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Abstract
GCN4 is a transcriptional activator, found in S. Cerevisiae, that belongs to 

the well characterised bZip family of DNA binding proteins. The protein is 281 residues in 

length with the bZip portion comprising the C-terminal 60 residues. The bZip portion of the 

protein can be divided into two distinct regions, the leucine zipper region that is responsible 

for dimérisation through formation of a parallel coiled coil structure and the basic region 

that is responsible for contacting DNA in a sequence specific fashion. Work from many 

research groups has shown that it is possible to chemically dimerise the basic region and 

maintain specificity. In an effort to extend this work peptide 1 was designed and 

synthesised (Figure 1).

Figure 1 - Peptide 1.

o
GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC

H

Peptide 1 contains the minimum number of residues required to specifically bind to the 

native binding site with an intercalator, attached via a hnker to the N-terminal, to increase 

affinity.

Attempted determination of the specificity of binding using gel retardation based on 

in vitro selection proved inconclusive, with difficulties arising in both the selection and 

amplification events. Using gel retardation assays, peptide 1 was found to bind specifically 

to the API, with a Kd of 25±6pM, and to the CREB/ATF sites, with a Kd of 28±8pM. This 

indicates that the original design of the peptide to produce a peptide with retained 

specificity and increased affinity has been fulfilled. The addition of the intercalator also 

produced non specific binding of the peptide monomer (peptide 8 , Figure 2).

Figure 2 - Peptide 8

o
GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC

H

In an effort to further enhance binding affinity, a series of peptides were designed 

based on peptide 1 that contained different intercalator/linker systems. The required 

intercalator/linker systems have been synthesised and attempts made to couple these to 

peptides.
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Chapter 1 

Introduction

l-D NA binding[i].

Deoxyribonucleic acid (DNA) activity is heavily regulated within the cell and a 

large number of binding species associate with it. This association can have many 

different effects depending on the binding species, the binding site and the mode of 

binding, as well as many other factors. In an effort to understand how DNA regulation is 

achieved, many research groups have examined ligands that bind to DNA and, although 

it is still not fully understood, steps have been made towards characterising the different 

aspects. DNA binding can be subdivided into three general types : external electrostatic 

interactions, simple intercalation and groove binding (both minor and major).

1.1 - External electrostatic interactions^^].

The polyanionic nature of DNA allows positively charged species to associate 

with the exterior of the helix in a non-specific, primarily electrostatic way. The positive 

species with which DNA associates can be simple cations, such as Na"̂  or Mĝ ' ,̂ or more

complex cations, such as the hi stones in the nucleus The strength of this binding 

varies with charge, as charge increases the strength of binding increases. Polar molecules 

can also associate in a primarily electrostatic fashion, for example water can interact with 

the negatively charged phosphate groups and the polar groups of the bases and sugars to 

form a hydration shell [^3.
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1.2 - Simple intercalationW .

This process was first identified by L e r m a n t ^ ]  and involves the insertion of 

planar, aromatic compounds between the base pairs of DNA (as shown in Figure 1.1).

Figure 1.1 - Intercalation into the DNA helix.

Sugar phosphate 
backbone

Minor groove ^ 

Major groove ^

Base pan

Intercalator

It is thought that the intercalator forms a weak association with the sugar 

phosphate backbone and then diffuses up and down the outside of the helixt^]. When a 

sufficiently large gap appears between two base pairs, due to DNA breathing, the binding 

species will slide into the gap and the intercalator can then interact with the base pairs on 

either side, through n-n  stacking. Van der Waals and hydrophobic interactions. The 

addition of a species in between the base pairs causes local distortions in the DNA helix 

that generally include an increase in the distance between base pairs of about 3Â, tilting

of the base p a i r s t o  maximise the n-n interactions and a slight unwinding of the helix. 

Once an intercalator has inserted between two base pairs it causes a block on the 

adjacent sites, to the extent that, even at very high concentration only every other 

possible binding site is occupied. This is known as the ‘neighbour exclusion principle’ 

and, although it is only an empirical rule, it seems to hold true for most simple 

intercalators. The exact mechanism of this phenomenon is unknown but it seems likely 

to be a result of the local distortions caused by intercalation.

17



The anthracycline antibiotics are a clinically important class of compounds that 

bind via an intercalating aglycone (as shown in Figure 1.2).

Figure 1.2 - The aglycone core of the anthracycline antibiotics.

Rii Rio

R2-

R4 O R6 R?

The R groups may be simple hydroxy groups or more complex organic or saccharide 

chains. A well studied example of this type of drug is the anti-tumour drug Doxorubicin 

(Adriamycin) which has a broad spectrum of action. The exact mechanism of action by 

which it causes cell death is unknown, but it is thought to interfere with a number of

different biochemical pathways

1.3 - Groove binding.

Most of the DNA in the cell is thought to be in the B formt^]. This conformation 

exhibits two grooves (as shown in Figure 1.3), a thinner, minor groove and a wider,

major groove, both of which extend into the helix to expose the base pairst^].

18



Figure 1.3 - B form conformation of DNA, showing minor and major grooves[̂ 3.

minor

major
groove

The exact sequence of the DNA can effect the dimensions of the groove, eg AT rich 

regions have slightly wider minor grooves, and whether the DNA is intrinsically linear or 

bent. Some molecules can slot into these grooves and interact with the ‘walls’ and 

‘floor’ of the groove through hydrogen bonding, electrostatic attractions and Van der 

Waals forces. Differences in these forces, as well as differences in the steric effects and 

hydration state, allow different species to bind into different grooves selectively. The 

slight sequence dependant variation in the groove dimensions imparts modest binding 

sequence selectivity. The fact that the groove extends to the base pairs means that 

interactions with the ‘floor’ of the groove will be sequence selective. Therefore groove 

binding is usually a sequence selective process with 4 to 20 specific interactions.

1.3.1 - Minor groove binding.

Small, aromatic molecules, such as furans, benzenes and pyrroles, that are joined 

via flexible linkers tend to bind in the minor groove of DNA. These molecules can 

interact with both the ‘walls’ and the ‘floor’ of the minor groove to maximise the 

strength of binding. A well studied example of a minor groove binder is distamycin 

(Figure 1.4), which binds DNA in the minor groove of AT rich regions.

19



Figure 1.4 - Distamycin

CH

CH

H -N

H
O

X-ray diffraction studies of distamycin in a 1:1 complex to the AT rich 

oligonucleotide d(CGCAAATTTGCG) indicated that the crescent shaped molecule fits 

into the minor groove covering 5 of the central 6 AT base pairs with complete Van der 

Waals contacts. The 4 amide nitrogens and the propyl-amidinium nitrogen face towards 

the DNA. Bifurcated hydrogen bonds are formed between the N l, N5 and N7 of the 

drug and the N3 of A and the 02 of T, N9 forms a single hydrogen bond to the N3 of A,

with an additional bifurcating hydrogen bonds being formed through water molecule[1^3 

(Figure 1.5).

Figure 1.5 - Interactions between distamycin and DNA within the crystal structuret^^]

G-C-G-T-T-T-A-A-A-C-G-C
1 1 1  1 1 1

N3N3N3 020202
I I I  I '
I I I  I '
I I I  I '

Distamycin N9-N7-N5-N3-N1
I I -  /

Water
/

I I  / /
I I / /
I I  / /

020202 N3N3N3

G-C-G-T-T-T-A-A-A-C-G-C

Interestingly when distamycin is examined in solution complexed to 

dCGCAAATTGGC, by NMRC^I], two binding sites are observed and the dominant

20



species, even before a stoichiometry of 1:1 is reached, is a 2:1 complex. In this structure 

the two crescent shaped distamycin molecules are slotted into the minor groove and 

orientated in an anti-parallel manner, to reduce the repulsion between positively charged 

propylamidinium groups. The two molecules are staggered and of the two possible anti

parallel complexes (that differ by exchange of the drugs across the minor groove) only 

one is observed, indicating that the two distamycin molecules fit closely to the walls of 

the groove. The exact mechanism by which they bind is not yet clear but the data 

presented suggests it must be a combination of Van der Waals contacts and hydrogen 

bonding. Introduction of two Distamycin molecules into the minor groove would result 

in significant broadening of the groove.

Interest in species that bind DNA via the minor groove has increased in recent 

years with a concerted effort being made to find synthetic ligands which can recognise 

the 4 different base pairs whilst bound to the minor groove. The results have so far been

p r o m i s i n g 14]̂  and a possible recognition code has been put forward by Dervant^^] 

using polyamide chains containing pyrrole (Py), imidazole (Im) and 3-hydroxypyrrole 

(Hp), as shown in Figure 1.6.

Figure 1.6 - Structure of the three cyclic amides used to recognise the minor groove.

H

cm o

AN OH

CH, O

Py Hp Im

In order to maximise Van der Waals contacts in the minor groove two cyclic groups

must be inserted, as seen in the 2:1 Distamycin.dCGC A A ATTGGC [ ̂  13. Therefore 

ligands must contain two polyamide chains that will associate in a predictable way, this is 

often done by joining the two chains via a turn. When bound in the minor groove Im/Py 

recognises G.C, Py/Im recognises C.G, Hp/Py recognises T.A and Py/Hp recognises 

A.T[15],
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1.3.2 - Major groove binding.

The major groove is significantly wider than the minor groove and larger species, 

commonly proteins, therefore bind in the major groove. The increase in the number of 

interaction points associated with binding larger species, and the larger hydrogen 

bonding potential of the major groove, results in a concomitant increase in the sequence 

specificity of binding. A large number of cellular processes rely on sequence specific 

protein-DNA interactions through the major groove, transcription is one such

systemC^^l Transcriptional regulators can bind via a variety of different mechanisms but 

several binding motifs have been identified.

2- Protein DNA-binding motifs

DNA binding motifs can often be characterised by structural features some of 

which are outlined below.

2.1- Helix-tum-helix rHTITlt^O].

This motif is common among repressor proteins and most prokaryotic regulatory 

proteins belong to this family. Many of these proteins have been extensively studied

including the lambda Cro proteint^l]^ lambda r e p r e s s o r a n d  the tip r e p r e s s o r I t  

was the first motif to be identified and generally consists of 20 amino acids arranged into 

two a-helices that cross one another at an angle of 120°, joined by a peptide turn. The 

second helix of the motif binds into the major groove with the N-terminal section of the 

helix closest to the bases, so that base specific interaction can occur between the amino 

acid side chains and the base pairs. The first helix is on top of the second and because 

of this arrangement the second helix is sometimes referred to as the recognition helix. 

This is a little misleading since some important interactions occur with amino acids not in 

the second helix (sometimes not even within the motif). Helix-tum-hehx domains can 

not fold and function as separate entities and must be stabilised within a larger unit. All 

proteins that utilise the helix-tum-helix motif function as symmetrical homodimers, and 

as a consequence of this they bind to symmetrical sequences that contain short, non-
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binding sequences in between sequences required for recognition. An example of such a 

sequence is the lambda Cro protein binding site, as shown in Figure 1.7.

Figure 1.7 - DNA binding site of the lambda Cro protein. Bases required for 
recognition are shown underlined

5’-T A A C A C C G T G C G T G T T A 

3’-A T T G T G G  C A C  G C  A C  A A T

The dimérisation interface of these proteins comes from residues that are not involved in 

DNA recognition, as shown in Figure 1.8.

Figure 1.8 - Symetrical homodimer of the lambda repressor binding to DNA. Each 
monomer contains 5 ot-helices (designated 1 to 5) which are indicated. The dimérisation 
interface is provided by helix 5 and the HTH motif is shown as helices 2 and

23



2.2 - HomeodomainsC^'^].

The structural identity of the homeodomain binding motif is highly conserved 

throughout evolution so that a surprisingly large number of seemingly diverse organisms 

express proteins that bind using this motif. Despite the highly conserved nature of the 

architecture of this motif, very little amino acid sequence homology is observed. The 

motif is about 60 residues in length and consists of 3 a  helices and an extended N- 

terminal arm. The motif can fold and function as an isolated unit^^^l

Figure 1.9 - Schematic representation of a homeodomain/DNA complex. The 3 helices 
of the homeodomain are designated 1-3.

DNA recognition is mainly achieved through specific contacts made by helix 3^^^], in the 

major groove, and the extended N-terminal arm, in the minor groove. The orientation of 

helices 2 and 3 are exactly the same as a helix-tum-helix motif with the 2 helices being 

joined by a tripeptide turn. Helices 1 and 2 run in an antiparallel fashion and are joined by 

a hexapeptide c h a i n t ^ T ]
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2.3 - Zinc binding domains.

This motif is involved in many aspects of eukaryotic gene regulation and, as 

suggested by the name, contains a structural zinc ion. Three classes of zinc binding 

domain have so far been recognised.

2.3.1 - Class 1 zinc binding domain (the original zinc finger).

The first class 1 zinc binding domain to be identified was the eukaryotic

transcription factor IIIDt^^]. Since then over 200 other zinc binding domains have been 

analysed with the consensus amino acid sequence shown in Figure 1.10.

Figure 1.10 - The consensus amino acid sequence of class 1 zinc binding domains, where 
O represents a hydrophobic amino acid and X represents variable amino acids.

.0-X-Cys-X2-4~Cys-X3“0-X5-0-X2~His-X3-5-His-X2-f

The amino acid chain folds into a compact structure with a 12 residue a  helix packed 

against a P tumC^^» The zinc ion is tetrahedrally co-ordinated to the invariant 

cysteines and histidines[^^3. The majority of proteins that contain these units have 3 or 

more in direct succession. Each repeat binds through its a  helix into the major groove 

and recognises 3 adjacent base pairs. Extensive research has been targeted at deriving a 

simple ‘recognition code’ for this class of zinc binding domain (for example [32] [33]̂  ̂

but if such a code exists it is proving elusive.

2.3.2 - Class 2 zinc binding domain (the steroid receptors).

The class 2 zinc binding domains are predominately found in the receptors for 

steroids and related hormone-like molecules. They contain approximately 70 residues 

which fold into 2 loop-helix sections, each of which contains four invariant cysteines 

bound to a zinc ion. The consensus amino acid sequence is shown in Figure 1.11 [34],
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Figure 1.11 - The consensus amino acid sequence of the class 2 zinc binding domains. 
The final Cys in the sequence does not co-ordinate to a zinc ion.

 Cys-X2-Cys-Xi3-Cys-X2“Cys-Xi5.i7-Cys-X5-Cys-X9-Cys-X2“Cys-X4-Cys.. . .

Class 2 zinc binding domains bind as homodimers and are subcategorised according to 

which of three specific DNA sequence they bind. The subclasses are referred to as the 

estrogen response elements (EREs), gluococorticoid response elements (GREs) and the 

thyroid hormone response elements (TREs). The DNA sequences to which they bind are 

shown in Figure 1.12.

Figure 1.12 - The DNA binding sequences of class 2 zinc binding domains.

ERE GGTCAnnnTGACC

ORE GAACAnnnTGTTC

TRE GGTCATGACC

NMR analysis of the gluococorticoid receptor DNA binding domain from rat and human 

p r o t e i n s i n d i c a t e s  the two zinc binding sections form loop structures that stabilise 

one and other and act as one domain. Two a-helical regions are evident, one in the 

section between the two zinc binding section (with residues at the N-terminal end binding 

in the DNA major groove) and one C-terminally to the zinc binding section. Residues at 

the beginning of the second loop structure provide the dimérisation interface and contain 

two peptide reverse turns. In addition to these feature there is also a small section of P- 

sheet around the first zinc ion.

2.3.3 - Class 3 zinc binding domain.

All the class 3 zinc domains characterised, to date, have been transcriptional 

activators in yeast. Most bind as dimers to symmetrical sites. One of the most

extensively studied example of the class 3 zinc finger is GAWC^^l The N-terminal 65 

residues are sufficient for DNA recognition and binding to the 17 base pair site. The 

carboxy terminal of the domain (residues 49-65) provides the dimérisation interface and
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delivers the two DNA binding regions onto opposite faces of the DNA. Within the DNA 

binding region are 6 invariant cysteines bound to 2 zinc ions in a binuclear cluster. AlcR 

is another class 3 zinc binding domain but it is unique in that it seems to bind DNA as a

monomerC^^l

2.4- Helix-loop-helix domains (HLH).

The helix-loop-helix domain is a relatively recently discovered binding motif. The 

oncoprotein Max is a well studied e x a m p l e o f  this class and within the Max structure 

the helix-loop-helix region, as the name suggest, contains two a  helices joined by a loop 

region. All proteins in this class bind as dimers and the dimérisation interface is provided 

by the packing of the four helices, two from each monomer, into a bundle. The DNA 

recognition region is often provided by an adjacent basic region (analogous to that found 

in the bZip proteins described later in this chapter) with additional contacts coming from 

the loop region. HLH regions are also often coupled to additional dimérisation 

interfaces, for example the Max protein contains a HLH domain and a leucine zipper (see 

section 2.6.1 in this chapter). Max complexed to DNA is shown in Figure 1.13.
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Figure 1.13 - M ax com p lexed  to D N A ^ ^ ^ l

Many of the HLH proteins so far characterised have been shown to be important in cell 

differentiation and developmentC^^].

2.5 - p-Ribbon proteinsC"^^].

Most DNA binding motifs recognise target DNA via an a-helix, but recently a new 

class of binding motif has been identified. This class of proteins binds via a p-sheet. Two 

general types of motif exist. The first type binds DNA through the major groove, 

examples include the prokaryotic regulatory proteins Mnt, MetJ and Arc. These proteins 

bind to symmetrical DNA as a tetramer. The crystal structure of the Met repressor in 

solution indicates that two proteins associate to form a dimer with a molecule of SAM 

associated with each protein. The P sheets of each monomer run antiparallel to one and 

other inserted into the major groove. The a-helices pack against the P sheets and each 

other to stabilise the dimert^^l, as shown in Figure 1.14.
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Figure 1.14 - Solution structure of the met J repressor d i m e r t ^ O ]  (one monomer is 
shown shaded and the other without shading), each monomer binds one molecule of 
SAM. The P-sheet shown inserts into the major groove and helices A and B pack 
against this sheet and one and other in order to stablise the structure.

NH"

Mt>l I

Two of these dimers bind DNA via association either prior to b i n d i n g t ^ ^ ]  q j -  whilst 

already b o u n d [^3]

The second type of motif that uses a P sheet is the HU family of proteins. This 

family of proteins are found in prokaryotic organisms and are thought to be the

prokaryotic equivalent of hi stones HU itself well represents this family of DNA 

binding motifs. The 90 residue protein binds as a dimer into the minor groove in a non

specific manner, this binding results in severe bending of the DNA. The DNA binding 

domain has two a-helices at the N-terminal region which provide the dimérisation 

interface and a three stranded, anti-parallel p-sheet which, along with the p-sheet from 

the other monomer, inserts into the minor groove o f  D N A [ 4 5 ] _
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2.6 - Basic region leucine zipper proteins (bZip).

This binding motif is found in several eukaryotic transcription factors, including the 

fos and jun oncoproteins, the yeast transcriptional activator GCN4 and the rat liver

protein C/EBP. BZip proteins bind palindromic DNA sequences as d i m e r s  [^6] (either by

binding of the preformed dimer or, less often, by monomer binding[^^3 and dimérisation

on the DNAt^S]) The DNA sequences to which they bind can be quite diverse but there 

are some common features. Binding sites tend to be 8-10 base pairs long with dyad- 

symmetry, this symmetry is derived from the fact that bZip proteins bind as dimers with 

each subunit recognising one ‘half-site’. These half-sites can be overlapping or abutted. 

The motif itself was first identified by its characteristic heptad repeat of leucines

over a region of 30-40 r e s i d u e s t h e  complete motif generally consist of 60-80 

residues. Comparison of several bZip proteins (Table 1.1) highlights two distinct regions

within the m o t i f T h e  first of these is a C-terminal region, which contains the 

strongly conserved heptad repeat of leucines, and is known as the leucine zipper region. 

The second region is a N-terminal basic region, characterised by the presence of 

numerous basic amino acids some of which are highly conserved.

Table 1.1 - Comparison of the amino acids composition of some bZip proteins, with the 
highly concerved amino acids highlighted.

BASIC REGION LEUCINE ZIPPER

DPAALKRARNTE^RRSRARKLQRMKQ LEDKVEELLSKNYHLENEVARIfKKLVGER GCN4
LKREIRLMNREAARECRRKKKEYVKC LEEKVKTLKAQNSELASTANHLREQVAQL cJun

EKRRIRRERNKMAAAKCRNRRRELTDT LQAETDQLEDEKSALQTEIAl^LKEKEKL cFos
RKREVRLMKNRE^RECRRRKKEYVKC LENRVAVLENQNKTLIEELKALKDLYCHK CREE
NEYRVRRERNNIAVRKSRDKAKQRNVE TQQKVLELTSDNDRLRKRVEQLSRELDTL C/EBP

The role of each region has been extensively studied in recent years. The leucine zipper 

has been shown to provide the dimérisation i n t e r f a c e  [46]  ̂ and the basic region is 

responsible for sequence specific DNA binding in the major groove
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2.6.1 - The leucine zipper.

Landschulz and co-workers[^^3 were the first to identify this structural feature in 

the rat liver protein C/EBP. By projecting the 28 amino acid segment of the protein onto 

an idealised helical wheel (Figure 1.15), it was shown that the domain would exhibit a 

marked amphipathic nature, with one face of the helix being composed of hydrophobic 

amino acids, including a string of leucines, and the opposite face being composed mainly 

of charged and polar amino acids.

Figure 1.15 - Helical wheel representation of C/EBP.
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In addition to the observation that the helix would be amphipathic, it was also 

noted that an usually high number of acidic and basic amino acids were positioned close 

enough to one another to form stabilising salt bridges. Analysis of other proteins with 

significant sequence similarities showed the same amphipathic nature. Following on 

from this, it was suggested that dimer formation might occur by the production of a 

coiled coil structure similar to that seen in numerous fibrous proteins. Computer 

modelling seemed to imply that the most stable dimer would be antiparallel with the 

leucines from one monomer interdigitating between leucines from the other monomer to 

form a hydrophobic interior, leaving the hydrophilic amino acids exposed to the aqueous

environment. It was later shown by mutation s t u d i e s N M R  e x p e r i m e n t s a n d
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X-ray scatteringt^^’ that the two strands are, in fact, parallel with the leucines 

interacting in the ‘knobs-in-holes’ manner that was first suggested by Crick in 1953[^^].

2.6.2 - The coiled coil structure^^^].

Since the discovery of the leucine zipper as a coiled coil structure interest in coiled 

coil structures has increased. In addition to the traditional roles for coiled coils as

structural and mechanical proteins (eg tropomyosinC^^], myosin and actin), they have 

now been identified as a dimérisation interface for a variety of proteins. Coiled coils can 

be formed by a variety of aggregates, they can be formed by parallel and antiparallel 

helices, by helices that are the same (homo) and different (hetero) and they do not only

form d i m e r s b u t  can also form bundles of threet^^’ ^1], or fourt^^l helices. The 

characteristic hallmark of a coiled coil is the packing of amino acid residues from one 

helix (the ‘knobs’) into the space in between four residues from another helix (the

‘holes’), as first described by Crickt^^]. The interlocking of side chains in this way is not 

possible with undistorted a  helices, which have approximately 3.6 residues per turn. By 

giving a left handed twist to the right handed a  hehx the residues per turn are effective 

reduced to 3.5 thus allowing the position of side chains to repeat after two turns, or 7 

residues (as shown in Figure 1.16). This pattern of residues can be described as 

(abcdefg)n whereby residues a and d are hydrophobic and fall on the same face of the 

helix, in order to form the helix interface, and residues b, c, e, f  and g are hydrophilic.
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Figure 1.16 - Coiled coil formation of peptides with heptad repeats. Closed circles 
represent position a in the heptad repeat, shaded circles represent position d and open 
circles represent residues (both a and d) from the second strand. The figure indicates, by 
giving a left handed twist to right handed helix, the amino acid residues repeat after two 
turns of the helix and are consquently positioned for more effective packing.
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The exact specificity of the association is determined by many factors. The orientation of 

the helices is largely determined by polar and ionic interactions from the e and g 

positions, although in four helix bundles the b and c residues have been shown to play a

roleC^^]. If the polar interactions do not favour a particular orientation then packing 

effects at the core residues may become important. The factors that determine 

differentiation between homo and hetero helices are complex but an important

contribution is made by interaction between residues at the e and g p o s i t i o n s [̂ 4]̂  as

shown by the destabilising effect of residues at these positions in the Fos oncogene[^^3.

