantity of p-Br
PhCOOH used for each capping protocol is calculated based on the nominal loading of
the resin 174, corrected for an average added mass owing to the preceding coupling steps.
This obviates the need for continued rigourous drying of the resin and quantitative

ninhydrin tests, which would require considerable wastage of library members.

Final deprotection of the trifluoroacetyl group was carried out on the bulk resin library,
using 0.15M K,CO3 in MeOH/DMF/H,0 as described by Kilburn et al.'® The resin was
finally thoroughly washed and dried in vacuo in preparation for screening experiments.
Hence the final library composition is indicated by 184, which can be more simply

represented by 185, with the * notation used to represent the presence of the ‘ladder’

sequences.
A AR i
ACASEANENTEZ N N\/\)J\
i N-AAZ-AA'- N
NCOCF3 H H 183
[50%'TRHN-AA*-AA3-AAZ-AAT-Ahx-Ahx-Arg (Mtr)-Met-N a)
H
['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met- N
H
['15%'] RHN-AA2-AA’ -Ahx-Ahx-Arg(Mtr)-Met-NH

['20%']RHN-AA3-AA2-AAT-Ahx-Ahx-Arg (Mtr)-Met- N/
H

H H H 0
AC-AAT-AA- N~N N\/\/U\
I N-AAZ-AAT- N ]
NH H H 84
['50%'1RHN-AA*-AA3-AAZ-AAT-Ahx-Ahx-Arg(Mtr)-Met-N

H
['15%'] RHN-AA'-Ahx-Ahx-Arg(Mtr)-Met-N
H

[15%'] RHN-AA2-AAT-Ahx-Ahx-Arg(Mtr)-Met- NH

['20%']RHN-AA3-AA2-AAT-Ahx-Ahx-Arg(Mtr)-Met- NH/

Reagents and Conditions: a) 0.15M K,CO;, MeOH/DMF/H,0

Scheme 3-23 Deprotection of binding site in tweezer library
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0
Ac-AA*-AAS- |\ H H
N-AAZ-AAT- N NO*
NH H

185

Fig 3-13 185, an abbreviated notation for the tweezer library 184. The * mark indicates the presence

of ‘ladder’ sequences, which are not shown.

To test the success of the library synthesis, 5 beads were selected at random, individually
deprotected using 1M TMSBr in TFA, cleaved using the standard CNBr/TFA/H,O
treatment and cleavage products analysed by MALDI-TOF-MS. Results are shown in
Table 3-3. This indicates successful implementation of the synthesis and a suitable

diversity in the members of the library.

Bead AAl AA AA’ AA*
1 Phe Ala Ala Gly
2 Val Thr(OBn) Phe Phe
3 Phe Phe Gly Val
4 Asn Gly Gly Glu(OBn)
5 Glu(OBn) Asn Val Ala

Table 3-2 MS Sequencing results of random sample beads taken from library 184

3.5 Conclusions

This chapter has described the development of a novel method of peptide library
construction to allow rapid analysis individual members by MALDI-TOF-MS, and
considered the limits of the strategy developed. This strategy has been successfully
implemented in the synthesis of two diverse libraries of carboxylate receptors with
peptidic side-arms, which are to be used in solid-phase screening experiments to

determine effective receptors for peptide carboxylate guests of biological significance.
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Chapter 4

Solid-phase Screening of Receptor Libraries

4.1 Introduction

The screening of combinatorial libraries of ligands to determine drug candidates is a well
established technique of medicinal chemistry. Likewise, strongly binding receptors of
various species have been determined using libraries (see Chapter 1). It is a rapid method
for probing large regions of chemical space for a variety of physical and biochemical

properties.

Solid-phase screening experiments are simple in conception and implementation. For the
current work, a sample of resin-bound library of receptors (of sufficient mass such that
the number of beads sampled represents a statistical likelihood of at least five copies of
the library) is swollen in a solvent mixture, to which a solution of dye-labelled peptide
guest is added in aliquots, allowing sufficient time for equilibration between additions.
Visualisation of the screen is performed under magnification with a hand lens. By eye,
simple identification of heavily stained beads is possible. Further aliquots of dye-labelled
guest can be added to improve distinction amongst the individual beads. Control
experiments confirm that selective binding noted is not due to difference in resin
composition of individual beads (by incubating dye-labelled guest with underivatised
resin and noting no selective uptake), also that selective binding is not due to recognition
of the dye portion (by incubating the library with the dye chromophore alone and noting

no selective uptake).

This chapter describes the identification of receptors for two peptide-carboxylate guests
of biological relevance, in aqueous medium. The guests represent the C-termini of two
proteins; an amyloid f-protein and the viral enzyme HIV-1 protease. Receptors for
guests in polar media are less well-developed than those for use in organic media. Use

was made of the two libraries of receptors 149 and 184 whose synthesis was described in
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Chapter 3. After identification of effective receptors from solid-phase screening
experiments, resynthesis and binding constant determination on the solid-phase and in

solution was used to confirm the binding capability of the receptors.
4.2 Guest synthesis

Solid-phase screening requires a guest molecule with an appropriate ‘output’ to allow
determination of which beads bind the guest most strongly. This is achieved in the
current work by using a visible chromophore, allowing identification of strongly binding
beads by recognition of most heavily stained beads. Such guests can also be used for
UV/Vis binding studies. Many potential dye-units exist, however an aqueous soluble dye
without carboxylate functionality is needed. As before (Chapter 2), it was decided to use
the commercially available Disperse Red 1 for guest synthesis, an intense red dye 115,

appropriately derivatised as acid 117 (See Chapter 2).

Tetrapeptide guest 190 (Val-Val-Ile-Ala) was prepared by sequential coupling of amino
acids under standard conditions to generate 188. 188 was then coupled to dye-acid 117
using EDC and HOBt to give dye-labelled tetrapeptide ester 189, which was then
hydrolysed with mild aqueous base to give 190. (Scheme 4-1).

120



Jon Shepherd Chapter 4

0
a) 0 b), ) Q H @
2 H 29
HQN\E)\OMe BocHN™ 1" N owe BOCHN\:)J\Nji(N\;)J\OMe
i : o : /:\ ; o =

123 186 187
b), d) o 9 H §
BocHl\IfN\z)LN N\;)I\OMe
= H H b), €)
0 AL 0
o 188
.
.N
N* 0 y 0 y 0
~_o M N N
N N <" >N <~ “OR
H z H z
K 0 _~ 0 -

189: R = Me
" |:>190:R=H

Reagents and conditions: a) Boc-Ile-OH, DIC, HOBt, DIPEA, DMAP, THF/DCM, 3.5 hours, 82%; b) 20%
TFA/DCM,; ¢) Boc-Val-OH, CDI, Et;N, THF, 18 hours, 59%; d) Boc-Val-OH, EDC, HOBt, DIPEA,
DMAP, DMF, 18 hours, 88%; ¢) 117, PyBOP, HOBt, DIPEA, DMAP, THE/DCM, 18 hours, 55%; €)

LiOH(aq), dioxane, 18 hours, 55%

Scheme 4-1 Synthesis of dye-labelled guest 190

Tripeptide guest 195 (Leu-Asn-Phe) was prepared by Dr. T. Gale using a solid-phase
protocol on 2-chlorotrit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>