The number of helices in a bundle is determined by the packing of the core residues [^^3.

Polar residues in the hydrophobic core favours formation of d i m e r s a s  dimer 

formation increases the solvent exposure to the core (and therefore to the polar 

residues). In addition to this residues a and d have different geometry with respect to 

the peptide backbone and therefore different side chain p r e f e r e n c e s S t u d i e s  of these 

positions have found that isoleucines at a and leucines at d favoured formation of dimers,

isoleucines or leucines at a and d favoured formation of tiimers and leucines at a
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and isoleucines at d favoured formation of tetramers. In addition to directing bundle size 

the characteristic repeat of leucines is also found to greatly increase stability [^^3.

2.6.3 - The basic region.

As imphed by the name, the basic region contains an unusually large number of 

positively charged amino acids and it is responsible for the DNA binding and specificity. 

Several different biological and biophysical techniques have been applied to the problem 

of exactly how the DNA is bound and recognised.

Initial studies using deletion techniques, within the p r o t e i n 3 and DNA^^^], 

identified key points of interaction. These studies were extended using computer 

modelling to propose a mode of binding in which each basic region monomer, of the 

binding dimer, tracks down the major groove as an a  helix. The helices were proposed to 

track in opposite direction and each recognise one half of the binding siteC^^]. There 

was some debate as to whether the hehces are l i n e a r or kinked via an N-cap 

structureĈ ]̂.

Helicity of the basic region was demonstrated using NMR[^^] and CD[^4, 76] 

studies, both of which highlighted the need for DNA to be present in order for the basic 

region to form a helix. Domain swapping experiments have provided evidence for the

half site r e c o g n i t i o n [̂ 77] and alkylation i n t e r f e re nc e f o o t p r i n t i n g  and affinity

cleavage e x p e r i m e n t s s u p p o r t  the idea of interaction within the major groove. 

Finally X-ray scattering experiments using GCN4 complex to DNA confirmed the

m o d e l a s  shown in Figure 1.17.
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Figure 1.17 - bZip domain of the GCN4 protein complexed to DNA
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This structure added credence to the theory of helix linearity and, since the helix is linear, 

confirmed that relatively few residues are required for specificity. These residues are, in 

fact, usually confined to the highly conserved basic residues at the -18, -15, -14, and -10 

position (relative to the leucine zipper/basic region interface), as shown in Table 1.2.

Table 1.2 - Comparison of the highly conserved basic amino acids in some bZip proteins.

GCN4 DPAALKRARNTEAARRSRARKLORMKOL
cJun LKRE I  RLMNREAARECRRKKKE YVKC
cFos EKRRIRRERNKMAAAKCRNRRRELTDT
CREB RKREVRLMKNREAARECRRRKKKEYVKC
C/EBP NEYRVRRERNNIAVRKSRDKAKQRNVE

The importance of these residues has been further reinforced by the production of a 

peptide in which all the other amino acids within the basic region are replaced by alanine

residues. This peptide is capable of specific binding to the native s i t e s T h e  crystal 

structure of the peptide complexed to the API site indicated that the DNA itself is

essentially canonical B-formt^^], and therefore linear, but phasing analysis has suggested

that binding of other bZip molecules may bend DNAC^* ’̂ This is an issue of much

debate with different techniques seemingly yielding different resultst^^"^^]. One 

possible explanation for the differing results was put forward by Fisher and co-workers, 

it is possible that the observed differences may occur due to electrophoretic anomalies 

attributed to the bZip protein itself rather than to the DNA-bZip complex and are,

therefore, not related to DNA bending[^^3. However, more work is required to solve 

this problem.

3: GCN4

An extensively studied member of the bZip family of proteins is the yeast protein 

GCN4. It is responsible for the upregulation of synthesis of amino acids from a number 

of different pathways in response to amino acid starvation. GCN4 regulation is 

controlled at the translational, rather than the usual transcriptional, level. Upstream of 

the GCN4 gene methionine/start codon are four short open reading frames (ORFs), 

under normal conditions the ternary initiation complex binds and translates the first ORF
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but instead of dissociating it continues down the DNA and reinitiates at 0RF4. It has 

been suggested that the ternary complex requires time to bind another methionine 

charged tRNA before it can reinitiate translation and therefore goes from ORF I directly 

to 0RF4. Under conditions of amino acids starvation there are depleted amounts of 

methionine, and consequently methionine charged tRNA, and therefore reinitiation takes 

even longer. This means that the ternary complex has passed ORF4 and reinitiates at the

GCN4 start codon causing GCN4 production to com m encerai].

3.1 : GCN4 protein structure.

GCN4 is 281 residues in length and mutation studies identified two important

regionst^l]. The first of these is the activation region and the second is the 

dimerisation/DNA binding region, the bZip section, found within the 60 C-terminal 

residues. The activation region is located in a highly acidic region of the protein and 

characterised by a repeating pattern, the exact location of the activation region is 

unknown. Initially residues 107 to 125 were thought to be critical but later work found 

that instead of a single region responsible for all activity there is a series of short, 

relatively unstructured repeats, found between residues 87 and 152 (as shown in Figure 

1.18), whose affects are additivet^^]

Figure 1.18 - Schematic representation of the functionally important regions of GCN4.

Activation
DNA Dimer

recognition formation

N C

107 125 226 249 281

Since the exact location of the activation region is unknown the mechanism of action has 

yet to be fully explored. Evidence has been presented that imply GCN4 can interact 

directly with DNA polymerase 11 in vitro but this activity is not mediated by the acidic
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activation region, it is mediated by the DNA binding basic region. Additionally a recent 

study has shown that the Fos/Jun heterodimer can interact with TFIIE and TFIIF, but 

again this is via the DNA binding basic region rather than the acidic activation

r e g i o n I t  is possible that the bZip proteins act via recruitment or stabilisation of the 

preinitiation transcription factors or that binding these factors facilitates loading of DNA 

polymerase II (this seems a more likely explanation given the interaction of GCN4 with 

polymerase II) but the interactions found to date occur via the basic region, so that how 

the acidic region activates transcription is still unknown.

The main function of the bZip region is dimérisation through the leucine zipper and 

sequence specific DNA binding through the basic region. GCN4 recognises two sites 

with high affinity, each monomer recognises the half site ATGAC. This half site can 

either be abutted, to form the CREB/ATF site, or overlapping, to form the API site (as 

shown in Figure 1.19). The half site spacing is determined in the region where the basic

region joins the leucine zippert^^]

Figure 1.19 - The CREB/ATF and API DNA binding sites.

CREB/ATF +4 +3 +2 +1 0 -1  -2  -3  -4
A T G A C T C A T  
T A C T G A G T A  

— 4 — 3 — 2 ~1 0 +1 +2 +3 +4

API +4 +3 +2 +1 0 0 “ 1 — 2 — 3 — 4
A T G A C G T C A T  
T A C T G C A G T A  

-4  -3  - 2 - 1  0 0 +1 +2 +3 +4

In addition to the optimal binding sites the full length GCN4 protein has been shown to 

bind, with lower affinity, to sequences that vary at one (or even two) positions. The 

least disruptive substitution is a C to A at position -2 (giving dATGACTAAT as the 

binding site)[^^3.

The crystal structure of the GCN4 bZip region complexed to the APf[^^’ and 

CREB/ATpt^l] sites have been reported. In both cases the basic region monomers bind 

via an a  helix in the major groove and the leucine zipper extends away from the complex
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at =90“, comparison of the leucine zippers from both complexes show that they are 

essentially superimposable. The complexes have similar DNA binding contacts, but 

some differences arise at the central base pairs (as expected from the fact that one site 

has an additional base pair in the centre than the other).

3.2 : Basic region/DNA interactions.

In the GCN4-CREB/ATF[^^’ ^2] crystal structure the DNA is bent by =20°, this is 

due in part to an intrinsic bend in the DNA which appears to be accentuated by protein 

binding. In addition to this there is some distortion of the sugar phosphate backbone 

which gives the central dCG step considerable A form character. Contacts are made by 

each monomer, of the binding dimer, in the major groove by residues between 231 to 

246. Direct base specific interactions are made by basic residues that are highly 

conserved throughout the bZip family, these are Asn 235, Ala 238, Ala 239, Ser 242 and 

Arg 243 (as shown in Figure 1.20).

Figure 1.20 - Base pair contacts made by GCN4 when complexed to the CREB/ATF
sitet^-]. The black circles represent water molecules, hydrogen bonding interactions are 
shown in blue and hydrophobic interactions are shown in red.
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In addition to the direct contacts shown in Figure 1.20, there are also several water 

mediated contacts and several contacts to the phosphate backbone. Asn 235 accepts a
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direct hydrogen bond from N4 of C(+3) and donates one to 04  of T(-4), it is also 

involved in an extended water mediated system that connects it to N6 and N7 of A(-5). 

Ala 238 and Ala 239 make Van der Waals contacts with the 5-methyl groups of T(-4) 

and T(+2) respectively. Ser 242 is also in hydrophobic contact with the methyl group of 

T(-4) but, in addition to the hydrophobic interaction, it contacts the phosphate backbone 

between T(-4) and A(-5). Arg 243 accepts a direct hydrogen bond from N7 of G(+l) 

and a water mediated hydrogen bond to 06  of G(+l), it also contacts the phosphate 

backbone directly between A(-2) and C(-l) and indirectly between G(-l) and C(-2). A 

final base contact is made by Lys 246 through a water molecule to N7 of G(-3). 

Addition stability is provided by direct contacts to the phosphate backbone from Arg 

232, Arg 234, Thr 236, Arg 240, Arg 241 and Arg 245 and by a water mediated contact 

from Arg 245 and a hydrophobic contact from Thr 236.

The GCN4/AP1 crystal structuret^^’ is at a slightly lower resolution but many

of the same important contacts are observed. There are two main difference between the 

structures, the first is that the DNA is essentially linear in the API complex, therefore the 

number of residues involved is slightly reduced and is contained between residues 232 

and 249. The second is a different bonding at the central base pair by Asn 243, as one 

would expect due to the difference in binding site size. A third minor difference is the 

lack of a hydrophobic interaction between Thr 236 and the phosphate backbone. At the 

central G.C base pair one of the GCN4 monomers makes contacts analogous to those 

observed in the CREB/ATF site, ie Arg 243 it directly hydrogen bonds to N7 of G(+l) 

and bonds via a water mediated hydrogen bond to 06  of G(+l), the other monomer 

makes two contacts to the unesterified oxygens of the phosphate backbone between C(0) 

and A(-l) and A(-l) and G(-2).

The slight variations in the DNA binding structure highlight the importance of

flexibility in b i n d i n g T h e  DNA is slightly different in the two structure but the 

leucine zippers are essentially identical, in term of orientation. This lends support to the 

idea that the short hnker region in between the leucine zipper and basic regions is 

important to allow the basic region to be properly aligned for binding.

Suckow and co-workers have carried out extensive mutation studies on the basic 

region and have confirmed a large number of the base specific contacts in solution,

including the Ala 239 interaction[^^3, Ala 238 and Ser 242 i n t e r a c t i o n s a n d  the Asn
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235 and Arg 243 i n t e r a c t i o n s T h e y  also showed that changing Ala 239 from 

GCN4 to Val, as found in C/EBP, changes the specificity of the peptide to the C/EBP 

binding site dATTGCGCAAT[101, 102]

3.3 - Synthetic basic region peptides.

In an effort to further understand how bZip proteins function, and specifically how 

the basic region functions, several groups have been working on dimérisation via 

synthetic methods.

3.3.1 - Dimérisation using a disulphide bond.

The simplest method of dimérisation is the disulphide bridge. This was first 

employed by Talanian et al, who took the GCN4 basic region and dimerised through a 

disulphide bond, GGC was added at the C-terminal to provide the necessary Cys residue 

(Figure 1.21)[103],

Figure 1.21 - GCN4 basic region dimer prepared by Talanian.

( H2N-PESSDPAAL KRARN TEARR RSRAR KLQRM KQGGC-CONH2

It was proved by f o o t p r i n t i n g ^4] that this dimeric peptide binds to both the native 

binding sites with almost equal affinity, although it does show a slight preferences for the

CREB/ATF site[l^^]. The original work indicated that it bound with a lower affinity 

than the native basic region dimerised through a leucine zipper but subsequent work has

proved that the affinity is only slightly affected^^^^]. It was also shown that DNA- 

binding induces a-helix formation and that the monomeric peptide does not appear to

bind to DNA as is the case for native bZip basic regionst^^^]. This dimérisation 

technique was also employed to produce v-Jun basic region attached from the N-terminal

of one peptide to the C-terminal of anothert^^^’ 107] Dimérisation at the N-terminal
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would be predicted to produce a peptide that binds the inverted sequence, in this case 

dCTCATATGAG. This is based on the assumption that each monomer binds one half of 

the binding site. The N-terminally bridged peptide was found to bind the sequence

dTCATCGATGA but not the API or CREB s i t e T h i s  site has the required TCAT 

and ATGA half site but instead the central CG step is retained. These results imply that 

even simple dimérisation can produce peptides with most of the binding characteristics 

of the native protein. They also reveal predictability in binding that can be extended to 

include attachment of three peptide segments together, either head-to-tail or head-to-

head and produce peptides with the expected DNA recognition sitet^^^’ 108]  ̂ as shown 

in Table 1.3.

Table 1.3 - Peptides based on the basic region dimerised through disulphide bonds. The 
basic region residues are underlined, ud indicates the Kd was undetermined.

Sequence Binding site Kj (nM)

H.N -SAALKRARNTEAARRSRARKLORMKOGGC. 5’ATGACGTCAT 0.95

5 ATGACTCAT 14.5

HOOC-RAIRELKRKRSKSAAIRNRMRKREAKIREOSGGC. 5’TCATCGATGA =4

H.N -SOERIKAERKRMRNRIAASKSRKRKLERIARGGC. 5’ATGACGTCAT =4

HOGG -  RAIRELKRKRSKSAAIRNRMRKREAKI REOSGGC-i 
H.N -SOERIKAERKRMRNRIAASKSRKRKLERIARGGC-1

5’ATGACGATGA =4

l-CGGRAI RELKRKRSKSAAI RNRMRKREAKI REGS-NH. 
Lc GGRAI RELKRKRSKSAAI RNRMRKREAKI REGSGGC-, 
H .N - SGERIKAERKRMRNRIAASKSRKRKLERIARGGCJ

5’ATGACATGA-
CGTCAT

ud

In addition to these simple peptides, dimérisation using a disulphide bond has also 

been employed in order to study the minimum number of residues required to maintain 

specificity. The native basic region of GCN4 is 31 residues in length, truncation of this 

peptide has lead to peptides with as few as 23 residues that have been shown to 

selectively bind. Peptides have been truncated at both the N-terminus and C-terminus (as 

shown in Table 1.4) but the minimum length required to maintain effectively mimic

native behaviour is 30 residues (as shown in bold below) [1 ̂ ^3, with the first four 

residues having no effect on binding.
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Table 1.4 - Binding of truncated peptides assessed by DNase I footprinting, where + 
indicates the peptide did bind and - indicates it did not.

Sequence API CREB

PESSDPAALKRARNTEAARRSRARKLORMKOGGC. + ~  +

DPAALKRARNTEAARRSRARKLORMKOGGC  ̂ + = +

AALKRARNTEAARRSRARKLORMKOGGC- - +

KRARNTEAARRSRARKLORMKOGGC. 

DPAALKRARNTEAARRSRARKLORMKOGGC. + = +

DPAALKRARNTEAARRSRARKLOGGC, + < +

DPAALKRARNTEAARRSRARGGC. - +

DPAALKRARNTEAARRSRAGGC-

3.3.2 - Dimérisation using bis(terpyridyl) irondl) complexes.

Schepartz and co-workers dimerised the basic region through a series of iron(II) 

complexes that systematically altered the orientation and spacing of the two basic region, 

initial work focused on the bis(terpyridyl) group (as shown in Figure 1.22).
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Figure 1.22 - Three of the iron complexes used by Schepartz. These complexes give 
basic regions with different relative angles between the two peptide sections (complexes
A and B) and increase the space between the two peptide sections (complex

Angle between 
basic regions

A)

B) /

SCH

C)

Increased
spacing

180°

90°

180°

It was shown that altering the orientation of the basic region can affect DNA 

binding. If the two basic regions were dimerised through a complex which orientated 

them at =180° (complex A above) footprinting studies indicate that the peptide bound to 

the CREB/ATF site, with comparable affinity to the native protein (with Kd of 1.29nM), 

but, unlike the native protein, it did not bind to the API siteC^^^]. If the basic region 

peptide angle was reduced to =90° (complex B above), the complex did not bind to 

either the CREB/ATF or API sites. In addition to this if the spacer between the iron(II) 

complex and the peptide regions was increased (complex C above) the complex did not 

bind to either the CREB/ATF or API site. Further work revealed that the peptide 

helicity increased greatly upon DNA binding, as expected, and that the peptide site 

discrimination by complex A is dominated by selection against the API site, rather than
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for the CREB/ATF Work with the less sterically demanding bipyridyl group

showed that some of the selectively was due to the bulky choice of metal complex, since 

the basic region dimer constructed with the bipyridyl group bound DNA but could not 

discriminate between the API and CREB/ATF sites.

The selectivity of this iron(II) complexed peptide highhghts an important factor in 

sequence selective DNA binding, that is the role played by binding species orientation. 

All natural bZip proteins contain a short linker segment in between the leucine zipper and 

basic region. This region is always 6 residues in length but very little sequence homology 

exists. Work on this region has suggested that it adds vital flexibility to GCN4 therefore 

enabhng the protein to recognise both the API and CREB/ATF sites with equal affinity. 

Since these iron(II) complexes do not have this intrinsic flexibility nor do they bind both 

sites it seems fair to assume the work is further supporting the importance of this 

region[l^^].

3.3.3 - Dimérisation using cyclodextran-guest inclusion complexes.

In nature dimérisation is often achieved via non-covalent interactions and there is 

some evidence to support the idea that non-covalently attached dimers behave as better 

mimics with specific complexes being formed at narrower peptide ranges and with higher

sequence selectivity^^^^l It is possible to use (3-cyclodextran attached to one peptide 

and adamantyl attached to another peptide and dimerise the two via a non-covalent guest 

inclusion complex. Work with this inclusion complex has produced basic region dimers. 

Two GCN4 basic regions were dimerised by attaching a |3-cyclodextran group to the C- 

terminal of one and an adamantyl group to the C-terminal group of another and this

complex recognised the CREB/ATF sitet^^^]. In addition to this a GCN4/C/EBP 

heterodimer attached at the C-terminal was synthesised and recognised the non-

palindromic hybrid siteC^^^] and GCN4 based peptides attached in a head to tail fashion

that recognise sequential repeats of the dATGAC half siteC^^] (as shown in Table 1.5).
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Table 1.5 - Dimerization of bZip basic region via cyclodextran-guest inclusion 
complexes. The basic region residues are underlined and -| indicates an adamantyl group 
and ^ indicates a cyclodextran group.

Sequence Binding site

AcHN-DPAALKRARNTEAARRSRARKLOC-i CONĤ  5’ATGACTCAT
AcHN-DPAALKRARNTEAARRSRARKL0C=!1 CONH. 5’ATGACGTCAT

AcHN-DPAALKRARNTEAARRSRARKLOC-| CONĤ  5’ATGACGCAAT
AcHN-NEYRVRRERJSINIAVRKSRDKAKOCjl CONĤ

AcHN-LPAALKRARNTEAARRSRARKLOC-| CONĤ  5’ATGAC

AcHN- 11=LPAALKRARNTEAARRSRARKL0C-| CONH2 No binding

AcHN- ll:LPAALKRARNTEAARRSRARKLOC-i CONH, 5’ATGACATGAC
H^NOC- [-COLKRARSRRAAETNRARKLAAPLjl CQNH.

AcHN- 11=LPAALKRARNTEAARRSRARKL0C-| CONĤ  5’ATGAC ATGAC ATGAC
Ĥ NOC -  rCOLKRARSRRAAETNRARKLAAPLjj CONĤ

AcHN- U=LPAALKRARNTEAARRSRARKLOC-| CONĤ

Sequence specificity was determined by footprinting. The a-helicity of the peptide 

increases upon addition of the DNA, therefore indicating native-like behaviour. An

interesting result to come out of the work with sequential repeats[1 is the finding that

the GCN4 basic region monomer, lacking the P-cyclodextrin group, will bind to the 

DNA half site. This is an effect not normally seen with GCN4 monomers but is in

support of the finding that some bZip proteins can bind as monomers [^^3.

3.3.4 - Dimérisation using a chiral template.

Dimérisation using a chiral template adds a degree of inflexibility to peptide dimers, 

in an analogous fashion to the inflexibility imparted by the iron(II) complexes. 

Dimérisation of the helix-loop-helix Myo D basic region using a chiral template (shown 

in Figure 1.23) resulted in a synthetic dimer that specifically bound to the expected DNA 

sequencet^l^].
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Figure 1.23 - Chiral template.

COOH

N. ^  Basic region 

COOH

N Basic region 
H

At the C-terminal of the GCN4 basic region the last amino acid was replaced with a 

cysteine and the chiral template attached. The resulting dimer bound in the expected a-

helical conformation to both the CREB/ATF and API sitest^^^], as shown by CD 

spectroscopy and footprinting. In order to extend this approach further the template was 

applied to the N-terminal and binding was assessed at the inverted DNA sequence (ie 

dCAGTATACTG). Interestingly, when the template is attached at the N-terminal no 

binding is observed but if it is attached at the 6th residue from the N-terminal binding at

the inverted sequence is observedtH^l (Table 1.6).

Table 1.6 - GCN4 basic region dimerised through a chiral template and their binding 
sites. Native GCN4 basic region residues are shown underlined and * indicates the chiral 
template.

Sequence

A cH N -DPAALRARNTEAARRSRARKLRORMKC: * ̂  -CONH^

H.NCO -  OKMROLKRARSRRAAETNRARKLAAPC * , -N H A c  

H-NCO-OKMROLKRARERRAAETNRARC *.LAAPD-N H A c

Binding site IQ (nM)

5’ATGACGTCAT 0.25 

5’ATGACTCAT 0.30 

No binding

5’GTCATATGAC 0.33 

5’TCATCGATGA O.IO
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3.3.5 - Dimérisation using other methods.

Other methods used to dimerise basic regions include anthraquinone moietiest^^^]

and branched chain conjugationt^^^L The GCN4 basic region dimerised through an 

anthraquinone moiety (Figure 1.24) was shown by CD studies to bind DNA containing 

the CREB/ATF site but not the reversed CREB/ATF site (dTACTGCAGT), this 

indicates some degree of selectivity. The CD spectrum only exhibited a relatively small 

helical content, approximately one third of that reported for dimérisation via a disulphide 

link or an iron(II) complex, and the hyperchromie shift observed for the anthraquinone 

casts doubt as to whether it intercalates into the DNA (as intended) or interacts with the 

exterior of the helix.

Figure 1.24 - The anthraquinone dimérisation interface.

Basic region

Basic region

Addition of a Lys onto the C-terminal of a basic region enables coupling through 

the side chain nitrogen onto the C-terminal of another basic region. Two glycines 

residues are also added to give the complex some flexibihty. In this way two GCN4 

basic regions have been dimerised and shown to bind to the CREB/ATF site, two C/EBP 

basic regions have been dimerised and shown to bind to their cognate DNA and a GCN4 

basic region has been coupled to a C/EBP basic region to produce a dimer that

recognises a hybrid DNA binding site (in this case dATGACGCAAT) [ 11 ̂ ]. These 

methods are shown schematically in Table 1.7.
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Table 1.7 - Basic region dimers and their binding sites. The native basic region amino 
acids are shown underlined and * indicates anthraquinone moiety, ud indicates the Kd 
was undetermined.

Sequence

A cH N -DPAALKRARNTEAARRSRARKLORM- *

A cH N - DPAALKRARNTEAARRSRARKLOGC-j 
A cH N -DPAALKRARNTEAARRSRARKLOQQK^-CONH.

A cH N -NEYRVRRERNNIAVRKSRDKAKOGG-|
a c h n - n e y r v r r e r n n i a v r k s r d k a k o g g k P -c q n h -

A cH N -NEYRVRRERNNIAVRKSRDKAKOGG-,
a c h n - d p a a l k r a r n t t e a a r r s r a r k l o g g k P -g o n h .

Binding site Kd(nM)

5’ATGACGTCAT ud

5’ATGACGTCAT 5

5’ATTGCGCAAT 100

5’ATGACGCAAT 30

4 - Binding through mixed or many modes.

Many DNA binding species bind using more than one binding mode. Proflavin 

(Figure 1.25) is an example of a DNA binding molecule that can interact with the helix in

two different ways Proflavin is an aromatic cation that is utilised in the treatment 

of malaria. It can associate with DNA via intercalation, due to its aromaticity, but also 

by external electrostatic interactions, or more specifically by a form of external 

interactions known as non-specific outside stacking. Aromatic compounds can stack 

upon one and other to form dimers or higher aggregates. When these compounds are 

charged, they naturally repel each other but this repulsive force can be neutralised by 

stacking along a poly anionic chain (such as the phosphate backbone).

Figure 1.25 - Proflavin

H2N NH2

Echinomycin (Figure 1.26) is an example of a compound that binds through 

mixed binding. It is an antibiotic composed of eight amino acids, arranged in a ring, with
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two quinoxaline rings attached. Footprinting studies show that echinomycin covers 4 

base pairs and has a preference for a CG step in the centre of the binding site.

Figure 1.26 - Echinomycin

yX/

When complexed to the oligonucleotide dCGTACOt^^l], the crystal structure indicates 

the molecule adopts a C shaped structure in which the peptide section is organised into a 

rectangular form with the two quinoxaline rings parallel to each other and protruding 

from the same side. Two molecules bind the oligonucleotide with each molecule 

bisintercalating around one CG step. In this complex one quinoxaline ring intercalates 

between the GT step and the other stacks over the terminal base pairs (as shown in 

Figure 1.27), the quinoxaline rings protrude into the major groove.

Figure 1.27 - Two echinomycin molecules bisintercalated into dCGTACG

G—C

G—C
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The peptide portions of the molecule are shown to form close van der Waals contacts 

with the minor groove and the amino acid residues can be grouped into those whose side 

chain point toward the DNA and those whose side chain point away from the DNA. The 

L-Ala side chains point towards the DNA and forms hydrogen bonds with the G residues, 

which probably results in the CG preference. The cysteine disulphide bridge points away 

form the DNA and the Val side chain is somewhat tangential. The DNA is heavily 

distorted by the echinomycin interaction, the two central AT base pairs are no longer 

held together by Watson-Crick pairing but are in fact in the Hoogsten configuration. 

There is an unwinding angle of -10° at the AT, GT and AC steps and -26° at the CG 

and GC steps bracketed by the echinomycin molecules.
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5 - Proposed work.

As outlined above, it has been shown that it is possible to produce synthetic 

peptides based on the basic region of bZip proteins. These peptides are relatively small 

but still contain enough information to sequence selectively bind dsDNA. The peptides 

above were designed to examine the effect of factors such as minimum length of peptide 

section and dimérisation interface flexibility, angle and length on selectivity and affinity.

In this work we aimed to investigate the possibility of increasing the binding 

affinity of a bZip basic region peptide by conjugation with an intercalator. This involved 

the design and synthesis of a GCN4 basic region peptide coupled to an aciidine

intercalator (peptide In addition to peptide 1, a control peptide (peptide 2,

Figure would be also synthesised for comparison.

Figure 1.28 - Peptides based on the basic region of GCN4. The basic region residues 
are underlined.

Peptide 1 :

GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC
HN'

Peptide 2 :

( H.N-DPAAL KRARN TEARR RSRAR KLORM KOGGC-CONH. )z

Once synthesised, the selectivity and affinity of binding of peptide 1 to dsDNA 

would be assessed using the techniques of mobility shift assay and in vitro selection.

In addition to the work with peptide 1, we also aimed to explore the possibihty of 

synthesising a library of peptides, based on peptide 1, that will examine the effect of the 

intercalator and linker on the peptide binding.
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Chapter 2 

Design and synthesis of peptides 1 and 2

2.1 - Aim

The aim of this chapter is to outline the design of the modified basic region 

peptide 1 and the steps required to resynthesise this peptide from stock retained on the 

resin from the original s y n t h e s i s I n  addition to this the synthesis of the control 

peptide 2[^] will also be described.

2.2 - Background

As outlined in chapter 1, many factors affect the DNA binding specificity and 

affinity of peptides based on the basic region of the bZip binding motif. These include:

i) The length of the peptide. Although as few as five amino acid residues make base 

specific contacts it is important that the tertiary structure around these residues is 

maintained. Truncations of the basic region have shown that the minimum number of 

residues required to maintain native specificity is 30.

ii) The amino acid sequence. Amino acids in specific positions within the basic region 

contact the base pairs and therefore define the binding site. For GCN4 these residues are 

Asn 235, Ala 238, Ala 239, Ser 242 and Arg 243 and they are responsible for the high 

affinity binding to the API and CREB sites, however they also allow the protein to bind

to others sites but with a significantly lower affinity

iii) Site of dimérisation. When dimerised at the C-terminal (as in the native protein) the 

binding site is the same as the native p r o t e i n 4, 5] ^ut when dimerised at the N- 

terminal the binding site is the inverted sequence[^1
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iv) Dimérisation interface. The exact method of dimérisation can have a profound affect 

on the dimérisation specificity and affinity. Dimérisation of the basic region via a 

disulphide bond is by far the simplest method but the peptide has slightly altered 

specificity (with a slight preference for the CREB site) and affinity.

Based on these factors it was decided that the peptide section of peptide 1 should 

comprise of the minimum number of residues shown to mimic native binding dimerised 

through the a disulphide bond at the C-terminal.

Increasing the affinity of a DNA binding species has been extensively studied and 

addition of an intercalator has been shown to be effective in a number of cases. Duplex 

forming oligonucleotides have been successfully coupled to intercalators, initially 

acridine was added to either the 5’ or 3’ end of an oligonucleotide and showed to

increased binding to its complementary strandt^» ^1. In subsequent studies 

oligonucleotides that would form triple helices {via Hoogsten base pairs in the major

groove) were synthesised bearing a c r i d i n e o r  a-phenanthroline moieties^^^] (Figure 

2.1) and showed, using absorbence and fluorescence spectroscopy and footprinting with 

an artificial nuclease, to be highly stabilised.
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Figure 2.1 - Conjugated oligonucleotides.

HN"

, 0 0 0 ' ° " 'Cl

Duplex forming

HN P )—  TTTTTTTT5’

Duplex forming

Cl

HN P )—  TTTCCTCCTCT3’
Triplex forming

Py—  TTTTTTCTTCTCTTTCC3 ’ Triplex forming

Acridine has also been shown to increase the stability of the minor groove binding drugs

netropsin and distamycin, without altering the specific ity 3̂, and to peptides. For 

example, the tetrapeptide SPKK and the octapeptide SPKKSPKK have both been 

successfully coupled to acridine moieties (Figure 2.2). These conjugates bind with the

acridine intercalated and the peptide section situated in the minor g ro o v e 2]

Figure 2.2 - SPKK and SPKKSPKK/acridine conjugates.

HoN

HoN

n = 1 or 2
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Previous promising results with acridine coupled DNA binding species prompted 

the use of this intercalator in peptide 1 (Figure 2.3). The acridine was added to both 

halves of the dimeric peptide and it would not be unreasonable to assume that when 

bound both of these acridines could intercalate.

Figure 2.3 - Peptide 1

GG DPAA L KRARN TEAAR RSRAR KLORM KO GGC

The structural features of this peptide are as follows

i) An acridine intercalator to increase the affinity of the dimeric peptide for DNA.

ii) A Cio linker, to allow maximum flexibility, coupled by an amide bond, due to its 

compatibility with existing peptide synthesis methods (this is expanded in chapter 5).

iii) The basic region of GCN4 (minus the first four residues) to allow native like binding 

with the minimum number of residues, as shown by Talaniantl^] and OakleyC^^]

iv) GGC at the C-terminal in order to form the di sulphide bond. The two glycines were

added for flexibility and to enable direct comparison with an existing peptide
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2.3 - Results and discussion

2.3.1 - Synthesis of peptide 1

Peptide 1 was prepared from peptide 3, which was stock retained on the resin 

from the original synthesis! 1] as shown in Figure 2.4.

Figure 2.4 - Peptide 3. Protecting groups used were: Arg(Pmc), Asp(OtBu), Cys 
(Acm), Lys(Boc), Ser(tBu), Thr(tBu).

^  GG DPAAL KRARN TEAAR RSRAR KLORM KG GGC - X Resin

x=
“Solid siç>poit

Resin = Polystyrene

The peptide section of peptide 3 was originally synthesised using standard Fmoc 

methodology with DIC/HOBt coupling. The intercalator/linker (Figure 2.5) was 

synthesised from 9-chloroacridine and 11-aminoundecanoic acid coupled to the peptide 

using DIC/HOBt with sonication overnight.

Figure 2.5 - Intercalator/linker used to synthesis peptide 1

,COOH
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2.3.1a - Removal of peptide 3 from the resin

Peptide 3 was removed from the resin using standard cleavage procedures, TFA 

(95%) with cation scavengers. The TFA was added in small portions and then removed 

from the vicinity of the resin, along with the liberated peptide, since the peptide had a 

tendency to reattach to the resin. It was also important to leave the liberated peptide 

with the cation scavengers for a minimum of 6hr to ensure full deprotection of all the 

Arg(Pmc) groups. The crude reaction mixture was found, by electrospray MS, to 

contain the desired peptide 4 (MW= 3941) and two additional peptides that had 

molecular weights of 3959 and 3977. These heavier peptides probably correspond to 

peptides that have oxidised methionine residues and were efficiently removed during

HPLC purification [1^].

Figure 2.6 - Peptide 4

o
GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC(Acm)-Resin

H

2.3.1b - Dimérisation of peptide 4

Attempts to dimerise peptide 4 using standard procedures were largely

unsuccessful^!]. Removal of the Acm group using silver triflatet!^] proceeded smoothly 

but the resulting peptide could not be dimerised using aerial oxidation at pH 8, in a 

variety of buffers (due to insolubility of the peptide in a basic, aqueous environment), or

oxidised in neat DMSO (due to unreasonably long reaction times)[!^]. Acm removal

with in situ oxidation using either yielded starting material or degraded the

sample. Therefore peptide 1 was synthesised, from peptide 4, by simultaneously

deprotecting the Cys(Acm) group and dimérisation using Ph]S=0 and MeClgSi^!^] 

(Figure 2.7). The dimérisation step yielded 10% after HPLC purification.
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Figure 2.7 - Mechanism of Cys(Acm) deprotection and dimérisation.

PhzS-O SiClaMe
+

Peptide—S 
Peptide—S

+

SPh2

^OSiCl2Me

P h '^ P h

Peptide

Peptide\g(^Ph2
+
A

H
Peptide^

O

2.3.2 - Synthesis of peptide 2

The basic region of GCN4 was synthesised, by Dr. N. O’Reilly of the ICRF, 

using standard Fmoc methodology, with HBTU coupling, and supplied to us on a 

Ramage amide resin as the Fmoc deprotected, fully side chain protected peptide (Figure 

2 .8).

Figure 2.8- GCN4 basic region as supplied (peptide 5). The protecting groups used 
were : Arg(Pmc), Asp(OtBu), Asn(Trt), Cys(Acm), Gln(Tit), Glu(OtBu), Lys(Boc), 
Lys*(Mtt), Thr(tBu), Ser(tBu). The use of Mtt on Lys* is discussed further in chapter 3.

H2N-DPAAL KRARN TEARR RSRAR KLQRM K*QGGC-CONH-X-resin

X=

Resin = Polystyrene
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2.3.2a - Removal of peptide 5 from the resin

Peptide 5 was removed from the resin in an analogous fashion to peptide 3, using 

TFA (95%) and cation scavengers, to produce peptide 6 in a low yield (9% after HPLC 

purification).

Figure 2.9 - Peptide 6, amino acids are deprotected (except the Cys(Acm) indicated) 

H2N-DPAAL KRARN TEARR RSRAR KLQRM KQGGC(Acm)-C0NH2

2.3.2b - Dimérisation of peptide 6

In an attempt to increase the yield of dimérisation peptide 6 was treated with 

silver triflate in order to remove the Acm group. Dimérisation using DMSO and

HClt^^] was then attempted. This method seemed reasonable since the peptide was 

soluble in the acidic conditions used. Unfortunately the desired product was not isolated 

from the reaction mixture. Using a two step procedure with intermediate purification 

yielded only peptide 7 (Figure 2.10) and using a one pot procedure yielded peptides of 

MW = 6894, 6823 and 6965Da.

Figure 2.10 - Peptide 7

H2N-DPAAL KRARN TEARR RSRAR KLQRM KQGGC-CONH2

Peptide 6 was instead simultaneously Cys(Acm) deprotected and dimerised using 

Ph2S=0 and MeClgSi, as used for the production of peptide 1. The yield of peptide 2 

was improved significantly by premixing of the Ph2S=0 and MeCLSi to form the active 

species and then adding this, under an argon blanket, to peptide 6. HPLC purification 

produced pure dimer to a reasonable yield (54%).
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2.3.3 - Calculation of peptide concentrations

Peptide concentrations were calculated using the Bradford assay, initially the 

concentrations were calculated using absorbence measurements but the Bradford assay 

was shown to yield more reliable results. A calibration curve was generated using BSA 

dilutions and the optical density of solutions of peptide 1 and 2 were taken and compared 

to this standard. Peptide 1 stock solution is 12|liM and peptide 2 is 0.29nM.
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2.4 - Experimental

2.4.1 - Instrumentation

• Solvents and chemicals were supplied by commercial suppliers (BDH, Aldrich and 

Lancaster) and used without further purification.

• Preparative HPLC was performed on a Waters 200E pump, at 18ml min'  ̂ with a 

Gilson Holochrome UV detector (set at either 254nm, for peptide 1, or 215nm, for 

peptide 2) with a lOp, CIS Vydac column, 22 x 250mm. Solvents were A = 

0.1%TFA/Water and B = 0.1 %TFA/acetonitrile. Retention times are quoted in 

minutes.

• MS data were acquired on a Micromass LC Quattro fitted with an ESP source. 100|il 

of the HPLC fraction was injected through a syringe pump, at lOpl min ' into the 

mass spectrometer. Spectra were acquired over the range 200-1200Da in MCA mode 

at 5s scan'\ with 20-25 scans averaged to produce the spectra. Spectra of peptides 1, 

2, 4 and 6 are shown in appendix 1.

• Optical density was assessed using a Molecular Devices ymax, 96 well plate counter, 

set at X570nm.

2.4.2 - Preparation of the peptide

2.4.2a - Preparation of peptide 4 from peptide 3

Peptide 3 (loading capacity 0.24mmol g \  preswollen with DMF, 96.6mg wet 

weight) was placed in a sinter funnel fitted, through an adapter with a vacuum inlet, to a 

round-bottomed flask. TFA:water (95:5, 3-4ml) was added and the mixture allowed to 

stand for 2-3min before the TFA and liberated peptide was filtered through the sinter 

(using a vacuum) onto PhOH (300mg, 3.2mmol), thioanisole (200|il, 189mg, 1.5mmol) 

and EDT (800pl, 899mg, 1.5mmol). This was repeated 5-6 times, until 20ml of the 

TFA/water mix had been used. The mixture was then purged with argon and allowed to 

stand, under argon, at room temperature. After 6hr the solution was concentrated in 

vacuo and the peptide precipitated by addition of ice cold diethyl ether (50ml) and
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refrigeration for a minimum of 8hr. The peptide was collected by centrifugation and then 

dissolved in glacial acetic acidiwater (40:60) and lyophilised to yield 18.9mg of a pale 

yellow powder. The peptide was then purified using HPLC (using a gradient of 20- 

60%B over 25min). 2.1 mg of the peptide 4 eluted as a slightly yellow fraction at 

10.8min. Electrospray mass spectroscopy data displayed the expected ion series (7+ 

564, 6+ 657, 5+ 789, 4+ 986, 3+ 1314, indicating MW = 3941±0.43). The spectra 

shown in appendix 1 for peptide 4 contains the ion series for a methionine mono and di 

oxidised byproduct that was efficiently removed by HPLC.

2.4.2b - Cvs(Acm) deprotection and dimérisation of peptide 4 using methvltrichlorosilane 

and phenylsulphoxide

Peptide 4 (2.5mg, O.bpmol) and PhS2=0 (4.5mg, 2.19mmol, 3.5eq) were 

dissolved in TFA (50pl) and anisole (15pl), at 0 “ C under argon, in a Wheaton vial fitted 

with a Teflon cap. MeCLSi (lOpl, 7.7mg, 5.15p,mol, 8.5eq) was then added. The 

reaction was then purged with argon and stirred for 3hr, over the 3hr the mixture was 

allowed to warm to room temperature. The reaction mixture was then transferred into a 

round-bottomed flask with TFA (150|il) and the peptide precipitated by addition of 

diethyl ether (10ml) and refrigeration (overnight, 4°C). 7.4mg of crude product was 

obtained and separated by HPLC (using a gradient of 10-60%B over 25min) to yield 

peptide 1 as a slightly yellow fraction at 13.1 min (0.28mg, 0.03pmol, 10%). Unreacted 

peptide 4 (0.8mg, 0.2pmol) was also recovered as a slightly yellow fraction at 10.6 min. 

Electrospray mass spectroscopy of peptide 1 displayed the expected ion series (12+ 646, 

11+ 704, 10+ 775, 9+ 860.8, 8+ 968, 7+ 1106, indicating MW = 7739±0.80).

2.4.3 - Svnthesis of peptide

2.4.3a - Preparation of peptide 6 from of peptide 5

Peptide 5 (286mg of resin at a loading capacity of 0.59pmol g"̂  giving the total 

amount of peptide as 168.7|xmol) was placed in a sinter funnel fitted, through an adapter 

with a vacuum inlet, to a round-bottomed flask. TFA:water (95:5, 3-4ml) was added
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and the mixture allowed to stand for 2-3min before the TFA and liberated peptide was 

filtered through the sinter (using a vacuum) onto PhOH (300mg, 3.2mmol), thioanisole 

(200pl, 189mg, 1.5mmol) and EDT (800p,l, 899mg, 1.5mmol). This was repeated 5-6 

times, until 20ml of the TF A/water mix had been used. The mixture was then purged 

with argon and allowed to stand, under argon, at room temperature. After 6hr the 

solution was concentrated in vacuo and the peptide precipitated by addition of ice cold 

diethyl ether (50ml) and refrigeration for a minimum of 8hr. The peptide was collected 

by centrifugation and then dissolved in glacial acetic acidiwater (40:60) and lyophilised 

to yield 154.8mg of a powder. The peptide was then purified using HPLC (using a 

gradient of 5-60%B over 25min). Peptide 6 (56mg, 14.2pmol, 9%) eluted at 11.5min. 

Electrospray mass spectroscopy data displayed the expected ion series {1+ 495, 6+ 579, 

5+ 694, 4+ 868, 3-k 1157, indicating MW = 3467±0.14).

2.4.3b - Silver triflate deprotection of Cvs(Acm)

Peptide 6 (2.2mg, 0.63pmol) was dissolved in TFA (500p,l) and anisole (lOOpl, 

lOmg, 92pmol), cooled to 0 ° C and the reaction purged with nitrogen. AgOTf (2.4mg, 

9.3|xmol, 14eq) was added and the mixture stirred for 1.5hr. The TFA was then partially 

removed in vacuo and the peptide collected by precipitation with diethyl ether (1ml) at 

0 ° C followed by centrifugation. The peptide was resuspended in acetic acidiwater ( li l ,  

500p,l) with DTT (7mg, 45p,mol) and stirred for 2hr at room temperature. The mixture 

was then centrifuged and the supernatant removed. This was then lyophilised to give 

crude peptide 7 (0.7mg, 0.2|Limol, 32%). HPLC purification (isocratic at 10%B) of the 

peptide gave pure peptide 7 eluting at 14min. Electrospray mass spectroscopy gave the 

expected ion series (6+ 584.6, 5+ 701.4,4-k 876.3, indicating MW = 3501±0.32).

2.4.3c - Attempted dimérisation of peptide 7 using dimethyl sulphoxide and hvdrochloric 

acid

Peptide 7 (0.5mg, 0.14pmol) was stirred at room temperature for 9hr in HCl 

(IM, 250pl) and DMSO (250pl) under nitrogen. The mixture was lyophilised to yield
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0.7mg off-white powder. Electrospray mass spectroscopy data displayed only the ion 

series of peptide 7, indicating that dimérisation to form peptide 2 had not occurred.

2.4.3d - Attempted synthesis of peptide 2 using a one pot protocol

Peptide 6 (3.1 mg, 0.87|xmol) was dissolved in TFA (750|li1) and anisole (150|Ltl, 

0.15g, 1.38mmol). The mixture was cooled to 0°C and purged with nitrogen. AgOTf 

(3.4mg, 13.1pmol, 15eq.) was added and the solution stirred at 0 ° C for 1.5hr. The TFA 

was then partially removed in vacuo and the peptide extracted by partitioning with ether 

(2ml) and acetic acidiwater (1:9, 2ml). The aqueous layer was then lyophilised. The 

resulting pale brown powder was dissolved in HCl (IM, 1ml) and DMSO (1ml) and 

stirred for 7hr at room temperature, after which the solution was lyophilised to yield an 

off white powder. The peptide was purified by HPLC (using a gradient of 10-60% B 

over 25min) with peptide eluting at 11.4min. Electrospray mass spectroscopy data 

indicated the presence of three compounds (MW = 6894±0.23, 6823±0.27 and 

6965+0.10) none of which are the desired molecular weight.

2.4.3e - Cyst Acm) deprotection and dimérisation of peptide 6 using methvltrichlorosilane 

and phenylsulphoxide

Peptide 6 (6.7mg, 1.9pmol) was dissolved in TFA (50)li1) and anisole (15|uil) at 

0 ° C under argon in a Wheaton vial fitted with a Teflon cap. A solution of MeClgSi 

(20pl, 15.4mg, 10.29pmol, 5.4eq.) and Ph2S=0 (4.7mg, 2.29pmol, 1.2eq.) in TFA 

(50|xl) was then added, at 0 ° C under argon. The solution was stirred and allowed to 

warm to room temperature over 3hr. The reaction was then transferred into a round- 

bottomed flask with TFA (150p,l) and the peptide precipitated by addition of diethyl 

ether (10ml) and refrigeration (overnight, 4 ° C). Peptide 2 was collected and purified by 

HPLC (using a gradient of 10-40% B over 25min) yielding 3.5mg (0.5pmol, 54%) of the 

desired peptide, which eluted at 16min. The presence of the peptide was confirmed by 

electrospray mass spectroscopy indicating the expected ion series (124- 567, 114- 618, 

10-h 680, 94- 755, S+ 850,1+ 971, indicating MW = 6791±0.90).
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2.4.4 - Bradford assay

The calibration curve was generated by producing dilutions of BSA of 10, 20, 40 

and 80 |Xg ml ' in water. SOp-l of each dilution was mixed with 20p.l of assay reagent and 

the optical density determined (Table 2.1).

Table 2.1- Optical density of BSA calibration curve. 

BSA concentration (pg ml ') Optical density (570nm)

0

10

20

40

80

0.129

0.223

0.245

0.302

0.353

Giving the curve (Figure 2.11) :

Figure 2.11 - BSA standard calibration curve

0 .5  

0 .4 5  -

S'
B  0 .3 5  - 

O  0 .3  - 

^  0 .2 5  -

d
d

0.1 - 

0 .0 5  -

0 20 60 8 04 0

BSA concentration (pg ml' )

80pl of peptide 2 was mixed with 20pl of assay reagent and the optical density 

determined as 0.143, which corresponds to a peptide concentration of 0.2pg ml ' 

(0.29nM). A 1 in 10 dilution of peptide 1 was made, and 80pl of this dilution was mixed 

with 20pl assay reagent. The optical density was determined as 0.210 which 

corresponds to a peptide concentration of 9.5pg ml ' (1.2pM) therefore the 

concentration of the undiluted solution of peptide 1 had a concentration of 12pM.
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Peptide 4 %lO
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LO

GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC(Acm)

Ion series B : MW = 3958+0.4 (corresponding to monooxidised peptide) 

Ion series D : MW = 3974±0.2 (corresponding to dioxidised peptide)
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Chapter 3 

Sequence specificity of peptide 1

3.1 - Aim

The aim of the work presented in this chapter is to examine the sequence 

selectivity of peptide 1 using in vitro selection techniques based on gel retardation.

3.2 - Background

DNA specificity can be assessed using many techniques including the technique

of in vitro selectiontl]. This technique involves selection of oligonucleotide sequences 

from a random pool of potential binding sequences based on the strength of binding 

alone. These higher affinity sequences can then be amphfied and challenged with the 

ligand again. This process of selection and amplification is usually repeated several times 

to slowly enrich the oligonucleotide pool with high affinity binding sequences. The 

selected pool can then be cloned and sequenced to identify sequences with a high degree 

of homology which indicate potential high affinity binding sites. This is shown 

schematically in Figure 3.1.
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Figure 3.1 - In vitro selection protocol
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The oligonucleotide pool used can be dsDNAt^], which can be amplified directly

by PGR, ssDNAt^] or RNAM, which must then be converted to DNA using reverse 

transcriptase, amplified using PGR and transcribed back into RNA for another round of 

selection. To date most of the work done using this technique has focused on RNA. 

The design of the oligonucleotide pool is an important aspect to consider when 

attempting in vitro selection experiments. The probe must contain a randomised section 

that is usually created during standard phosphoroamidite synthesis by addition of 

equimolar amounts of the four activated nucleosides, but can be synthesised in other

ways (e.g. from genomic digestiont^]). The random section is sandwiched between 

region of known sequences that enable the synthesis of complementary primers required 

for PGR, transcription and sequencing and to provide two restriction endonuclease sites 

to facilitate cloning. When using dsDNA, terminal GG rich regions are sometimes 

included in order to increase the stability of the duplexes, especially when using short 

oligonucleotides.

The selection process can be anything which allows the separation of bound and 

unbound sequences and many different approaches have been utilised. When an 

antibody is available for the ligand to be studied it is possible to isolate the bound

sequences from the free sequences by immunoprécipitation^^]. Another approach is the
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use of affinity columns[^3. This method involves attachment of the ligand to a solid 

support and challenging this column with a pool of oligonucleotides. Column 

challenging involves binding of the high affinity species to the column, washing away the 

lower binding sequences and then releasing and collecting the high affinity species, 

usually by altering the buffer/ionic strength or addition of a competitor binding species. 

To produce an affinity column some information about the binding species is required so 

that the DNA recognition portion is not disrupted by column attachment.

Gel retardation is another approach that has also been extensively utilisedt^]. 

This technique relies on differences in mobility between DNA fragments that are 

electrophoresed through a matrix, usually agarose or acrylamide. DNA fragments of 

different lengths migrate differently through the matrix, with larger fragments migrating 

more slowly than smaller ones. In addition to this, DNA that is bound by a ligand 

migrates as a discrete entity that has a different mobility to unbound DNA. The fact that 

the bound DNA migrates as a discrete band is quite remarkable since the time required to 

run a gel often exceeds the half-life of the complex. It is thought that this surprising 

persistence in the gel is caused by ‘caging’, when the DNA dissociates from the binding 

species the two are prevented from diffusing apart by the matrix and therefore

reassociatet^]. The actual mobility of the DNA/binding species complex is a function of 

several properties, including its size, shape and charge.
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3.3 - Results and discussion

3.3.1 - Design and synthesis of oligonucleotide pool 1

In order to assess the binding of peptide 1, a dsDNA pool was required. The 

native binding sites for GCN4 are 7-8 base pairs in length so 23 random base pairs were 

included. This length should allow for a possible increase in the size of the binding site 

due to addition of the intercalator/linker and should also allow an increase in the number 

of sequences specifically selected, therefore allowing identification of sequences that 

would otherwise be present at a percentage too low to be detected. At each end of the 

random section was a restriction endonuclease cleavage site (at one end was an EcoRl 

site and at the other was a Pstl site) and, since the sequence was quite short, a GC clamp 

was added at both ends. The resulting sequence is shown in Figure 3.2.

Figure 3.2 - Oligonucleotide 1. The restriction endonuclease sites are underlined.

5 ’ GCGCGCGCGAATTCNNNNNNNNNNNNNNNNNNNNNNNCTGCAGGCGCGCGC3 ’ 

EcoRl Pstl

Forward primer 1 - 5’GCGCGCGCCTGCAG3 ’

Reverse primer 1 - 5 ’ GCGCGCGCGAATTC3 ’

The DNA was supplied by Oswel as one strand of ssDNA and two single stranded 

primers, one complementary to the 3’ end of the ssDNA supplied and the other with 

sequence identical to the 5’ end of the ssDNA so that it could be used as a primer for the 

other strand, once synthesised (Figure 3.2). The double stranded pool was synthesised 

from the ssDNA using forward primer 1, dNTP’s and the Klenow fragment of DNA 

polymerase I. This fragment has the polymerase and 3’-5’ exonuclease (proof reading) 

ability of the intact fragment but not the 5’-3’ exonuclease function. The DNA was 

purified using an agarose gel (with ethidium bromide/uv light visualisation) and isolated 

using a Microcon microconcentrator with gel nebuliser.

Once purified the dsDNA pool was endlabelled with ^̂ P using T4PNK in a 

phosphate exchange reaction, as shown in Figure 3.3.
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Figure 3.3 - Synthesis of endlabelled oligonucleotide pool.

5 ’ GCGCGCGCGAATTCNNNNNNNNNNNNNNNNNNNNNNNCTGCAGGCGCGCGC3 ’

Forward primer 1 - 5 ' GCGCGCGCCTGCAG3 ' 
Klenow fragment of DNA polymerase I 

dNTP’s 
4°C(4hr), 70'C(5m in)

5 ’ GCGCGCGCGAATTCNNNNNNNNNNNNNNNNNNNNNNNCTGCAGGCGCGCGC 3 ’ 
3 ’ CGCGCGCGCTTAACNNNNNNNNNNNNNNNNNNNNNNNGTGCGGCGCGCGCG5 ’

T4 Polynucleotide kinase 

y32p ATP

37°C(10min)

32p -GCGCGCGCGAATTCNNNNNNNNNNNNNNNNNNNNNNNCTGCAGGCGCGCGC
CGCGCGCGCTTAACNNNNNNNNNNNNNNNNNNNNNNNGTGCGGCGCGCGCG- 32p

3.3.2 - Selection by gel retardation

The labelled DNA probe was incubated for 30-60min at various temperatures 

with various concentrations of peptide 1. The free and bound species were separated by 

electrophoresis through an acrylamide gel and visualised by autoradiography. A typical 

autoradiograph is shown in Figure 3.4.
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Figure 3.4 - A typical autoradiograph of attempted gel retardation of peptide 1, assessed 
on oligonucleotide pool 1. Lane 1 contains no peptide, lanes 2-6 contain peptide 1 at 
0.17pM, 17pM, l.7nM , 174nM and 1.7p,M respectively.

Lanes 

Peptide 1

dsDNA

ssDNA

1 2 3 4 5 6

III c
r-

=1

[Y- -̂PJ ATP

The autoradiograph indicates the presence of three bands in the DNA probe, this 

can be seen by examining the control lane that does not contain any peptide. These 

bands probably correspond to double stranded, single stranded and free ATP 

respectively. The existence of several bands on the acrylamide gel suggests that 3% 

agarose can not resolve the two DNA forms. No additional bands, conesponding to 

bound DNA were observed in the presence of peptide, even at relative high 

concentrations.

3.3.3 - Extraction and amplification of DNA

From the autoradiograph the position of the DNA could be determined and the 

band excised. The DNA was then extracted using an elution buffer and amplification by 

PCR attempted. A typical protocol is shown in Figure 3.5.

83



Figure 3.5 - A typical PCR protocol.

5 ’GCGCGCGCGAATTCNN N N N N NNN NNN NNN NNN NNN NNCTGCAGGCGCGCGC
CGCGCGCGCTTAACNN NNN NNN NN N N N N N N N N N N N N N GTGCGGCGCGCGCG5’

Primer extension 
Taq polymerase

dNTP 
7 2 “G (1min)

Melting the dsDNA  

94 ° G (1min)

5 ’
5 ’

5 ’
5 ’

Primer annealing 
5 0 ° G (1min)

Forward primer 1 - S GGGGGGGGGTGGAG3 ' 
Reverse primer 1 - 5 GGGGGGGGGAATTG3'

Agarose electrophoresis indicated only the presence of the PCR primers but no double 

stranded product. In order to examine if the failure to produce dsDNA was due to DNA 

of insufficient quality or quantity being reclaimed from the gel or if the problem was a 

property of the DNA itself we attempted to amplify the DNA pool before any retardation 

had been attempted but again no dsDNA was detected. In addition to this, various other 

conditions were attempted but none of these produced detectable dsDNA, these included 

altering the concentration of the template DNA, the primer and the dNTP’s added, the 

polymerase enzyme used and the thermal cycle. Pre-treatment with NaOH, to denature 

the dsDNA, and repeated cycles without intermediate purification were also attempted 

but without effect. This problem could be a result of many things but the most likely 

source is the GC clamps from one strand interacting with those from other strands, to 

form multimeric aggregates, and therefore interfering with amplification.
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3.3.4 - Oligonucleotide 2 :

It was decided, due to the problems of undetectable shifts with the retardation 

assays and undetectable PCR products, to produce a second oligonucleotide library that

had already been shown to be compatible with The sequence is shown in

Figure 3.6.

Figure 3.6 - Oligonucleotide 2, with the restriction endonuclease sites shown underlined.

5’CTGGATCCTAGATATCCCTGNNNNNNNNNNAGGCTCAAAGCTGAATTCCT3 ’

BamHl EcoRl

Forward primer 2 - 5’AGGAATTCAGCTTTGAGCCT3’

Reverse primer 2 - 5 ’ CTGGATCCTAGATATCCCTG3 ’

The second library was produced and purified in an analogous fashion to the first. PCR 

of this library produced detectable amounts of dsDNA confirming the compatibility of 

this library with PCR.

3.3.5 - Selection by gel retardation:

Gel retardation assays were carried out using this second library and peptide 1 as 

described previously. A typical autoradiograph is shown in Figure 3.7.
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Figure 3.7 - A typical autoradiograph of attempted gel retardation of peptide 1, assessed 
on oligonucleotide pool 2. Lane 1 contains no peptide, lanes 2-6 contain peptide 1 at 
0.17pM, 17pM, 1.7nM, 174nM and 1.7pM respectively.

Lanes 

Peptide 1

1 2 3 4 5

The autoradiographs for these assays displayed only one band in the control lane, 

corresponding to dsDNA, which indicated the library was more efficiently purified by 

agarose electrophoresis. At higher concentrations of peptide this band seemed to display 

a slight retardation but it seems unlikely that this is anything more than an artefact of the 

assay, since it was not of the magnitude expected for a peptide of this size and charge. 

In addition to this altering the buffer, the applied voltage, the length and temperature of 

incubation or increasing the percentage of the acrylamide gel to 15% had no effect on the 

apparent shift.

3.4 - Summary

Work presented in this chapter has highlighted the importance of the design of 

the oligonucleotide to be used in in vitro selection experiments. It has also highlighted 

problems that may be encountered with purifying using agarose gels. Agarose is ideal 

for the separation of larger oligonucleotides but, as shown, has limitations when used to
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examine smaller strands. Due to a lack of detectable gel shift it was not possible to use 

this technique to assess the sequence selectivity of peptide 1. There could be many 

reasons for the lack of a detectable shift but the most probable ones include :

• Addition of the intercalator to the peptide totally abolishes binding, both specific and 

non-specific (as shown in chapter 4 this is not the case). This seems very unlikely since 

acridine has a very high affinity for dsDNA and has been shown to bind, albeit non- 

specifically, when attached through many of the carbons in the ring to many different 

binding species (dsDNA, ssDNA, RNA, peptides and other biologically active drugs). 

The only reason that the acridine might not bind would be if it were unfavourably 

orientated by binding of the peptide section, however in this case some binding would 

still be observed.

• The amount of bound dsDNA is too small, compared to the amount of free dsDNA, 

to be detected, probably due to a small number of binding sites. This problem could be 

alleviated by decreasing the stringency of the assay, probably by altering the buffer used, 

but this could in turn lead to problems with excessive amounts of non-specific binding.

• There is a problem with the experimental methods used. As shown in chapter 4 

peptide 1 is compatible with gel retardation methodologies. The main difference 

between the in vitro selection work and the gel retardation assay work was in the buffers 

used (both binding and running buffers), so if the problem is due to the experimental 

procedure it could be solved by use of more appropriate buffers. In addition to this the 

in vitro selection gels were electrophoresed overnight but gel retardation assay gels were 

electrophoresed in much shorter time, it is possible that the longer electrophoresis times 

could allow complex dissociation so shorter times might have alleviate this problem, 

although, shorter electrophoresis times were attempted and seemed to have no effect. 

Alternatively addition of a complex stabilising reagent, eg glycine, into the buffer could 

result in detectable binding. Another physical variable that could be further examined is 

the incubation time of the binding reaction. For the gel retardation assays 40min was 

found to be sufficient, however it is possible that the in vitro selection work might need 

longer times.
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3.5 - Future work

As outlined in the introduction to this chapter, there are several different methods 

that can be used to select high affinity binding sites. An alternative to gel retardation 

could be the use of an affinity column, with peptide 1 attached to a solid support and 

challenged with the oligonucleotide library.

In an effort to produce an affinity column for peptide 1, we resynthesised the 

intercalator/linker system (Figure 3.8, using the synthetic methods outlined in chapter 5).

Figure 3.8 - The intercalator/linker system used to synthesise peptide 1.

,CCX)H

The differentially protected lysine on the basic region supplied by the ICRF should mean 

that once the intercalator/linker is coupled to the peptide the lysine towards the C- 

terminal could be deprotected and biotinylated. The peptide could then be further 

deprotected and dimeiised using the methods outlined previously and this biotinylated 

peptide could then be attached to a streptdavidin column for screening. The projected 

synthesis is outlined in Figure 3.9.



Figure 3.9 - Synthetic methodology for the synthesis of an affinity column.
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3.6 - Experimental[11]

3.6.1 - Materials (molecular biology grade) 

Buffer reagents Boric acid BDH

EDTA BDH

Ficoll Pharmacia

Glycerol BDH

HEPES Sigma

KCl Sigma

MgCE Sigma

Mg(0 Ac)2 BDH

NH4OAC Sigma

NP-40 Fluka

Tris.HCl Gibco

Triton X-100 Fluka

DNA concentrators Microconcentrators (30 000 MW cut off) Microcon 

Gel nebulisers Microcon

EZ enzyme removers Microcon

Electrophoresis reagents Acrylamide Fluka

Agarose Sigma

Ammonium persulphate Fluka

Bisacrylamide Fluka

Bromophenol blue Fluka

Ethidium bromide Fluka

TEMED Fluka

Enzymes/Proteins 

(with buffers)

ESA

Klenow fragment (lOunits fxl'̂ ) 

Pfu polymerase (2.5units p.1'̂ ) 

T4 PNK (lOunits |il'^)

Taq polymerase (5units pl'^)

New England Biolabs 

New England Biolabs 

New England Biolabs 

New England Biolabs 

Promega
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Oligonucleotides

Radionuclei

Library 1

Library 2

Oswel

Cruachem

[y-̂ ^P ATP] (lO^iCi iLil'̂ ) Amersham

Miscellaneous Chloroform BDH

dATP (lOOmM) Pharmacia

dTTP (lOOmM) Pharmacia

dGTP (lOOmM) Pharmacia

dCTP (lOOmM) Pharmacia

Mineral oil Sigma

(X-OMAT)AR Photographic film Kodak

3.6.2 - Stock solutions and buffers :

Deionised water (Milli-Q resistance 18.2Q) was used throughout.

5xTBE 0.045M Tris.HCl

0.045M Boric acid 

lOmM EDTA (pH 8.0)

30% acrylamide stock : 28.5g acrylamide

1.5g bisacrylamide in 100ml deionised water

10% ammonium persulphate : lOg ammonium persulphate in 100ml deionised water

Loading buffer (for agarose) : 15% Ficoll in deionised water

Loading buffer (for acrylamide) : 30% glycerol in deionised water

Markers : 0.25% bromophenol blue

30% glycerol

91



Elution buffer (lOx) : 5M NH4OAC

lOOmM Mg(0 Ac)2 

lOmMBDTA

Ethidium bromide : lOmg ethidium bromide in 1ml deionised water

8% Acrylamide/lxTBE : 17ml stock acrylamide (30%)

10ml TBE (5x)

23ml deionised water

500]li1 ammonium persulphate (10%)

degassed and then :

50pl TEMED

15% Acrylamide/lxTBE : 25ml stock acrylamide (30%)

10ml TBE (5x)

15ml deionised water

500pl ammonium persulphate (10%)

degassed and then :

50|xl TEMED

Agarose /IxTBE : 3% (gel) 1.5g agarose 

10ml TBE (5x)

40ml deionised water

heated until agarose is dissolved and then

2pl EtBr stock

1% (insert) 0 .2g agarose 

4ml TBE (5x)

16ml deionised water

heated until agarose is dissolved and then

0.5pl EtBr stock
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T4PNK buffer (lOx, as supplied) : 0.7M Tris.HCl

O.lMMgCb 

30mM DTT

Klenow buffer (lOx, as supplied) 0.5M Tris.HCl 

0.5MMgCl2 

lOmM DTT

Taq buffer (lOx, as supplied) : O.IM Tris.HCl 

0.5M KCl 

1% Triton X-100

Pfu buffer (lOx, as supplied) : 0.2M Tris.HCl (pH 7.5) 

80mM MgCl]

400ngml ‘ BSA

Binding buffer I (lOx) : 0.2M Tris.HCl 

40mMKCl 

20mM MgCl] 

O.IM EDTA 

5% NP-40

Binding buffer II (lOx) O.IM HEPES 

0.5MKC1 

10% glycerol

Binding buffer III (lOx) 0.2M Tris.HCl 

40mMKCl 

20mM MgCl] 

50% glycerol 

1% Triton X-100
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dNTP solution : dNTP was supplied as ATP, GTP, CTP and TTP. dNTP (25mM per 

nucleotide) solution was made by mixing equivolumes of each nucleotide solution.

Single stranded oligonucleotide 1 : supplied as solution, at 0.0126nmol pl^

Forward primer 1 : supplied at 0.0154nmol pl^

reverse primer 1 : supplied at 0 .0122nmol pl^

Single stranded oligonucoletide 2 : supplied as a powder and dissolved into 1ml

deionised water, to a concentration of 38.9nmol ml'  ̂

Forward primer 2 : supplied as a powder and dissolved into 1ml

deionised water, to a concentration of 59.4nmol ml'  ̂

Reverse primer 2 : supplied as a powder and dissolved into 1ml

deionised water, to a concentration of 62.1 nmol ml'^

3.6.3 - Synthesis and labelling of dsDNA pool

Production of dsDNA from oligonucleotide 1 : Oligonucleotide 1 (37.8pmol, 3pi stock) 

was incubated with forward primer 1 (46.2pmol, 3pi stock), dNTP’s (final concentration 

5pM, 2pl stock), Klenow (lOunits, Ipl stock) and Klenow buffer (Ix, 2pl stock) in a 

total volume of 20pl for 4 hours at 4°C, after which the enzyme was irreversibly 

denatured by heating to 70°C for 5mins.

Production of dsDNA from oligonucleotide 2 : This was done in an analogous fashion to 

oligonucleotide 1 using single stranded oligonucleotide 2 (116.7pmol, 3pi of stock) and 

forward primer 2 (178.2pmol, 3pl of stock).

Purification : To the reaction mixture -1/5 of a volume of Ficoll loading buffer was 

added and the whole reaction loaded onto an agarose gel (3% with a 1% agarose insert 

towards the anode) in IxTBE. These gels were constructed by firstly casting a 3% 

agarose gel, once the gel was set a section of the gel was removed and filled with 1% 

agarose (Figure 3.10).
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Figure 3.10 - 3% agarose gel with a 1% agarose insert. 

Wells 1% Agarose

3 % Agarose0

The gel was run at lOOV (lOVcm’ ) until the dsDNA was into the 1% insert, the band 

was then excised.

Extraction : The DNA was extracted using a Microcon microconcentrator with gel 

nebuliser. The microconcentrator was placed into a 1.5ml eppendorf and the nebuhser 

components inserted into the sample reservoir, the gel section are then placed into the 

nebuhser and forced through the microconcentration components by centrifugation (14 

OOOrpm, 3500 x g, 12min). Once completed the buffer was removed by centrifuging (14 

OOOrpm, 3500 x g, 7-8min) approximately 1ml of deionised water through the apparatus. 

The DNA was then recovered by inverting the microconcentrator into a clean eppendorf 

and centrifuging (6 OOOrpm, 1500 x g, 4min). The resulting solution was freeze dried 

and resuspended in deionised water (1.5ml).

Endlabelling : dsDNA (5|xl) was mixed with ATP (lOpCi, Ipl, 3.2pmol),

unlabelled ATP (50pmol, Ipl), T4PNK (20units, 2pl) in T4PNK buffer (Ix, Ipl). The 

total volume adjusted to lOpl with deionised water and the reaction incubated (37°C, 

lOmin). The enzyme was then deactivated using EDTA (5pl of a 0.2M solution) and the 

radiolabelled dsDNA isolated using a microconcentrator and micropore EZ enzyme filter. 

Once isolated the dsDNA was diluted with deionsed water to the required volume.

3.6.4 - Selection by gel retardation

Binding reactions: Radiolabelled dsDNA (-lOOOcpm) was incubated with various 

concentrations of peptide 1 for 30min in binding buffer I (Ix, Ipl), 4°C. The peptide 

concentrations used ranged from 0.17pM to 1.7pM (dilutions were made from stock and 

Ipl added to each reaction to obtain the desired concentration).
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Electrophoresis : Loading buffer (-1/5 of a volume) was added to the reactions which 

were loaded onto the top of an 8% acrylamide gel (IxTBE, 4°C) and electrophoresed 

using an Anachem V2-D2 vertical gel running apparatus (2Vcm'\ ~20hr). 

Electrophoresis using a 15% gel was also attempted.

Autoradiography : The gels were autoradiographed in a light cassette with an 

intensifying film (4°C, 20-70hr)

3.6.5 - Extraction and amplification of selected dsDNA from oligonucleotide 1

Extraction : The desired bands were excised from the gel, crushed and incubated with 

elution buffer (3-4 volumes) overnight at 37°C. The dsDNA was isolated using a 

microconcentrator with a gel nebuliser. The resultant solution was then freeze dried and 

resuspended into 200-300p.l of deionised water.

Amplification : Into a sterile eppendorf was placed reclaimed dsDNA (5|il), the forward 

primer 1 (46.2pmol, 3|xl), the reverse primer 1 (48.8pmol, 4pl), dNTP’s (5|xM, 2|xl), Taq 

polymerase (5units, Ipl) in polymerase buffer (Ix, 2pl), in a total volume of 20pl, and a 

layer of mineral oil was added. Amplification was attempted in a Hybaid Omn-E thermal 

cycler through the temperatures 94°C (Imin), 50°C (Imin), 72°C (Imin) 15 times. The 

mineral oil was then removed. 3% agarose gel electrophoresis did not indicate the 

presence of dsDNA. The PCR was repeated using several different conditions but none 

of the conditions attempted produced detectable amounts of dsDNA.

3.6.6 - Oligonucleotide 2

The second DNA hbrary was synthesised in an analogous fashion to the first and 

PCR using the thermal cycle outlined above was proved to be successful. The pool was 

then endlabelled (as before) and selection using gel retardation attempted. Gel 

retardation was attempted using peptide 1 in binding buffer I. These experiments 

indicated that the library was more efficiently purified but no shift was detected under 

these conditions. The experiment was repeated using various conditions. Binding buffer 

II and III were utilised. Altering the applied voltage (in the range of 2-20Vcm’̂ ) and 

therefore the length of the electrophoresis was attempted. The incubation time was 

extended to Ihr and attempts at rt and 0°C were made. The percentage of the acylamide 

gel was altered (6 , 10 and 15%). None of the variations tested produced a detectable 

shift.
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Chapter 4

Binding of peptides 1 and 2 to the API and CREB/ATF sites by

gel retardation assay

4.1- Aim

In order to analyse further the lack of a detectable gel shift in the in vitro 

selection work, peptides 1 and 2 (Figure 4.1) were assessed for binding to a defined 

sequence. The aims of the work presented in this chapter are to use gel shift assays to 

assess binding of peptide 1 to DNA containing the native GCN4 binding sites, 

CREB/ATF and API, and to compare this binding to the binding of peptide 2 to the 

same DNA sequences.

Figure 4.1 - Peptides 1 and 2.

Peptide 1 :

GG DPAAL KRARN TEAAR RSRAR KLORM KO GGC

Peptide 2 :

( H iN -D P A A L  K R A R N  T E A R R  R S R A R  K L O R M  K O G G C -C O N H . )z
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4.2 - Background

When using a defined DNA sequence gel retardation assays can provide 

information about a wide range of properties. The technique was first described by Freid

and Crothersfl]. In this early work, the binding of lac repressor to plasmid DNA 

containing more than one possible binding site was examined. By increasing the 

concentration of protein they produced a simple ladder of DNA bands where the band

with the highest migration was free DNA and DNA bound by 1, 2, 3, n protein

tetramers produces 8 retarded bands. From this it could be inferred that the DNA being 

studied contained 8 DNA binding sites, ie n=8. Gel retardation assays have since found 

many other applications. Many proteins bind DNA as part of a larger assembly and it is 

possible to examine the order of recruitment of proteins into this assembly and, in some 

cases, the cooperativity of this binding. The interactions between different subunits of 

DNA binding proteins can also be examined using gel shift assays. This is clearly shown 

with the basic region leucine zipper protein GCN4. Full length GCN4 incubated with 

DNA, containing one binding site, produces two bands, one corresponds to free DNA 

and the other corresponds to bound DNA. If full length GCN4 is incubated with a 

truncated form four bands of DNA are observed, these correspond to i) full length 

GCN4:full length GCN4 dimer bound to DNA, ii) full length GCN4:truncated GCN4 

dimer bound to DNA, iii) truncated GCN4:truncated GCN4 dimer bound to DNA and

iv) free DNA^^l An extension of this is the identification of homo vs heterodimer 

formation. Gel shift assays of Fos and Jun oncoproteins, bound to their DNA 

recognition sites, reveals Fos-Jun heterodimer formation in preference to homodimer

formation

In addition to these applications, when using an acrylamide matrix, it is possible 

to separate DNA that contains bends, either intrinsic or those caused by ligand binding. 

The site and magnitude of the bend determines the migration. As the magnitude of the 

bend increases the speed of migration decreases, until an angle of %120° is reached 

afterwhich no changes in mobility are observed. If these bends are situated close to the 

centre of a DNA fragment they will cause a greater retardation in mobility than if they 

are situated towards the end of the fragment. Due to this phenomenon it has been 

possible to examine protein induced bending of DNA, the site, magnitude and direction
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of bends induced by protein bending have all been investigated. There is now some 

debate as to the interpretation of these results, with some reports suggesting that the

Fos/Jun dimer does induce bending upon bindingt^] ^nd others suggesting that the DNA

remains essentially lineart^].

Another important use of gel retardation assays is to assess binding constants. In 

order to calculate the binding constant a titration is performed with a series of reactions 

containing increasing concentrations of binding species and a constant amount of 

radiolabelled DNA, containing the site for which binding is required. The reactions are 

incubated to allow binding and electrophoresed to separate the free and bound DNA. 

The relative amounts of free and bound DNA can usually be quantitated by 

microdensitometry of the autoradiograph or by direct scanning of the gel. These values 

can be used to calculate the dissociation constant (Kd) using a number of methods, as 

outlined below.

Kd of a binding species is given in Equation 4.1.

Equation 4.1

Kd= [P][D]

[PD]

where [P] is the concentration of free binding species, [D] is the concentration of free 

DNA, [PD] is the concentration of bound species and Kd is the dissociation constant. 

The ratio of bound to total DNA is given in Equation 4.2.

Equation 4.2

0 = bound DNA = [PD]

total DNA [PD] + [D]

where [PD] and [D] are defined as before and 0 is the ratio of bound to total DNA. If 

we rearrange Equation 4.1 to give [PD], substitute this into Equation 4.2 and simplify 

we get Equation 4.3.
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Equation 4.3

0 = [P]

[P] + [KJ

where [P], 0 and Kd are defined as above. These experiments are performed with 

peptide concentrations at least 10 fold higher that those of DNA and therefore [D] is 

very much smaller than [?]. Under these conditions [?]%?%, where Ft is the total peptide 

concentration.

The data produced by a gel shift titration can be presented in a number of ways.

This is illustrated by the work of Okagami et for GCN4 basic region monomers 

covalently linked by a chiral template, as discussed in chapter 1. Figure 4.2 shows a plot 

of 0 against [?].

Figure 4.2 - Plot of 0 against [P]t^]
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This graph forms a rectangular hyperbola. Kd is the peptide concentration at 0 = 0.5. In 

order to more accurately determine this peptide concentration at which 0 = 0.5 the data 

is usually plotted as 0 against log [P], which is sigmoid (as shown in Figure 4.3, log [P] 

is calculaed based on [P] in pM).
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Figure 4.3 - Plot of 0 against log [P][^]
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From this graph it is possible to determine IQ, at 0 = 0.5, as 0.26nM.

For peptides that are only assessed at one peptide concentration it is still possible 

to determine IQ using Equation 4.4, where (free) and (bound) are taken directly by 

quantitation of the gel bands and [P] is assumed to equal Pj, as before.

Equation 4.4

Kd = [P] (free)

(bound)
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4.3 - Results and Discussion

4.3.1 - Design and synthesis of a DNA probe containing the API site

In order to accurately compare the work presented here with that of Talanian et

fl/[7] we assessed the binding of peptides 1 and 2 to the dsDNA sequence used in their 

study (shown in Figure 4.4).

Figure 4.4 - dsDNA probe containing API site, shown underlined.

5’ C G G A T G A C T C A T  T T T T T T T C  
3’ G C C T A C T G A G T A  A A A A A A A G

The two complementary single stranded oligonucleotides were radiolabelled at the 5’ end 

with "̂P from [y-^'P] ATP using T4PNK at 37 °C in a phosphate exchange reaction, 

excess [y-^^P] ATP was then removed and the strands annealed. The annealed dsDNA 

was purified from the unannealed ssDNA using an acrylamide gel. The probe was 

efficiently recovered from the gel slice, after band excision, by soaking overnight in 

ammonium acetate buffer and precipitation with ethanol.

4.3.2 - Gel retardation assav of peptide 2 with the API site

Endlabelled probe was incubated with various concentrations of peptide 2 for 

40min at 4°C (in binding buffer I). After incubation the reaction mixtures were 

electrophoresed through an acrylamide gel to separate the free and bound DNA. The gel 

was then dried and quantitated, by direct scanning of the gel, in order to determine the 

binding constant. A typical gel retardation assay for peptide 2 is shown in Figure 4.5.
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Figure 4.5 - Gel retardation assay of peptide 2 with the API site, at 4°C. Lane 1 
contains no peptide, lanes 2, 3 and 4 contain peptide 2 (0.029, 0.29 and 2.9pM).

Lane 1 2  3 4
Peptide 2 (pM) - 0.029 0.29 2.9

This assay clearly demonstrates, from the control DNA lane, that the double stranded 

probe is efficiently cleaned up and recovered (with only small amounts of residual 

ssDNA and [y-^'P] ATP). It is also clear that, as expected, peptide 2 does bind to DNA 

containing the API site a t 4 ° C and it exhibits one bound and one free DNA band. 

Different binding buffers were also examined (as listed in the experimental section). 

Binding buffer II produced excessive smearing but the others produced assays similar to 

the one shown above. The bound and free DNA was quantified at a concentration of 

0.29nM and the Kj calculated, using Equation 4.4, to be O.ISnM (I50pM). This value is

lower than the value of I.45nM quoted in the literature for a similar peptide[^3, as shown 

in Table 4.1. The experiment was repeated at 20°C, at this temperature peptide 2 does 

not display any binding to the DNA (data not shown). Again this is expected based on 

previous workC^L

4.3.3 - Gel retardation of peptide 1 with the API site

The binding of peptide 1 to the API site was measured in an analogous fashion to 

peptide 2. Various peptide concentrations were incubated (40min) with endlabelled 

probe (in binding buffer I) at either 4 or 20 ° C. Electrophoresis of the reaction mixtures 

of peptide 1 assessed with DNA containing the API site produced some interesting 

results. A typical gel retardation experiment performed at 4 ° C is shown in Figure 4.6.

104



Figure 4.6 - Gel retardation assay of peptide 1 with the API site, at 4°C. Lane 1 
contains no peptide, lanes 2 to 11 contain peptide 1 (0.6, 1.2, 2.9, 3.8, 4.7, 5.9, 8.9, 12, 
29, 59pNi)

Band A

Band B

Free DNA

Lanes 1 2 3 4 5 6 7  8 9  10 11
Peptide 1 (pM ) - 0.6 1.2 2.9 3.8 4.7 5.9 8.9 12 29 59

Firstly it is clear that peptide 1 does bind DNA. The work outlined in chapter 3 

seemed to suggest that peptide 1 did not bind, but it is evident from the autoradiograph 

above that it does. The most likely reason for these contradictory results is the use of 

different binding buffers. In the in vitro selection work a buffer without glycerol was 

used therefore a glycerol loading buffer was required, which was added after incubation, 

and probably disrupted binding prior to gel loading.

The autoradiograph above displays two bound DNA bands and one free band. 

The more highly retarded band (band A) is of a comparable mobility to the band from 

peptide 2 (although a small increase in migration is observed) and there is another band 

(band B) that exhibits intermediate mobility. The two bands could be a result of several 

different types of protein/DNA interactions. If both bands arise from binding of peptide 

1 then either specific binding of the peptide in two different conformations, non-specific
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binding in two different conformations or one specific and one non-specific interaction 

are possible.

However, the bands could alternatively be due to specific or non-specific binding 

of a monomeric peptide (e.g. peptide 8, Figure 4.7). It seems reasonable to assume, 

based on mass consideration, that band A is due to binding of peptide 1 and band B is 

due to binding of peptide 8 but further experiments were necessary to prove this.

Figure 4.7 - Peptide 8.

O
^ G G  DPAAL KRARN TEAAR RSRAR KLORM KO GGC 
N 
H

As shown in Figure 4.8, repeating the assay with the API site at 20 °C indicated that 

peptide 1 is still able to bind at this temperature. This is clearly different to peptide 2, 

which does not produce a detectable shift at higher temperatures.

Figure 4.8 - Binding of peptide 1 at 20 ” C. Lane 1 contains no peptide. Lanes 2-7 
contain peptide 1 (0.6, 1.2, 2.9, 3.8, 4.7, 5.9pM)

Lanes 7 6 5 4 3 2 1
Peptide 1 (pM) 5.9 4.7 3.8 2.9 1.2 0.6 -

Another important feature of the assay with peptide 1 is the large amounts of 

radiolabel in the wells of the gel and the general smearing of the bands at higher peptide 

concentrations. At higher peptide concentrations the peptide is only partially soluble and 

precipitated in the wells of the gel. Since dsDNA probe was associated with the peptide 

when it precipitates a radioactive band is observed. As the peptide redissolves it enters
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the gel, but not as a discrete band, causing smearing. This problem was alleviated 

slightly by addition of detergent into the reaction buffer, which presumably disrupts (to 

an extent) the hydrophobic interactions which may cause peptide aggregation. However, 

some precipitation persists.

4.3.4 - Design and synthesis of a DNA probe containing the CREB/ATF site

Schepartz et investigated the binding of GCN4 dimers, dimerised through 

Fe(II) complexes, to the dsDNA probe shown in Figure 4.9, which contains the 

CREB/ATF site. It was decided to use this sequence when assessing the binding of 

peptides 1 and 2 .

Figure 4.9 - dsDNA probe containing the CREB/ATF site, shown underlined.

5 ’ A G T G G A G A T G A C G T C A T C T C G T G  

3 ’ T C A C C T C T A C T G C A G T A G A G C A C

The two complementary single stranded oligonucleotides were labelled at the 5’ end with 

^'P, in an exchange reaction analogous to that of the API site. The reaction was carried 

out at 35 °C for Ihr, as opposed to 37 °C, since this seemed to yield higher label 

incorporation for this probe. Once labelled excess [y-^“P] ATP was removed and the 

strands were annealed. The dsDNA probe was then isolated and purified using a 

Quickstep® PCR purification kit, as purification by gel electrophoresis and subsequent 

excision proved unsuccessful.

4.3.5 - Gel retardation assav of peptide 2 with the CREB/AFT site

The endlabelled CREB/ATF probe was incubated (40min) with various 

concentrations of peptides 2 at 4 ° C, 20 ° C or 30 ° C, in binding buffer I. After incubation 

the free and bound DNA were again separated using a 6% acrylamide gel and the gel 

dried and quantitated in order to measure the binding constant. Typically the gel 

retardation experiments yielded autoradiographs very similar to those observed for the 

API site. The control lane dsDNA was relatively free of both ssDNA and [y-^^P] ATP, 

indicating an efficient purification procedure. The autoradiographs show one bound and
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one free dsDNA band. The gel bands were again quantitated and Equation 4.4 used to 

calculate as l.OnM. This is in good agreement with the value of 0.96nM cited

p r e v i o u s l y b u t  is lower than that obtained for the API site. This is in direct

contradiction to the previous workt^l, which indicates that peptide 2 has a higher affinity 

for the CREB/ATF site than the API site. As expected no binding was observed for 

peptide 2 at either 20 or 30 ° C.

4.3.6 - Gel retardation assay of peptide 1 with the CREB/ATF site

Experiments with peptide 1 and the CREB/ATF site were performed in an 

analogous fashion to those outlined above. As shown in Figure 4.10, the 

autoradiographs display the same features as those outlined for the API site. They 

display three bands of dsDNA (two of bound dsDNA, a higher band (band A) and an 

intermediate band (band B), and one of free dsDNA) and at higher peptide 

concentrations large amounts of precipitation and smearing were again observed.

Figure 4.10 - Gel retardation assay of peptide I with the CREB/ATF site, at 4°C . Lane 
1 contains no peptide, lanes 2 to 11 contain peptide 1 (0.6, 1.2, 2.9, 3.8, 4.7, 5.9, 8.9, 
12pM)

Band A

Band B

Free DNA

Lanes 9 8 7 6 5 4 3  2 1
Peptide 1 (pM) 12 8.9 5.9 4.7 3.8 2.9 1.2 0.6 -
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Incubation at 20 and 30 ° C reveals that peptide 1 binds to the CREB/ATF site, as shown 

in Figure 4.11. Examination of these gels suggests that as the temperature increases 

peptide binding requires a higher peptide concentration, from this we can infer that at 

higher temperatures peptide 1 has a higher Kd.

Figure 4.11 - Binding of peptide 1 to the CREB/ATF site at 20 and 30 ° C. In both cases 
lane I contains no peptide and lanes 2-7 contain peptide 1 (0.6, 1.2, 2.9, 3.8, 4.7, 
5.9pM).

20°C

Lanes 1 2 3 4 5 6 7
Peptide 1 (pM) - 0.6 1.2 2.9 3.8 4.7 5.9

30°C

1 2 3 4 5 6 7
- 0.6 1.2 2.9 3.8 4.7 5.9

4.3.7 - Gel retardation of peptides 1 and 2 with dsDNA which contains no specific 

GCN4 binding site

In order to examine if peptides 1 and 2 bind to dsDNA in a specific or non

specific manner both peptides were assessed on a dsDNA probe that did not contain a 

specific binding site for GCN4 (Figure 4.12).

Figure 4.12 - dsDNA probe that does not contain a specific GCN4 binding site

5’ GACTGACTGACTGACTGACT 
3 ’ CTGACTGACTGACTGACTGA

The double stranded probe was prepared in an analogous fashion to the probe containing 

the CREB/ATF site; the two strands were endlabelled with [y-^'P] ATP in a phosphate 

exchange reaction (again it was found that incubation at 35 ° C, rather than 37 ° C, yielded 

higher incorporation of the radiolabel), annealed and purified using a QuickStep® PCR
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purification kit. Radiolabelled probe was incubated with various concentration of 

peptide 1 and 2 and the free and bound dsDNA separated on a 6% acrylamide gel. A 

typical gel is shown in Figure 4.13.

Figure 4.13 - Gel retardation experiment using dsDNA that does not contain a specific 
GCN4 binding site. Lane 1 contains peptide 2 (0.29pM), lane 2 contains no peptide, 
lanes 3 and 4 contain peptide 1 (1.2 and 3.8pM).

Band B

Free DNA

Lanes 1 2  3 4
Peptide 2 (pM) 0.29 - - -
Peptide 1 (pM) - - 1.2 3.8

From these experiments it is obvious that peptide 2 does not bind to dsDNA that does 

not contain a specific GCN4 binding site. This lack of non-specific binding indicates that 

peptide 2 is binding in a specific manner, as expected from the results of Talanian et

alX^^ and others. Peptide 1 does seem to bind in a non-specific manner. The retarded 

band is of comparable mobility to band B from the experiments with the API and 

CREB/ATF sites. In light of this, it is not unreasonable to assume that band B observed 

in the specific experiments is due to non-specific binding, either of peptide 1 or of the 

monomer peptide 8, and that band A is due to specific binding, again either of peptide 1 

or peptide 8.

4.3.8 - Binding experiment in the presence of DTT

In order to establish whether the binding observed is due to peptide 1 or peptide 

8 experiments with dithiolthreitol (DTT) were performed. DTT is a disulphide bond 

reducing agent, therefore incubation of peptide 1 should result in reduction of the dimer 

to the monomer peptide 8. Peptides 1 and 2 were incubated with various concentrations
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of DTT, at 30 X  for 30min, into this reaction was added dsDNA probe containing the 

CREB/ATF site, prepared as outlined above. After incubation at 4 X  for 40min the 

bound and free dsDNA were separated on a 6% acrylamide gel (Figure 4.14).

Figure 4.14 - Gel retardation experiment of peptides 1 and 2, that have been 
preincubated with DTT, and dsDNA containing the CREB/ATF site. Lane 1 contains 
peptide 2 (2.9pM) preincubated with DTT (IGOnM), lanes 2, 3 and 4 contains peptide I 
(5.9pM) preincubated with DTT (100, 10 and 1 nM) and lane 5 contains no peptide.

BandB

Free DNA

Lanes 1 2  3 4 5
Peptide 2 (pM) 2.9 - - - -
Peptide 1 (pM) - 5.9 5.9 5.9 -
DTT (nM) 100 100 10 1 -

As expected, preincubation with DTT totally abolishes binding of peptide 2 to the 

dsDNA. Preincubation of peptide 1 results in a species which is capable of binding to 

dsDNA. The autoradiograph indicates two bands of dsDNA, one of free DNA and one 

of bound DNA. The bound band has the same mobility as band B, as the concentration 

of DTT is increased the intensity of this band increases. The simplest explanation for this 

is that band A is due to peptide 1 binding and, in the presence of DTT, peptide 1 is 

depleted as it is reduced to peptide 8. Band B is due to binding of peptide 8 so as the 

DTT concentration is increased the concentration of peptide 8 increases and the band 

becomes more intense.

From the experiments with non-specific DNA we have already established that 

band A is due to specific binding and that band B is due to non-specific binding. It 

therefore seems likely, in light of the DTT experiments, that peptide 1 binds in a specific 

fashion and peptide 8 binds in a non-specific fashion. Non-specific binding of peptide 8 

was further confimned by canying out DTT titrations of peptide 1 with non-specific 

dsDNA. In these experiments only band B and the free dsDNA band were observed
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(data not shown). Again, the intensity of band B increases as the DTT concentration 

increases.

4.3.9 - Calculation of Ka for peptide 1

Experiments with non-specific dsDNA and DTT have confirmed that the highly 

retarded band (band A) in experiments with dsDNA containing the CREB/ATF and API 

sites is due to specific binding of peptide 1. The gels were then quantitated and 0 was 

plotted against log[P] for each potential binding site (see Appendix 2). Due to the 

difficulties with precipitation observed in these experiments it was not possible to use 

concentrations of peptide high enough to accurately determine 0 = 0.5. It was therefore 

decided to calculate Kd using a plot of 1/0 against 1/[P], this plot should be linear with a 

slope of Kd (see appendix 2). Linear regression of these graphs gave Kd at the API site 

as 25±6pM and at the CREB/ATF site as 28±8pM. These values are compared to the 

values for peptide 2 and other related peptides taken from the literature (Table 4.1).

Table 4.1 - Comparison of Kd of peptide 1 with that of peptide 2 and two related 
peptides.

Peptide Kd (pM)

Peptide 1
Peptide 2 ( d p a a l k r a r n t e a a r r s r a r k l q r m k q g g c )2

(DPAALKRARNTEAARRSRARKLQRMKQC)2^^^ 

(SAALKRARNTEAARRSRARKLQRMKQGGC)2^^^

Values cited for peptides indicated with (a) are taken from the work of Schepartz et

It is clear from this table that the exact amino acid composition of the peptide, even at 

the ends of the sequence, does play an important role in determining the Kd of a peptide, 

and possibly the specificity. It is also clear from these values that peptide 1 displays a 

higher affinity for both binding sites than peptide 2 and the two related peptides.

API CREB/ATF

25 28
150 1000
1450 250
14500 960
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4.4 - Summary

Peptide 2 displays the expected binding profile, it specifically binds to the 

CREB/ATF and API sites with comparable affinity to that reported previously (as 

indicated by Kd). In addition to this when peptide 2 is reduced, using DTT, to peptide 7 

this peptide monomer does not bind dsDNA.

Peptide 1 binds specifically to the CREB/ATF and API sites to produce a 

retarded band with comparable mobility to the band observed when peptide 2 specifically 

binds to dsDNA. In addition to this the Kd of peptide 1 is considerably lower than 

peptide 2. In light of these two facts it is not unreasonable to assume that the peptide 

section of peptide 1 is binding and imparting the desired specificity and the acridine is 

associating with the dsDNA to increase affinity. Exactly how the acridine is binding to 

DNA remains to be determined. The high intercalative ability of acridine would suggest 

that it is probably intercalated, although we have no direct evidence of this. Alternatively 

the acridine could be associating with the exterior of the helix in a primarily electrostatic 

way. In addition to the mode of acridine binding it would also be of interest to determine 

the site of binding. It is possible that the acridine binds at base pairs immediately 

adjacent to the binding site, as observed with triplex forming oligonucleotides. 

Alternatively, since the linker is relatively long, it is possible that the acridine binds to 

base pairs slightly further away.

The slight difference observed between the mobility of the peptide 1/dsDNA 

complex and the peptide 2/dsDNA complex is unsurprising considering the factors that 

determine mobility. As mentioned in chapter 3, the magnitude of retardation displayed 

by a peptide/DNA complex depends on many factors. Firstly it depends on differences in 

charge between the free and bound species, in the case of peptides 1 and 2 there would 

be a difference in charge of 2 protons, due to protonation at this pH of the acridine rings 

of peptide 1, therefore the dsDNA/peptide complexes would have a difference in charge 

which may have some effect on their mobilities. Secondly, the magnitude of retardation 

depends on the mass of the dsDNA/peptide complex, in the case of peptides 1 and 2 

there is a difference in molecular weight of 948Da, therefore there would be a 

corresponding difference in the molecular weight of the peptide/dsDNA complexes. 

Peptide 1 has a higher molecular weight than peptide 2, so based on mass alone it might 

be expected that the peptide 1 complex would be slightly more retarded, it is in fact
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slightly more mobile. Finally retardation is dependant on the conformation of the 

dsDNA/peptide complex. If both the peptide and acridine sections of peptide 1 are 

binding, as seems to be the case, it would not be unreasonable to assume the 

conformation of the two complexes would be different. The exact affect of each of these 

effects is difficult to determine, and the difference in retardation between the two 

dsDNA/peptide complexes is probably a result of a combination of all three of these 

factors acting together.

Monomer binding is another interesting result to come out of this work. It was 

generally accepted that a peptide based on the basic region of the bZip motif would not 

bind as a monomer, only as a dimer, but recent work has cast doubt on this assumption.

Work by Park et has suggested that the vJun basic region monomer can bind to

the DNA half site, in a sequence specific manner. In support of this is the finding by

Morii et that the GCN4 basic region can bind DNA as the monomer. Monomer

binding in these cases is specific, but very sensitive to temperature and peptide 

concentration. Binding of peptide 8 is non-specific and less sensitive to changes in 

temperature and peptide concentration. Since peptide 7 does not bind, binding of 

peptide 8 is probably a direct result of acridine binding. One possible explanation for 

this lack of specificity is that addition of the acridine produces a peptide that has a high 

non-specific affinity for dsDNA (due to the high non-specific affinity of acridine for 

dsDNA) so that any specific binding of the peptide is disrupted and/or masked by the 

non-specific binding. It is probably a result of acridine intercalation but again this can 

not be determined using gel retardation experiments.

4.5 - Future work

The exact nature of the association between peptides 1 and 8 and the dsDNA is 

an area which requires further examination in the future. An important first step would 

be to determinE the mechanism by which the acridine binds to dsDNA, for both peptides 

1 and 8 . A prerequisite for this is to identify the origins of peptide 8 in the system. The 

conditions used for the binding assay would probably not cause peptide 1 to degrade into 

peptide 8 , which would therefore suggest that peptide 8 is a contaminant from the 

peptide synthesis. Since peptide 8 is not synthesised as an intermediate in the synthesis

114



of peptide 1 it must be a by product of the reaction of peptide 4. Unfortunately the 

HPLC trace of peptide 1 displays only one peak and when examined using electrospray 

mass spectrometry only the ion series of peptide 1 is observed. The electrospray mass 

spectra were obtained on a quadrupole machine which would mean that the ion series of 

peptide 8 would be masked by the ion series of peptide 1. A more sensitive machine 

might detect the ion series of peptide 8 from that of peptide 1, and therefore confirm its 

presence in the original mixture. If present in the original mixture, it might be possible to 

alter the HPLC conditions in order to more effectively separate the two peptides.

Once peptides 1 and 8 can be efficiently separated it would be possible to use 

complementary techniques, such as CD spectroscopy or fluorescence quenching, to 

examine how the peptide binds to dsDNA.
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4.6 - Experimental[^

4.6.1 Materials (molecular biology grade) : In addition to those listed previously in

chapter 3.

Buffer reagents NH4OAC Sigma

Tween 80 Fluka

Oligonucleotides Cruachem

(purchased desalted after synthesis and supplied as lyophilised powder)

Miscellaneous Ethanol (absolute) BDH

G25 Sephadex spin columns Pharmacia

Quickstep® PCR purification kit Edge Biosystems

4.6.2 - Stock solutions and buffers : In addition to those listed previously in chapter 3.

Markers (2x) : 0.25% bromophenol blue 

0.25% methyl xylene 

50% glycerol

Elution buffer : 0.5M NH4OAC

ImM EDTA (pH 8.0)

Binding buffer I (lOx) : 200mM Tris.HCl (pH 7.5)

40mM KCl 

20mM MgCE 

20mM EDTA 

10% Tween 80 

50% glycerol

116



Binding buffer II (lOx) : 400mM Tris.HCl 

80mM KCl 

40mM MgCB 

40mM EDTA 

1% Tween 80

Binding buffer III (lOx) lOOmM HEPES 

500mM KCl 

10% glycerol 

5mg ml'  ̂BSA

Binding buffer IV (5x) : 125mM TrisHCl (pH 7.5) 

25mM KCl 

25|LiMZnCl2 

50% glycerol

Stock solution of Peptide 1, in deionised water (as determined in chapter 2) 12pM

Drug dilutions of 1.2)liM, 120pM, 12pM and 1.2pM were made by successive 

dilutions from stock, in deionised water.

Stock solution of Peptide 2, in deionised water (as determined in chapter 2) 0.29nM

Drug dilutions of 29pM, 2.9pM and 0.29pM were made by sucessive dilutions 

from stock, in deionised water.

Oligonucleotide concentrations, CREB strand 1: 13.8p,M solution (in water)

strand 2: 19.9pM solution (in water)

API strand 1: I7.8p,M solution (in water)

strand 2: 14.6j-iM solution (in water)

Non-specific strand 1: 18.5p,M solution (in water)

strand 2: 20.6pM solution (in water)

DTT stock lOOmM - Dilutions of ImM, lOOnM, lOnM and InM were made by 1 in 

100 and 1 in 10 dilutions from stock, in deionised water.
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Cerekov counting is achieved by placing lp,l of the solution into a scintilation vial and 

counting the activity (using a Beckmann scintilation counter set at an energy window of 

O-lOOOKeV) without adding any scintilate.

Gels were dried using a BioRad gel dryer at 70 ° C for Ihr.

4.6.3 - API site

4.6.3a - Production of endlabelled oligonucleotide probe

Endlabelling : Single stranded oligonucleotide (lp.1 of stock, 17.8 or 14.6pmol) was 

combined with [y-^'P] labelled ATP (50pCi, 5p,l, 16pmol) and T4PNK (lOunits, 2pl) in 

T4PNK buffer (Ix, lp,l). The total volume adjusted to lOp.1 in deionised water and the 

reaction incubated (30°C, Ihr). Excess [y-^“P] labelled ATP was then removed by 

centrifugation (3 GOOrpm, 753xg, 2min) using a 025 Sephadex spin column.

Annealing : After [y-^“P] labelled ATP removal, the two complementary oligonucleotide 

strands were mixed and heated to 90°C for 5min. The mixture was allowed to cool to 

room temperature over Ihr.

Purification : Glycerol loading buffer (%l/3 volumes) was added and the unannealed 

ssDNA and the annealed dsDNA were separated on a 10% acrylamide gel (IxTBE, 4°C, 

lOVcm \  3hr) that had been preelectrophoresised (lOVcm \  Ihr). The bands were 

visualised using autoradiography (60s) and the appropriate band excised from the gel. 

Recovery of dsDNA : The gel slice was cut and crushed into an eppendorf and elution 

buffer (500pl, %3-4 volumes) was added. The mixture was incubated overnight at 30°C 

with gentle agitation. The supernatant was then removed and the gel slice rinsed with 

elution buffer (400p.l, 30°C, Ihr).

Precipitation : The supernatants were pooled and split into 300pl portions, ice cold 

ethanol (absolute, 1ml, %3-4 volumes) was added and the mixture chilled (-70 °C, 

30min). The precipitated dsDNA was pelleted by centrifugation (14 OOOrpm, 4°C, Ihr) 

and the supernatant discarded. The pellet was rinsed with ethanol (500pl, 70%, 

14000rpm, 4°C, 30min) and allowed to dry. The labelled dsDNA was resuspended in 

deionised water (50|Lil) and counted (using Cerekov counting).
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4.6.3b - Gel retardation assay

Binding reactions with peptide 2 ; Radiolabelled dsDNA (%5000cpm, typically l|xl, 

%10fM) was incubated at 4°C with various concentrations of peptide 2 for 30min in 

binding buffer I (Ix, Ipl), adjusted to a total volume of lGp,l with deionised water, at 

4°C. The peptide concentrations ranged from 0.029 to 2.9pM (Ijxl of stock dilutions). 

Additionally, binding reactions in binding buffers II, III and IV were attempted, with a 

peptide concentration of 0.29pM (Ipl of stock dilution).

Binding reactions with peptide 1 ; Radiolabelled dsDNA (%5000cpm, typically lp.1, 

=10fM) was incubated with various concentrations of peptide 1 for 30min in binding 

buffer I (Ix, Ipl) and the total volume adjusted to lOp.1 using deionised water. The 

reactions were incubated at either 4 or 20°C. The peptide concentrations ranged from 

0.12 to 59pM (1 to 7.5pl of stock dilutions).

Electrophoresis : Electrophoretic separation of the free and bound bands was carried out 

using a 6% acrylamide gel (l/2xTBE, 4 ° C). For reactions incubated at 4 ° C the gel was 

preelectrophoresed at lOV cm '\ 4 ° C for Ihr and for reactions incubated at 20 ° C the gel 

was preelectrophoresed at lOV cm ’, rt for 5min. The reactions were loaded onto the 

top of the gel, with lanes of bromophenol blue/methyl xylene as markers, and 

electrophoresed (lOV cm ’, 2hr) using an Anachem V2-D2 vertical gel running 

apparatus.

Autoradiography : The gels were dried and autoradiographed using (X-Omat)AR film in 

a light cassette with an intensifying screen (-70°C, overnight). The film was developed 

using a Fugi RG2 X-ray processor.

Quantitation : Gels were quantified using a BioRad-FX molecular imager.

4.6.4 - CREB/ATF site

4.6.4a - Production of endlabelled oligonucleotide probe

Endlabelling : Single stranded oligonucleotide (Ipl of stock, 13.8 or 19.9pmol) was 

combined with labelled ATP (50pCi, 5p.l, 16pmol) and T4PNK (lOunits, 2pl) in
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T4PNK buffer. The total volume was adjusted to lO îl with deionised water, and the 

reaction incubated (35°C, Ihr).

Annealing : The 2 complementary oligonucleotide strands were mixed and heated to 

90°C for 5 min. The mixture was allowed to cool to room temperature over Ihr. 

Purification : The reaction mixture was purified using a PCR clean up protocol and 

counted using Cerekov counting.

PCR clean up protocol : The unannealed ssDNA was removed from the mixture by 

addition of lOfil of SOPE resin. After 5min the dsDNA was recovered by centrifugation 

through a Sephadex column (3 OOOrpm, 750xg, 2min), which removes excess [y-^^P] 

ATP, salts and the ssDNA/resin complex to yield dsDNA in 20p,l water. This was 

further diluted to 100|li1.

4.6.4b - Gel retardation assav

Binding reactions : Radiolabelled dsDNA (%5000cpm, typically lp,l, %10fM) was 

incubated with various concentrations of peptide for 30min in binding buffer I (Ix, lp.1) 

in a total volume of lOp.1, adjusted using deionised water. The reactions were incubated 

at either 4, 20 or 30°C. The peptide concentrations for peptide 1 ranged from 0.59 to 

59pM (1 to 7.5 |xl of stock dilutions) and peptide 2 ranged from 0.029 to 2.9pM (lp,l of 

stock dilutions).

Binding reaction with DTT : Peptide 1 (12pM, 2.5|xl of stock dilution) was incubated 

(30 °C, 30min) with various concentrations of DTT (ranging from 1 to lOOnM, lp,l of 

stock dilution) in binding buffer I (Ix, 1)l i1) in a total volume of 9|J,1, adjusted using 

deionised water Peptide 2 (2.9|iM, Ipil of stock dilution) was also incubated with DTT 

(lOOnM, lp,l of stock dilution) in an anlogous fashion. Radiolabelled dsDNA 

(%5000cpm, typically l|il, %10fM) was added, to make the total volume 10p,l, and the 

reaction incubated (4°C, 40min).

Electrophoresis : Electrophoretic separation of the free and bound bands was carried out 

using a 6% acrylamide gel (l/2xTBE, 4 ° C). For reactions incubated at 4 ° C the gel was 

preelectrophoresed at lOV cm '\ 4°C for Ihr and for reactions incubated at 20 or 30°C 

the gel was preelectrophoresed at lOV cm"% rt for 5 min. The reactions were loaded 

onto the top of the gel, with lanes of bromophenol blue/methyl xylene as markers, and
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electrophoresed (lOV cm % 2hr) using an Anachem V2-D2 vertical gel running 

apparatus.

Autoradiography : The gels were dried and autoradiographed using (X-Omat)AR film in 

a light cassette with an intensifying screen (-70°C, overnight). The film was developed 

using a Fugi RG2 X-ray processor.

Quantitation : Gels were quantified using a BioRad-FX molecular imager.

4.6.5 - Oligonucleotide without a specific binding site 

4.6.5a - Production of endlabelled oligonucleotide probe

Endlabelled non-specific probe was synthesised in an analogous fashion to the probe 

containing the CREB/ATF site (using 1ml of ssDNA stock, 18.5 or 20.6pmol)

4.6.5b - Gel retardation assav

Binding reactions : Radiolabelled dsDNA (%5000cpm, typically lp.1, =10fM) was 

incubated with various concentrations of peptide for 30min in binding buffer I (Ix, lp,l) 

in a total volume of 10|uil, adjusted using deionised water and the reaction incubated 

(4°C, 30min). The peptide concentrations for peptide 1 ranged from 1.2 to 3.8pM (1- 

7.5p.l of stock dilutions) and peptide 2 was assessed at 0.29pM (lp-1 of stock dilution). 

Binding reaction with DTT : Peptide 1 (12pM, 2.5p,l of stock dilution) was incubated 

(30 °C, 30min) with various concentrations of DTT (ranging from 1 to lOOnM, Ijil of 

stock dilutions) in binding buffer I (Ix, Ipl) and the total volume adjusted using 

deionised water to 9pl. Radiolabelled dsDNA (%5000cpm, typically lp.1, ~lGfM) was 

added, to make the total volume 10p,l, and the mixture incubated at 4°C for 40min. 

Electrophoresis : Electrophoretic separation of the free and bound bands was carried out 

using a 6% acrylamide gel (l/2xTBE, 4 ° C). The gel was preelectrophorised at lOVcm \  

4°C for Ihr. The reactions were then loaded onto the top of the gel, with lanes of 

bromophenol blue/methyl xylene as markers, and electrophoresed (lOV cm % 2hr) using 

an Anachem V2-D2 vertical gel running apparatus.
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Autoradiography : The gels were dried and autoradiographed using (X-Omat)AR film in 

a light cassette with an intensifying screen (~70°C, overnight). The film was developed 

using a Fugi RG2 X-ray processor.

122



4.7 - References

[1] M. Freid, D. M. Crothers, Nucleic Acids Res. 9 (1981) 6505.

[2] I. A. Hope, K. Struhl, EMBO J. 6 (1987) 2781.

[3] T. D. Halazonetis, K. Georgopoulos, M. E. Greenberg, P. Leder, Cell 55 (1988) 

917.

[4] T. K. Kerppola, T. Curran, Science 254 (1991) 1210.

[5] A. Sitlani, D. M. Crothers, Proc. Natl. Acad. Sci. USA 93 (1996) 3248.

[6] M. Okagami, M. Ueno, K. Makino, M. Shimomura, I. Saito, T. Morii, Y.

Sugiura, Bioorg. Med. Chem. 3 (1995) 111.

[7] R. V. Talanian, C. J. McKnight, P. S. Kim, Science 249 (1990) 769.

[8] C. R. Palmer, L. S. Sloan, J. C. Adrian Jr, B. Cuenoud, D. N. Paolella, A.

Schepartz, J. Am. Chem. Soc. 117 (1995) 8899.

[9] B. Cuenoud, A. Schepartz, Science 259 (1993) 510.

[10] C. Park, J. L. Campbell, W. A. Goddard III, J. Am. Chem. Soc. 118 (1996) 4235.

[11] T. Morii, J. Yamane, Y. Aizawa, K. Makino, Y. Sugiura, J. Am. Chem. Soc. 118 

(1996) 10011.

[12] J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular cloning, a laboratory 

manual. Cold Spring Harbor Laboratory Press 1989.

123



4.8 - Appendix 2

Binding of peptide 1 to the API site.

As discussed in the background section of this chapter it is possible to determine 

Kd from a plot of 0 against log[P], with Kd equalling the peptide concentration 0 = 0.5. 

Figure 4.15 shows data from three experiments and from this graph it is obvious that, 

since in our experiments 0 does not reach 0.5, it is impossible to use this method. In 

order for 0 to reach 0.5 we would need to increase the peptide concentration 

considerably and this is not possible with peptide 1 since it precipitates at higher 

concentrations.

Figure 4 .1 5 -0  against log [P] for the API site
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It is possible to rearrange Equation 4.3 to give Equation 4.5.

Equation 4.5

1 =  K h +  1

[P]

From this equation it is possible to predict that a plot of 1/0 against 1/[P] should be 

linear with a gradient of IQ, an intercept on the Y axis of 1 and an intercept on the X axis
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of -Kd. When the data from our experiment is plotted as 1/0 against 1/[P] (Figure 4.16) 

the data displays only modest linearity. The gradient of the trendline gives Kd as 

25±6pM.

Figure 4.16 - 1/0 against 1/[P] for binding at the API site
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In an attempt to obtain a more accurate value of Kd it was decided to determine Kd at 

each peptide concentration examined using Equation 4.4 and take the average of this 

value.

Equation 4.4
K. = [P] (free)

(bound)

The results from this, for one set of data, are shown in Table 4.2.

Table 4.2 - Kd determination for peptide 1 at the API site at every peptide concentration 
examined.

[P] (pM) 
1.2 
2.9
3.8 
4.7
5.9
8.9

average

Kd (pM)
35
31
60
43
59
98
54 ± 24pM
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Binding of peptide 1 at the CREB/ATF site

This analysis was also carried out on data from the CREB/ATF site. As before, it was 

not possible to determine Kd from a plot of 0 against log[P] due to the precipitation of 

peptide 1 at higher concentrations.

Figure 4 .1 7 -0  against log [P] for the CREB/ATF site
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In addition to this the plot of 1/0 against 1/[P] also displayed only modest linearity. The 

slope of the trendline gave Kd as 28±8pM.

Figure 4.18 - 1/0 against 1/[P] for the CREB/ATF site
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Determination of IQ using Equation 4.4 at each peptide concentration did not yield a 

more accurate determination of IQ.

Table 4.3 - IQ determination for peptide 1 at the CREB/ATF site at every peptide 
concentration examined

[P] (pM) IQ (pM)
1.2 28
2.9 11
3.8 52
4.7 13
5.9 17
8.9 47

average 28 ± 17pM
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Chapter 5

Steps towards the synthesis of a DNA binding peptide

library

5.1 - Aim

The aim of this chapter is to examine whether the affinity of peptide 1 could be 

further increased by using a different intercalator/linker system. In this chapter the 

synthesis of a library of intercalator/tether systems will be described. In addition to this, 

it will also outline the steps taken to convert this library into a peptide library, that could 

be used to explore how the exact chemical nature of the intercalator and the linker 

affects the overall specificity and affinity of the peptide. The general skeletal design of 

this library is shown in Figure 5.1.

Figure 5.1 - General skeleton design of the intercalator linked peptides.

Linker

Acridine
or

Quinoline

Number
of

methylenes

Urea
or

Amide

Number
of

glycines

Basic regionGlycine
spacers

Tether Connecting
bonds

Intercalator

Once synthesised it was envisaged that the library could be screened using an affinity 

columnC^] or mass spectral techniques
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5.2 - Background

As discussed in chapter 4, addition of an intercalator/linker moiety affects binding 

of the disulphide bridged GCN4 basic region dimer to its DNA binding sites. Peptide 1 

has the GCN4 basic region attached to an acridine, via an undecanoyl tether coupled to a 

two glycine spacer by an amide bond. This peptide has increased binding affinity at both 

the API and CREB/ATF binding sites but retained specificity. In contrast the 

monomeric peptide 8 also binds, but in a primarily non-specific manner.

The effect on DNA binding of adding an intercalator/linker moiety depends on 

the exact chemical nature of the moiety. As outlined in chapter 1, intercalation causes 

DNA distortions, which include unwinding of the DNA helix that leads to lengthening of 

the molecule. Different intercalators cause different amounts of unwinding, between 10

and 26°[5]^ and different amounts of DNA lengthening, between 2-3.7 per intercalated

molecule [4]. Different intercalators also have different affinities for DNAt^], therefore it 

seems reasonable to assume that using a different intercalator should produce peptides 

with different DNA binding properties.

In addition to the effect of the intercalator itself, the type and length of linker 

between the intercalator and the other functional sections has been shown to be 

important. For example, when studying the duplex forming oligonucleotide dTTTT, 

complexed to poly(A), it was found that addition of an intercalating acridine using a C3 

tether increased the melting temperature, and therefore the duplex stability, from <0°C to

16.5°C. The Tm was further increased to 29.7°C when a C5 tether was usedC^l This 

work was extended by addition of an intercalating acridine to the triplex forming

oligonucleotide dTTTTTTTTTTC^l; from this study it was found that the length and 

flexibility of the linker strongly influenced binding of the conjugate. By using various 

linkers it was determined that a linker with 6-13 bonds separating the intercalator from 

the oligonucleotide was optimal and that more flexible linkers, especially those that 

contained urea groups, were better than rigid ones.

In addition to this, the minor groove binding drug distamycin has been coupled to 

acridine through polymethyl tethers that contained C2-4 (as shown in Figure 5.2).
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Figure 5.2 - Acridine coupled distamycin

N - H

CH

O

n=2, 3 ,4

MC2N

DNase I footprinting indicated that all three analogues bound with retained specificity 

but higher affinity than the uncoupled distamycin. Acridine intercalation was confirmed 

by DNA lengthening determined by viscometric measurements. Modelling of the three

complexes indicated that a C3 tether would provide the optimal fitt^].

Further evidence of the importance of the length and composition of the linker 

comes from studies on acridine bis-intercalators. When considering bis-intercalating

compounds it is important to consider the ‘neighbour exclusion principle'[^1. This 

principle is an empirical rule that states only every other possible intercalation site can be 

occupied and, therefore, no base pair can have an intercalator on both sides of it. So that 

a bis-intercalator does not violate this rule the two intercalating sections must be joined 

by linkers long enough to span two base pairs. Studies with bis-intercalators have shown 

that in order for a compound to bis-intercalate the linker must have a minimum length of 

9Â, which corresponds to five bonds. This is the length required to cover two base pairs 

and therefore satisfy the ‘neighbour exclusion principle.’ In addition to this, if the linkers 

are longer still the two intercalating acridines can span more base pairs. When using
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more rigid linkers, proton NMR indicates that, both acridines will intercalate, provided 

the linker is longer than 9Â, but in a structurally different way to those with more flexible

tethers [1^].

The principal variables, of the intercalator/linker system, that could be altered in 

order to produce a library of peptides, based on peptide 1, that could be screened for 

high affinity binders include :

i) The intercalator. Acridines have a very high affinity for DNA but cause quite large

unwinding angles of approximately 17° An alternative to acridine is the smaller 

quinoline moiety (shown in Figure 5.3).

Figure 5.3 - Quinoline.

Quinoline causes less distortion in the DNA but has a lower a f f i n i t y I t  might, 

therefore, be expected that quinoline would not stabilise the DNA/peptide complexes to 

the same extent as acridine; conversely, the reduced distortion may enhance the sequence 

selectivity. The lower affinity of the quinoline could also be advantageous since it might 

result in less non-specific binding of monomer peptide 8.

ii) Substituents on the intercalator. It is possible that substituents on the intercalating 

ring may alter binding. A-[2-(Dimethylamino)ethyl]acridine-4-carboxamide (DACA, 

shown in Figure 5.4) is a topoisomerase I/II inhibitor that contains an acridine ring.

Figure 5.4 -  DACA

,NMe2

H

131



Addition of chlorine to the 7 position had been shown to increases cytotoxicity. Other 

positions were then substituted with several other functional groups and some of these 

analogues were found to be as potent or more so than DACA. It was shown that most 

of the 5-substituted derivatives and the 7-phenyl derivative were more cytotoxic. It was

also shown that the size of the substituent has some affect on potency

iii) The site of attachment. In the design and synthesis of peptide 1, the acridine was 

attached, via the linker, at position 9. Work with cisplatin analogues coupled to 

acridines has shown that the site of attachment can be important. When the cisplatin is 

attached via C“ the conjugate displays significant antitumor activity but when it is 

coupled through the compound is inactive. Footprinting of these two compounds

indicates that both bind DNA but produce different DNA cleavage pattemsC^^l

iv) The linker length. An undecanoyl tether was originally chosen to allow maximum 

flexibility between the intercalator and the peptide sections of the hybrid but, as outlined 

above, there is some evidence to suggest that tethers of different lengths might be more

suitable. The work with distamycin has suggested that tethers with Cs-sLS] would be 

optimal but work with triplex forming oligonucleotides suggested that longer linkers,

that contain a total of 6-13 bonds[̂ 3 would facilitate higher binding constants. In 

addition to this the number of glycines added to the N-terminal end of the basic region 

prior to tether coupling may be significant. When studying synthetic basic region dimers 

that are dimerised via a bis(terpyridyl) iron(II) complex, it has been shown that addition 

of two glycines between the basic region and the dimérisation interface increased binding 

at the CREB/ATF site by a factor of 2 and decreased binding at the API site by a factor

of 1.5[14] This is probably due to a slight difference in the orientation of the basic 

region monomers that affects the recognition of the half site spacing on DNA, which 

differs between the two sites.

v) The tether composition. Tethers composed entirely of methylene groups are relatively 

hydrophobic, this could affect the binding properties of the peptide. Addition of 

positively charged or polar groups to the tether could aid binding by ionic or polar 

interactions with the negatively charged phosphate backbone. This effect has been
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shown with the naturally occurring polyamines, as the number of formal charges on the

polyamine is increased the affinity to DNA increases^^^l In addition to this, alkylation 

of the nitrogen atoms also increases affinity, presumably by irreversibly fixing the

charge Another advantage of a more hydrophilic tether would be higher solubility 

in an aqueous environment, which may help alleviate the problem of precipitation in the 

wells of the gel shift assay (as discussed in chapter 4). Conversely, since the grooves of 

DNA are hydrophobic, adding too many formal charges to the tether may prevent 

insertion into the DNA grooves. Another important aspect of tether composition is 

rigidity; tethers that are composed entirely of methylene groups are relatively flexible and 

it is possible that more rigid linkers might better position the intercalator for binding.

vi) Connecting bonds. The undecanoyl tether of peptide 1 was attached via an amide 

bond, however utilising different types of bonds may further modify binding. Formation 

of a urea derivative should be relatively easy to incorporate into the solid phase

methodologyt^^] and has been shown to afford greater binding affinity of triplex forming

oligonucleotide-intercalator conjugates to DNA^^l. To produce a urea derivative it 

would be necessary to synthesis intercalator/tether systems that have free terminal 

amines.
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5.3 - Results and discussion

The general synthetic scheme for the production of intercalator/tether systems is 

shown in Figure 5.5. Using this approach, intercalator/tether systems with different 

intercalators, tether lengths and free functional groups have been produced.

Figure 5.5 - General synthetic scheme for the production of intercalator/tether systems.
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5.3.1 - Synthesis of 9-chloroacridine

9-Chloroacridine was synthesised, in moderate yield (40%), using the method

outlined by Albert and RitcherC^^]. This involves reaction of A-phenylanthranilic acid 

with phosphorus oxychloride to produce a series of phosphoryl-acridine intermediates 

(Figure 5.6) that are converted to the chloro derivative.
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Figure 5.6 - Formation of 9-chloroacridine
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5.3.2 - Monoprotection of diamines

In order to construct the urea derivative it was necessary to synthesise 

intercalator/tether systems with a free terminal amine group. For shorter chain lengths

(C2-3) it was possible to directly couple a diamine to an intercalatorC^^] as shown in 

Figure 5.7.

Figure 5.7 - Coupling of an intercalator onto a short diamineC^^].

H N ^  ^ N H 2

+
PhOH

H2N ^  ^  NH2 2-3hrs
Reflux

n = 2 or 3

135



For longer diamine chains the intercalator attached at both ends, producing a 

disubstituted product that could not be coupled to a peptide. To monoarylate the longer 

diamines with the intercalator it was necessary to first protect one of the amine groups 

then couple the intercalator to the remaining free amine and remove the protecting 

group. For this work we chose to use the benzyloxycarbonyl group as our protecting 

group, largely because of its stability at high temperatures and under mildly acidic 

conditions, as well as its cost and relative ease of manipulation.

Monoprotected diamino butane has been reported in the synthesis of

dihydroplaustrin analogues[^^3 and a-methyl polyaminest^^]. It was synthesised from 

commercially available N-(4-bromobutyl) phthalimide using the methodology outlined in 

Figure 5.8.

Figure 5.8 - Synthesis of -(Benzyloxycarbonyl)-1,4-diamino butane from Â -(4- 
bromobutyl) phthalimide.
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This synthesis is high yielding at every step but a reduction in the number of steps 

required to synthesise the desired product would be of considerable use. In an effort to 

produce monoprotected diamines, from the free diamines, reactions in acidic pH have

been studied^^^L In that study it was found that by maintaining the pH at <5 good
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yields with the shorter chains (C? chain yielded 71% of the monoprotected product) and 

moderate yields with the longer chains (C? chain yielded 29%) could be obtained.

It was decided to attempt to increase the yield of monoprotected product, for the 

longer chains, by performing the experiments with <leq. of base (Figure 5.9). The 

monoprotected diamine produced in these reactions could easily be isolated using 

extraction. The crude reaction mixture was acidified with HCl (IM) and then 

concentrated in vacuo to =50ml. This was then extracted with CHCI3, the 

monoprotected diamine and any unreacted starting material were protonated and 

therefore remained in the aqueous phase and any diprotected diamine was washed into 

the organic phase. Once extracted several times the aqueous phase was adjusted to 

neutral pH and extracted with CHCI3, any unreacted diamine stayed in the aqueous phase 

and the monoprotected diamine was deprotonated and extracted into the orgainc phase. 

Reactions at basic pH produced generally low yields (23-38%) but, despite this, the 

method proved effective due to its simplicity and ease of product isolation.

Figure 5.9 - Monoprotection of diamines.
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5.3.3 - Coupling of the intercalator to the tether

The coupling of the monoprotected diamines or the commercially available amino 

acids to the intercalator were carried out under a number of different conditions. 

Acridine/adenine conjugates, coupled via various linkers, have been synthesised in order

to produce compounds that can probe abasic site recognition in These

conjugates were synthesised by reacting adenine/linkers (that had free amine groups) 

with acridine in refluxing phenol, as shown in Figure 5.10. The (9-OPh)-acridine was 

synthesised from 9-chloroacridine and used since it is the reaction intermediate for 

couplings in phenol. Yields varied from 50-55%.
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Figure 5.10 - Coupling of acridine to a free amine groupt^^J. 
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Initial attempts to couple 9-chloroacridine to a tether were carried out in refluxing

phenol as the sol vent however it was difficult to separate the product from the 

starting material and solvent. In addition to this, reactions with amino acids yielded 

significant amounts of the phenyl carboxylate byproduct, Figure 5.11.

Figure 5.11 - Byproduct of the coupling reaction carried out in phenol.

J r ^ .HN 'ïTCOOPh

Methanol was tested as an alternative solvent (Figure 5.12), since this was the solvent

used for coupling acridine to distamycin[^3. The methanol was much easier to remove 

from the system and therefore product isolation was much easier leading to an increased 

yield (79-83%).

Figure 5.12 - Coupling in methanol.

Cl

H 2 N-

MeOH 
 ►

R 2-3hrs
Reflux

H N

3, R = (C H 2)4C 00H  
8 , R=(CH 2 )5 NHCbz
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Unfortunately, when coupling 4,7-dichloroquinoline to the monoprotected diamines (C4- 

e) significant amounts of the 4-OMe reaction intermediate (analogous to the reaction 

intermediate highlighted in Figure 5.10) was obtained, and none of the coupled product. 

A variety of other solvent/catalyst systems were then attempted (as shown in Table 5.1).

Table 5.1 - Conditions attempted for coupling of 4,7 dichloroquinoline to 
monoprotected diamine (C4.6).

Solvent/catalyst Problem

PhOH Produces only 4-(PhO)-7-chloroquinoline and relatively 
difficult to remove.

MeOH Produces only 4-(MeO)-7-chloroquinoline.
MeOH/HCl Produces only 4-(MeO)-7-chloroquinoline.
MeOH/NaOH Produces only 4-(MeO)-7-chloroquinoline.
Me0 H/NH40Ac Produces only 4-(MeO)-7-chloroquinoline.
MeOH/TFA (with 
unprotected diamine)

Intercalator added to both ends.

Isopropanol Produces only 4-[(CH3)2CHO]-7-chloroquinoline
MeCN/TEA/Cat. No detectable product.
MeCN/NH40 Ac/Cat. No detectable product.
MeCN/Cat. No detectable product
MeCNATFA (with 
unprotected diamine)

Intercalator added at both ends.

Pyridine/Cat. No detectable product.
Dioxane/Cat. No detectable product.
Dioxane/NH40 Ac/Cat. No detectable product.
DMSO/Cat. No detectable product.
DMS0 /NH40Ac/Cat. No detectable product.

Figure 5.13 - Nucleophilic catalyst

Cat =

MeO N—O

The lack of a detectable product when using non-alcoholic solvents indicated the 

necessity of an oxygen nucleophile to form the reaction intermediate. As previously 

stated, in the case of methanol and phenol this intermediate was, unfortunately, not 

susceptible to attack by the incoming amine group. In an effort to produce reaction 

intermediates that might have been more susceptible to amine attack couplings were
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attempted using the catalyst shown in Figure 5.13. This catalyst possesses a nucleophilic 

oxygen and might have produced more unstable intermediates, therefore facilitating 

product formation. Analysis of the reaction mixture only indicated the presence of the 

starting material. Other alcoholic solvents were then examined, isopropanol yielded only

reaction intermediate but use of pentanolt^^’ (Figure 5.14) was shown to produce 

the desired product in good yield (56-72%) and was still relatively easy to remove.

Figure 5.14 - Coupling in pentanol

HN NHCbz

Pentanol
+  ►

W-NHCbz 2-3hr 
Reflux

4, 5 .7  (n = 4. 5, 6) 9-11 (n = 4, 5, 6)

5.3.4 - Removal of the benzyloxycarbonyl group after tether coupling

After coupling the benzyloxycarbonyl group needed to be removed to produce 

the free amine. Initially this was attempted using a borane/THF complex with

chlorotrimethylsilane (TMSCl)t^^] and the product isolated by flash chromatography. 

This process was time consuming, low yielding and, in many cases, the desired product 

was not isolated. A more efficient method proved to be the use of HBr/acetic acid 

(Figure 5.15), which gave the hydrobromide salt of the desired product in high yield (90- 

92%). The free product was easily obtained by basic workup (although for storage 

purposes the product was kept as the more stable salt).

Figure 5.15 - Removal of the benzyloxycarbonyl group using HBr/acetic acid

H N ^  ^NHCbz

9-11 (n = 4, 5, 6)

Base

HBr/acetic acid 
It , 20min

13-15 (n = 4, 5, 6)

HN"^ "^NH2
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5.3.5 - Full list of all intercalator/tether systems synthesised.

Using the procedures outlined above a library of intercalator/tether systems has 

been synthesised (as shown in Table 5.2).

Table 5.2 - Table of intercalator/linker systems synthesised to date.

Intercalator linkage type n =

^ c o o h

Amide 2(a

3(5

4(c

5(d
(3)

^ N H 2

Urea 2(e

3(e

4(e

5(' (12)

^ C O O H

Amide 2(d

4M

5"

H N ^  ^ N H 2

Urea 2(d

g((:

4(c

5̂ '

(13)

(14)

(15)

synthesised by A B Tabor, by M Cruciata, by S Sheady, by R Calabrese and 

by M Drumm
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5.3.6 - Preparation of the peptide library :

Dr. Adrian Smith (Merck, Sharpe and Dohme, Harlow) attempted, using a fully 

automated system, to couple all the intercalator/tether systems shown above to peptide 

5. The intercalator/tether systems with free carboxylic acids were coupled to produce an 

amide bond using PyBOP/HOBt in DMA, 4hr with shaking. In order to produce the

urea derivativeC^^], the free NH? of the peptide is first reacted with p-nitrophenyl 

chloroformate. The nitrophenyl carbamate is then coupled to the intercalator/tether 

systems with free amines, in DMA, 4hr with shaking (Figure 5.16).

Figure 5.16 - Coupling of intercalator/linker systems to peptide 5

Q
Inlercalator-s^

'COOH
I n t e r c a l a t o r v ^ „ _  GGC - Ramage resin

'n
PyBOP/HOBt 

DMA

Basic region GGC - Ramage resin
p-Nitrochloroformate 

THF/DCM

DMA  
Intercalator

2 I n t e r c a l a t o r regi on GGC - Ramage resin

In addition to this, he attempted to couple all the intercalator/tether systems to 

peptides 9, 10 and 11 (Figure 5.17). Peptide 9 was synthesised by addition of one 

glycine to peptide 5. Fmoc glycine was coupled using PyBOP/HOBt in DMA and the 

Fmoc removed using piperidine in DMF. Peptide 10 was synthesised from peptide 9 and 

peptide 11 was synthesised from peptide 10.

142



Figure 5.17 - Peptides 9, 10 and 11 Amino acids are protected, where necessary, as in 
peptide 5.

Peptide 5

IFmoc-Gly/PyBOP/HOBt 

^  Piperidine

H2 N-G DPAAL KRARN TEARR RSRAR KLQRM KQGGC-CONH-X-resin
Peptide 9

^  Fmoc-Gly/PyBOP/HOBt

^  Piperidine

H2 N-GG DPAAL KRARN TEARR RSRAR KLQRM KQGGC-CONH-X-resin
Peptide 10

^  Fmoc-GIy/PyBOP/HOBt

^  Piperidine

H2 N-GGG DPAAL KRARN TEARR RSRAR KLQRM KQGGC-CONH-X-resin
Peptide 11

resin = Polystyrene

'Solid support

The peptides were then cleaved from the resin, using TFA:water (95:5). When 

completed the library should have comprised of 54 peptides and include peptides with 

different tether lengths (3-6), different intercalators (acridine and 7-chloroquinoline), 

different numbers of spacer glycines (0-3) and different connecting bonds (amide and 

urea). LCMS data indicated that this automated synthesis did not produce the desired 

peptides, possibly due to problems of insolubility of the intercalator/tether systems. The 

LCMS data also highlighted the complete absence of any peptide which probably 

indicates that, even if the desired peptide was produced, it was not cleaved from the resin 

under the conditions used. This was probably due to reattachment of the liberated 

peptide to the resin.

The apparent lack of a coupled peptide is surprising since preliminary workt^^’ 

28, 29] yielded promising results. It has been shown that acri dine/tether systems that
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have free carboxylic acids can be coupled to form amide bonds with glycines in

s o l u t i o n ( a s  shown in Figure 5.18) and to the basic region, with two spacer glycines,

on a solid support (as was shown for peptide The major problem encountered

when coupling to peptides on a solid support proved to be insolubility of the 

intercalator/tether in the peptide coupling solvent. This could have been a contributing 

factor in the, seemingly, unsuccessful couplings outlined above.

Figure 5.18 - Coupling of an acri dine/tether system to glycine in solution

COOH

DCC
EtgN
CHCI3

COOCH3

COOCH3

In an attempt to reassess the coupling reaction we examined coupling of N^-(7-chloro- 

quinin-4-yl)-6-amino hexanoic acid to peptide 5 using PyBOP/HOBt in DMF with 

overnight sonication. The mixture was sonicated in an attempt to circumvent the 

problem of intercalator/tether insolubility. After coupling the peptide was cleaved from 

the resin using TFA:water (95:5) plus the cation scavengers phenol and trifluoroethanol. 

These scavengers were found to be as effective as thioanisole and EDT but were less 

pungent. LCMS of this reaction displayed the ion series of the desired product. This not 

only confirms the general compatibility of these intercalator/tether systems with solid 

phase couplings but also specifically showed that the quinoline moiety could be utilised, 

in addition to the previously examined acridine.

In addition to the work with carboxylic acid couplings, coupling to produce the 

urea derivatives has also been explored. A solution phase coupling of a free amine group

to the N-terminal of a GlyCys di peptide, using the method of Hutchins et proved

unsuccessful but when the dipeptide was immobilised on a solid support the reaction

proceeded smoothly[^^3 (Figure 5.19).
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Figure 5.19 - Solid phase coupling to produce a urea linkaget^^I

HS^

Solid support

O

'N
H

NH2

DIEA
rt

30min
O2N

Solid support

DIEA
Sonication

22hr

HS>

Solid support

O

'N
H

HN

NO2

NH

H

In an effort to extend this work we attempted to couple A^-(acridin-9-yl)-1,5-diamino 

pentane to peptide 5, unfortunately results from this experiment proved inconclusive.

5.4 Future work

As discussed above, preliminary steps have been taken towards the synthesis of a 

library of peptides with different intercalator/linker systems. A library of 

intercalator/tether systems containing 18 compounds that vary in intercalator type, tether 

length and free functional group has been synthesised and characterised. In addition to
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this, some progress has been made in the conversion of this library of small organic 

molecules into a library of peptides. Once the coupling conditions for the urea linkage 

have been optimised it should be possible to complete the synthesis of the peptide library 

which could then be screened.

Two screening methods are well established : affinity chromatography[ ̂  ] and,

more recently, mass spectrometry[^]. For the former it would be necessary to produce an 

affinity column with dsDNA attached to a solid support. This column could then be 

challenged with the peptide library to isolate peptides with a higher affinity; this is 

analogous to the method outlined in chapter 3 for selection of oligonucleotides by a 

peptide column. Alternatively, recent advances in mass spectrometry have allowed the

analysis of molecules held together only by non-covalent i n t e r a c t i o n s s o  it is 

possible that a protein/DNA complex would now survive the ionisation conditions and be 

detected. All the peptides in the peptide library would have slightly different masses and 

so would their DNA complexes. Alteration of the ionisation conditions might allow 

detection of complexes that are relatively stable (some research groups have suggested 

that it might be possible to extend this to determine Kd but this is purely speculative). 

Since mass spectrometry has only relatively recently been utilised for this kind of 

application it is probable that results obtained using this method would have to be 

confirmed using an established method.
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5.5 - Experimental

5.5.1 - Instrumentation

• All solvents and chemicals were supplied by commercial suppliers (BDH, Aldrich, 

Lancaster, Fluka) and used without further purification.

• TLC was performed on Merck 6OF254 silica plates and visualised using uv and 

ninhydrin spray, for the detection of primary amines.

• Flash chromatography was carried out using silica (40-63p.m particle size)t^2]

• Reverse phase chromatography was carried out using BDH 970-230mesh reverse 

phase silica. The column was packed using a slurry of silica and water, the sample 

applied and components separated using a gradient of increasing acetonitrile in water.

• *H nmr spectra were obtained using a Bruker AC 300. nmr spectra were obtained 

using a Bruker AVANCE 500. Deuterated solvents were obtained from Apollo. 

When assigning peaks the following abbreviations were used : s = singlet, d = doublet, 

dd = doublet of doublets, t = triplet and m = multiplet.

• Low resolution FAB and El mass spectra were acquired using a VG ZAB-SE with a 

FAB or El source. Low resolution APCI and ESP mass spectra were acquired using 

a Micromass LC Quattro with an APCI or ESP sources. High resolution FAB mass 

spectra were recorded using a VG ZAB-SE with a FAB source at the School of 

Pharmacy, Mass Spectrometry facility, London.

• Infra-red spectra were obtained using a Perkin Elmer 298 spectrometer.

• LCMS data were acquired on a Micromass LC Quattro with an ESP source and a 

Gilson LC inlet, at Novartis (Gower place, London) by Dr. Andy Culshaw
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5.5.2 - Synthesis of 9-chloroacridine[^^3 (1).

A^-Phenylanthranilic acid {9.91 g, 46mmol) was dissolved in POCI3 (40ml, 65.8g, 

0.42mol, lOeq) and heated slowly. At 80-85°C a vigorous reaction occurred, once this 

subsided the solution was heated to 135°C for 3hr. Excess POCI3 was removed by 

distillation under reduced pressure. After allowing the reaction to cool, it was poured 

onto a mixture of ice (~100g), CHCI3 (40ml) and concentrated ammonia (40ml) and 

stirred for 30min. The organic phase was collected and the aqueous phase was extracted 

with CHCI3 (2x20ml), the organic phases were combined, dried over Na2S04 and the 

solvent removed in vacuo. The solid was then dissolved in boiling ethanol, with a small 

amount of decolourising charcoal added. After filtration the product was precipitated 

with ammonia solution (0.5%, 70ml, overnight, 4°C) to yield the desired compound 

(3.89g, 18mmol, 40%) as a bright yellow solid.

Mp : 116-118°C (literature value = 117-118°C)

MS (APCI) : (M+H)+ 214:216 (base peak:33%), V ^C l requires 214.

nmr (CDCI3): Ô 8.43 (2H, d, J 9.0Hz, 8.27 (2H, d, J  8.9Hz, 7.86 (2H,

dd, J  8.9, 8.8Hz, 7.32 (2H, dd, J  9.0, 8.8Hz, Identical to the literature

spectrum
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5.5.3 - Synthesis of mono A^-(benzyloxvcarbonyl) protected diamines

H2N*^ ^NHCbz

General procedure.

To a solution of diamine (10.4mmol) in water (100ml) and dioxane (200ml) was 

added NaHCO] (0.63g, 7.5mmol) followed by drop wise addition of benzyl 

chloroformate (1.42ml, 1.70g, lOmmol). The mixture was stirred at room temperature 

for 2hr then acidified with HCl (IM) and concentrated to ~50ml in vacuo. The resulting 

white solid was removed by extraction with CHCI3 (3x25ml) and identified as the doubly 

protected diamine. The solution was adjusted to neutral pH using saturated aqueous 

Na^COs and extracted with CHCI3 (3x25ml). The organic phases were combined, dried 

over Na2S04 and the solvent removed in vacuo to yield the desired monoprotected 

diamine as a white, waxy solid.

Yields
Chain length Yield % Dimer

4 23 26
5 32 26
6 28 27

Spectroscopic data :

• N^-(Benzyloxycarbonyl)-l,4-diamino butane (4)[^^’ 21].

Mp : (of HCl salt) 192-194.5°C (literature value = 195-197°C)

MS (APCI) : (M+H)^ 223 (base peak), requires 223. Other peaks

include 91 (-CHiCeHs, relative intensity 53%), 115 (-CONH(CH2)4NH2, relative 

intensity 21%) and 162 (relative intensity 17%).

‘H nmr (CDCI3) : 8 7.29 (5H, m, aromatic CH), 5.33 (IH, broad s, CON//CH,), 5.06 

(2H, s, phenyl-C//20), 3.24 (2H, t, J  7.2Hz, NHCN2CH2). 2.79 (2H, t, J 7.2Hz, 

CH2C //2NH2), 1.52 (6H, m, CH2(C//2)2CH2 and N7/2)- Identical to the literature 

spectrum.
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• A^^-(Benzyloxycarbonyl)-1,5-diamino pentane (5).

Mp : (of HCl salt) 175-176°C (Literature value = 172-173°C)

MS (APCI) : (M+H)"  ̂ 237 (base peak), requires 237. Other peaks

include 91 (-CH2C6H5, relative intensity 76%), 86 (-(CH2)5NH2, relative intensity 22%) 

and 176 (relative intensity 20%).

H nmr (CDCI3): Ô 7.31 (5H, m, aromatic CH), 5.19 (2H, s, phenyl-C//20), 4.85 (IH, 

broad s, CON//CH2), 3.24 (2H, t, J  7.2Hz, NHC//2CH2), 2.72 (2H, t, J 1.2Hz, 

CH2CH2NH2), 1.55 (8H, m, CH2(C//2)3CH2 and N //2).

• ,Ar^-Di(benzyloxycarbonyl)-1,5-diamino pentane (6).

MS (FAB) : (M+H)^ 371 (base peak), ’‘C2i*H27*^02''̂ N2 requires 371. Other peaks 

include 91 (-CH2C6H5, relative intensity 100%), 237 (-NH(CH2)5NHCOOCH2C6H6, 

relative intensity 50%), 327 (relative intensity).

nmr (CDCI3): 6 7.28 (lOH, m, aromatic CH), 5.14 (4H, s, phenyl-CH20), 4.83 (2H, 

broad s, CONHC), 3.19 (4H, t, 77.2Hz, NHCH2CH2), 1.57 (6H, m, C{CH2)zC).

• H^-(Benzyloxycarbonyl)-1,6-diamino hexane (7).

Mp : (of HCl salt) 180-181 °C (Literature value = 177-178°C)

MS (APCI) : (M+H)^ 251 (base peak), ’"Ci4̂ H23̂ 0̂2̂ '̂ N2 requires 251. Other peaks 

include 91 (-CH2C6H5, relative intensity 16%).

’H nmr (CDCI3) : 5 7.33 (5H, m, aromatic CH), 5.15 (2H, s, phenyl-CH2C), 4.87 (IH, 

broad s, CONHC), 3.22 (2H, t, J  7.2Hz, NHCH2C), 2.75 (2H, t, /  7.2Hz CH2CH2NH2),

1.53 (lOH, m, CH2(CH2)4CH2 and NH2).

5.5.4 - Synthesis of A^-(acridin-9-vl)-7V^-(benzvloxvcarbonvl)-L5-diamino pentane (8)

H N ^  NHCbz

7

6
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9-Chloroacridine (197.6mg, 0.94mmol) and A^^-(benzyloxycarbonyl)-1,5-diamino 

pentane (460.5mg, 1.82mmol) were dissolved in methanol (5ml) and the solution heated 

under reflex for 8hr. The solvent was removed in vacuo and 299mg (0.72mmol, 79%) of 

the desired product was isolated as a yellow solid by flash chromatography, using a 

gradient of MeOH (10-20%) in CHCI3.

M p: 229-231 °C

R f : 0.5 (MeOHiCHCb, 1:4)

MS (APCI) : (M+H)^ 414 (base peak), ^̂ C26̂ H28*̂ 02̂ '‘N3 requires 414. Other peaks 

include 280 (relative intensity 22%)

'H  nmr (CD3OD ) : Ô 8.32 (2H, d, J  9.0Hz, 7.69 (2H, dd, J  9.0, 8.8Hz, C^’̂ H),

7.54 (2H, d, J  8.9Hz, C^’̂ H), 7.29 (2H, dd, J  8.9, 8.8Hz, 7.11 (5H, m, aromatic

CH of benzyloxycarbonyl group), 4.68 (2H, s, phenyl-C//20), 3.93 (2H, t, J  7.2Hz, 

C '7/2), 2.92 (2H, t, 7 6.4Hz 1.71 (2H, m, C-H 2), 1.48 (4H, m,

5.5.5 - Synthesis of N-(acridin-9-yl)-5-amino pentanoic acid (3)

5' 3' r

HN

7

6

9-Chloroacridine (465.2mg, 2.03mmol) and 5-amino pentanoic acid (valeric acid, 

542.0mg, 4.63mmol, 2eq.) were dissolved in methanol (5ml) and heated under reflux. 

After 6hr the solvent was removed in vacuo and the product was isolated by reverse 

phase chromatography (10-50% acetonitrile in water) to yield a yellow solid (502mg, 

1.7mmol, 83%).

Mp : 257-260 °C

R f : 0.81 (MeOH:formic acid:CHCl3, 10:0.1:89.9)

MS (APCI) : (M+H)+ 295

HRMS (FAB) : (M+H)* 295.1458, requires 295.1447.
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’h  nmr (CD3OD) : ô 8.33 (2H, d, J  9.0Hz, 7.69 (2H, dd, J  9.0, 8.8Hz, aromatic

7.55 (2H, d, J  8.9Hz, 7.30 (2H, dd, J 8.9, 8.8Hz, 3.92 (2H, t, J

7.2Hz, 1.99 (2H, t, 76.5Hz, 171 (2H, m, 1.53 (2H, m,

nmr (CD3OD) : 6 160.2 (C’ ), 135.8 (C aromatic), 124.9 (C aromatic), 120.3 (C 

aromatic), 50.0 (C  ̂), 35.2 (C aliphatic), 30.7 (C aliphatic), 25.3 (C aliphatic).

DMAxcm ’ (nujol mull) : 3750 (0-H), 2225 (secondary amine N-H), 1725 (C=0), 1500- 

1650 (aromatic C=C).

5.5.6 - Synthesis of //^-r(7-chloro)-quinol-4-vl1-A/"-('benzvloxycarbonyl)-l.n-diamines

HN""̂  ^NHCbz

A^-(Benzyloxycarbonyl)-1 ,n-di amine (2.20mmol) and 4,7-dichloroquinoline 

(389.2mg, 1.96mmol, 0.8eq) were dissolved in pentanol (5ml) and refluxed. After 2hr 

the solvent was removed in vacuo. The resulting solid was dissolved in CHCI3, washed 

with saturated aqueous Na2C03 , dried over Na2S04 and the solvent removed in vacuo. 

The product was recrystallised from acetonitrile to yield a pale brown solid.

Yields ;

Chain length Yield (%)

4 73

5 57

6 61
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Spectroscopic data :

• A^^-[(7-chloro)-quinol-4-yl]-AT^-(benzyloxycarbonyl)-1,4-diamino butane (9). 

M p:231-234°C

R f : 0.67 (MeOHiCHCls, 1:9)

MS (APCI) : (M+H>* 384:386 (base peak:33%), ‘-C2i'H 23'''02“'N3̂ ®C1 requires 384. 

Other peaks include 179 (relative intensity 17%), 250:252 (relative intensity 24:8%), 

276:278 (-CONH(CH2)4NH-7-Chloroquinoline, relative intensity 35:19%)

'H  nmr (CD3OD) : § 8.32 (IH, d, J  7.4Hz, C'H), 7.97 (IH, d, J  12.6Hz, C^H), 7.63

(IH, s, C*H), 7.30 (IH, d, J  I2.6Hz C^H), 1.20 (5H, m, aromatic CH of

benzyloxycarbonyl group), 6.44 (IH, d, J  7.4Hz, C^H), 5.02 (2H, s, phenyl-CIÎ20), 3.39 

(2H, t, J  7.2Hz, C' Hr), 3.02 (2H, t, J 1.2Hz, €"'%), 1.68 (2H, m, C'Hz), 1.45 (2H, m, 

0 ^7/2).

• A^-[(7-chloro)-quinol-4-yl]-A^-(benzyloxycarbonyl)-l,5-diamino pentane (10).

Mp : 225-226°C

R f : 0.61 (MeOH;CHCl3, 1:9)

MS (APCI) : (M+H)* 398:400 (base peak:33%), '^C22'H2;'^02"'N3^^C1 requires 398. 

Other peaks include 264:266 (relative intensity 11:4%), 290:292 (-CONH(CH2)4NH-7- 

Chloroquinoline, relative intensity 17:6%).

'H nmr (CD3OD) : Ô 8.33 (IH, d, J  7.4Hz, C~H), 7.99 (IH, d, J  12.6Hz, C^H), 7.60

(IH, s, C^H), 7.33 (IH, d, J  12.6Hz C^H), 7.21 (5H, m, aromatic CH of

benzyloxycarbonyl group), 6.44 (IH, d, J  7.4Hz, C^H), 5.00 (2H, s, phenyl-C//20), 3.21 

(2H, t, 7 7.2Hz, C^'Hi), 3.05 (2H, t, /7 .2H z, C  ̂Hi^, 1.71 (2H, m, C- / /2), 143 (4H, m, 

C^’’"’//2).

• iV‘̂ -[(7-chloro)-quinol-4-yl]-A/^-(benzyloxycarbonyl)-1,6-diamino hexane (11).

M p: 223-225°C

Rp : 0.70 (MeOH:CHCl3, 1:9)

MS (APCI) : (M+H)^ 412:414 (base peak:33%), '-C23^H27^^02^%^^C1 requires 412. 

Other peaks include 304:306 (-CONH(CH2)4NH-7-Chloroquinoline, relative intensity 

15:6%).
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'h  nmr (CD3OD) : 5 8.31 (IH, d, J 7.4Hz, C'H), 8.01 (IH, d, J  12.6Hz, C^H), 7.65 

(IH, s, C*/7), 7.35 (IH, d, J  12.6Hz C^H), 7.20 (5H, m, aromatic CH of 

benzyloxycarbonyl group), 6.42 (IH, d, 7 7.4Hz, C^H), 4.98 (2H, s, phenyl-C%0), 3.20 

(2H, t, 7 7.4Hz, C' Hx), 3.01 (2H, t, 7 7.4Hz, 1.71 (2H, m, € '  % ), 1.44 (6H, m,

5.5.7 - Removal of benzyloxycarbonyl group

5.5.7a - Using borane in THF and chlorotrimethvlsilanet^^]

Chlorotrimethylsilane (TMSCl, 0.2ml, 171mg, 1.57mmol) was added to borane in 

THF (BH3 • THF, IM, 1.5ml) under N?, followed by drop wise addition of A^^-(acridin-9- 

yl)-N^-(benzyloxycarbonyl)-1,5-diamino pentane (26mmol) dissolved in ethanol (1ml). 

The mixture was refluxed for 3 days and then separated by flash chromatography. NMR 

and MS data suggested the desired product was not isolated.

5.5.7b - Using HBr/Acetic acid

Monobenzyloxycarbonyl protected diamine (0.17mmol) was dissolved in glacial 

acetic acid (2ml) and added, dropwise, to HBr/acetic acid (30%, 1ml) and the reaction 

was stirred (20min, rt). The hydrobromide salt of the product was recovered by 

precipitation with diethyl ether (15ml, overnight, 4 °C ). The free product was obtained 

by partitioning the solid between saturated aqueous Na2C03 and CHCI3, the aqueous 

layer was further extracted with CHCI3 (2x10ml). The organic phases were combined, 

dried with Na2S04 and the solid obtained by solvent removed in vacuo.

Yields :

Compound Yield (%)

A^^-(acridin-9-yl)-1,5-diamino pentane 90

A^^-[(7-chloro)-quinol-4-yl]-l,4-diamino butane 92

A^^-[(7-chloro)-quinol-4-yl]-1,5-diamino pentane 90

7/^-[(7-chloro)-quinol-4-yl]-1,6-diamino hexane 89
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Spectroscopic data

• A^^-(acridin-9-yl)-1,5-diamino pentane (12).

Yellow solid

M p:216-230°C

MS (APCI) : (M-kH)  ̂280 (base peak). Other peaks include 195 (relative intensity 18%, 

acridine).

HRMS : (M+H)* 280.1806, ' ^ C , r e q u i r e s  280.1814.

'H nmr (CD3OD) : Ô 8.30 (2H, d, J  9.0Hz, C' ®//), 7.68 (2H, dd, J  9.0, 8.8Hz, C^’H), 

7.56 (2H, d, J  8.9Hz, 7.31 (2H, dd, J  8.9, 8.8Hz, 3.90 (2H, t, J  7.2Hz,

C' % ), 2.91 (2H, t, 6.4Hz, C^'%), 1.82 (2H, m, C- % ), 1.60 (2H, m, 1.46 (2H,

m, C® 7/ 2).

'®C nmr (CD3OD) : 6 160.9 (C aromatic), 135.7 (C aromatic), 125.6 (C aromatic), 120.2 

(C aromatic), 50.1 (C l’), 40.0 (C aliphatic), 35.5 (C aliphatic), 28.8 (C aliphatic), 25.2 

(C aliphatic).

OMAxcm ’ (nujol mull) : 3300 (primary amine NH2), 2725 (secondary amine NH), 1500- 

1650 (three peaks, aromatic C=C), 725-750 (aromatic CH).

• A^-[(7-chloro)-quinol-4-yl]-l,4-diamino butane • HBr (13)

Pale brown solid

Mp : 220-222 °C

MS (APCI) : (M+H)+ 250:252 (base peak:33%).

HRMS : (M+H)^ 250.1104, ’'Cn^Hn’̂ ^^C l requires 250.1111 

*H nmr (CD3OD) : Ô 8.36 (IH, d, J  7.4Hz, C^H), 8.01 (IH, d, J  12.6Hz, C^H),  7.65 

(IH, s, C^H),  7.32 (IH, d, J  12.6Hz C^H), 6.39 (IH, d, J  7.4Hz, C^H),  3.37 (2H, t, J  

7.2Hz, C’’/ /2), 3.01 (2H, t, 77.2Hz, C' /Zs), 1.87 (4H, m,

’^C nmr (CD3OD) : 6 160.9 (C aromatic), 145.3 (C aromatic), 142.0 (C aromatic), 

140.0 (C aromatic), 130.9 (C aromatic), 127.5 (C aromatic), 122.6 (C aromatic), 117.8 

(C aromatic), 100.2 (C aromatic), 45.5 (C aliphatic), 40.4 (C aliphatic), 27.5 (C 

aliphatic), 26.2 (C aliphatic).

OMAxcm ' (nujol mull of free base) : 3330 (primary amine NH2), 2725 (secondary amine 

NH), 1550-1600 (three peaks, aromatic C=C), 750-900 (aromatic C-H), 725 (C-Cl)
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• V-[(7-chloro)-quinol-4-yl]-l,5-diamino pentane ■ HBr (14)

Pale brown solid

M p:214-216°C

MS (APCI) : (M-t-H)* 264:266 (base peak;33%).

HRMS : (M+H)* 264.1274, requires 264.1268

'H  nmr (CD3OD) : S 8.33 (IH, d, J 7.4Hz, C’H), 8.05 (IH, d, J  12.6Hz, C^H), 7.62 

(IH, s, C*H), 7.33 (IH, d, J  12.6Hz C^H), 6.40 (IH, d, J  7.4Hz, C^H), 3.35 (2H, t, J  

7.2Hz, C' % ), 3.00 (2H, t, 7 7.2Hz, C  ̂% ), 1.87 (2H, m, C^'%), 1.71 (2H, m, C ’Hj),

1.55 (2H, m, C^’H,).

‘̂ C nmr (CD3OD) : 8  160.8 (C aromatic), 145.5 (C aromatic), 141.9 (C aromatic), 140.0 

(C aromatic), 130.8 (C aromatic), 127.6 (C aromatic), 122.5 (C aromatic), 117.8 (C 

aromatic), 100.1 (C aromatic), 45.4 (C aliphatic), 40.3 (C aliphatic), 29.5 (C aliphatic),

28.1 (C aliphatic), 25.2 (C aliphatic).

OMAxcm ’ (nujol mull) : 3330 (primary amine NH?), 2725 (secondary amine NH), 2225 (- 

NH]^ salt) 1550-1600 (three peaks, aromatic C=C), 750-900 (aromatic C-H), 725 (C-Cl)

• iV^-[(7-chloro)-quinol-4-yl]-1,6-diamino hexane • HBr (15)

Pale brown solid

Mp : 200-202 °C

MS (APCI) : (M+H)^ 278:280 (base peak:33%).

HRMS : (M+HT 278.1419, ^'Cig^Hi/^^^Cl requires 278.1424.

^H nmr (CD3OD) : Ô 8.35 (IH, d, J  7.4Hz, C^H), 8.02 (IH, d, J  12.6Hz, C^H), 7.65 

(IH, s, C^H), 7.34 (IH, d, J  12.6Hz C^H), 6.41 (IH, d, J  7.4Hz, C^H), 3.35 (2H, t, J  

7.2Hz, C' H?), 3.00 (2H, t, J  7.2Hz, C  ̂H?), 1.87 (2H, m, C ' /Zs), 170 (2H, m, C  ̂Hz),

1.54 (4H, m, C  ̂' '̂Hz).

’^C nmr (CD3OD) : ô 160.8 (C aromatic), 145.5 (C aromatic), 142.0 (C aromatic), 140.1 

(C aromatic), 130.7 (C aromatic), 127.4 (C aromatic), 122.5 (C aromatic), 117.7 (C 

aromatic), 100.1 (C aromatic), 45.4 (C aromatic), 40.4 (C aromatic), 29.8 (C aromatic),

28.2 (C aromatic), 25.5 (C aromatic), 24.6 (C aromatic).

OMAxcm"̂  (nujol mull) : 3330 (primary amine NH?), 2725 (secondary amine NH), 2225 (- 

NH3̂  salt) 1550-1600 (three peaks, aromatic C=C), 750-900 (aromatic C-H), 725 (C-Cl)
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5.5.8 - Attempted synthesis of components of the peptide library

5.5.8a - Coupling of a A^-r(7-chloro)-quinol-4-yl1-6-amino hexanoic acid to form an 

amide bond

Reactions were carried out in a disposable tube, fitted with a sinter. Into the tube 

was placed peptide 5 (14.4mg, loading capacity 0.59pmolmg \  8.49|xmol), to this was 

added A^-[(7-chloro)-quinin-4-yl]-6-amino hexanoic acid (9.9mg, 33.8|imol, 4eq., in 

distilled DMF, 0.5ml), HOBt (67|xl, 0.25M in distilled DMF, 29.8|xmol, 3.5eq.) and DIG 

(67|Lil. 0.25M in distilled dioxane, 29.8pmol, 3.5eq.). The reaction was sonicated 

overnight, the excess reagents removed and the resin washed (Three times alternating 

between DMF [1ml] and MeOH [1ml]. Then three times alternating between with DCM 

[1ml] and MeOH [1ml]). The coupling step was then repeated. The peptide was 

cleaved from the resin using TFA:water (95:5, 3ml) with trifluoroethanol (28|li1) and 

PhOH (19.6mg) as cation scavengers. LCMS (10-100% MeCNAVater over lOmins) 

displayed 6 peaks. The desired product eluted at 0.54min and showed the expected ion 

series (7+ 535.5, 6+ 624.8, 5+ 749.7,4+ 936.8, MW = 3742±0.8).

5.5.8b - Attempted coupling of a free amine to produce a urea derivative

Peptide 5 (17mg, loading capacity 0.59pmolmg'\ 10.02pmol) was placed in a 

disposable tube fitted, with a sinter. p-Nitrophenyl chloroformate (48mg, 0.23mmol) and 

diisopropylethylamine (DDEA, 33p,l) in THF:DCM (1:1) were added. The tube was spun 

for 2hr, the excess reagents removed and the resin washed (alternating between DCM 

[1ml] and MeOH [1ml] three times). Then N^-(acridin-9-yl)-l ,5-diamino pentane 

(15.5mg, 0.2mmol) was added with TEA (20pl) and sonicated overnight. The peptide 

was cleaved from the resin using TFA:water (95:5, 3ml) with PhOH (20mg) and 

trifluoroethanol (30p,l) as cation scavengers. LCMS data was inconclusive.
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