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ABSTRACT

Described in this thesis is work aimed towards the determination of the 

sequence selectivity of aciacinomycin, an anthracycline, for dsDNA, by an in vitro 

selection experiment. In particular the work was directed at the development of a 

technique to distinguish between pieces of dsDNA which were, and were not, being 

bound by the drug.

The first methodology attempted was the attachment to aciacinomycin to a 

solid support, with the aim of performing an affinity chromatography experiment on 

a random dsDNA library, which had been synthesised. The successful synthesis of a 

biotinylated linker, for the immobilisation of aciacinomycin on a streptavidin based 

support, is described, with an overall yield of 48%, starting from dodecan-l,12-diol, 

over a five step protocol. Attempts to attach this to aciacinomycin via its methyl 

ester group, however proved to be futile. A wide range of methods were used, both 

chemical and enzymatic, but only breakdown products or starting material were 

observed in the reaction mixtures.

In order to study the hydrolysis of the aciacinomycin methyl ester, attempts to 

synthesise a two-ring model compound of the aglycone portion of the drug were 

made. Several potential routes were investigated starting from a- tetralone, however 

no viable method was found to produce the desired target compound. The most 

successful methodology was found only to result in a mixture of compounds which 

were unidentifiable by spectroscopic methods.

An alternative means of performing in vitro selection experiments involves 

the use of gel shift reactions. A method of producing consistent gel shifts for 

aciacinomycin and dsDNA was developed, and the extraction of the recovered DNA 

from the gel was optimised. However, it was found that PCR amplification of the 

resulting DNA was not as facile as had been expected, and although several 

protocols were used, no reliable method for the amplification of the DNA was found.



I f  we see light at the end o f  the tunnel it is 

the light o f  an on-coming train

Robert Lowell: Day by Day
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CHAPTER 1

INTRODUCTION

1. DNA: Its structure and the binding of species to it

1.1 DNA structure

Ever since the publication of the structure of double stranded (ds) DNA from 

X-ray diffraction data in 1953' there has been a great deal of interest in species that 

bind to i t /  ̂  Watson and Crick described, for B-form DNA, a helical structure with a 

complete turn covering ten base pairs and a distance of 34 Â and ^ width of 20 Â. 

The heterocyclic base pairs, adenine:thymine and guaninexytoaine, are aligned 

perpendicularly to the helical axis and are stacked one on top of the other in order to 

maximise the n-n interaction between the two aromatic systems. The sugar- 

phosphate backbone surrounds the base pair core in the form of hydrophilic ridges. 

Between these ridges two helical spaces are left, which are known as the major and 

minor grooves (fig 1, 2).

The major groove has a width of 12 Â and a depth of 8.5 Â. Positioned 

within it are the N-7 of guanine and adenine; the 0-4 of thymine; and the 0-6 of 

guanine as hydrogen bond acceptors. There is also the C-6 NH2 of adenine and the 

C-4 NH2 of cytosine which act as hydrogen bond donors. In comparison, the minor 

groove is half the width at 6 A and slightly shallower at 7.5 A. ft presents to the 

outside world the N-3 of guanine and adenine and the 0-2 of thymipe and cytosine as 

hydrogen bond acceptors, as well as the C-2 NH2 group of guanipe as a hydrogen 

bond donor. As a result in aqueous solution these two grooves are found to interact 

with a large number of water molecules and to be fully hydrated.'*

In nature DNA has a relative molecular mass in the range of 1.6 x 10  ̂ for 

bacteriophage DNA (viral DNA) to 1 x 10̂  ̂ for human chromosomal DNA. It is 

believed that most of the naturally occurring DNA exists in the B conformation as 

described above, with fluctuations depending on the precise lopal sequence or 

external conditions prevalent. This can be seen by the helical twist of differing sets 

of base pairs. An ApG sequence has a twist of 27.7° whilst a GpC pairing has a larger



C h ap te r  1 19

value at 40,0'\ DNA is not a rigid structure as has been suggested but in fact a 

dynamic structure constantly undergoing internal defonnation (thermal breathing). 

This can be seen in exchange reactions with tritium for protons \vhich should be 

inaccessible and also by nmr. -

r f '

fig 1 B-form DNA
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MAJOR GROOVE

NH:

N—H
— N

MINOR GROOVE

NH:

H— N G

= N
NH:

fig 2 The base pairings described

by Watson and Crick

In the crystalline phase if the amount of water present is reduced 

(humidity lowered to 75%) the structure changes to A-form (fig 3). This is similar to 

B-form in that it is a right handed helix but the overall size is increased from a width 

of 2.0 nm to 2.6 nm. Also the repeat number of base pairs in the hplix is increased 

from 10 to 11. Accordingly the height of one helical turn is decrease^ from 34 nm to 

28 nm. The base pairs are in their anti conformation, as in B-DNA,  ̂and are tilted at 

20̂  ̂to the helical axis, which results in a hollow core of width 0.6 nm /
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10 A

fig 3 A-form DNA

In some high salt conditions for synthetic DNA (especially if  they contain 

alternating purine and pyrimidine sequences) an alternative fonn called Z-DNA can 

exist (fig 5). Unlike the other two structural fonns this is a left-handed helical 

structure. In this conform ation the minor groove is extremely deep and goes into the 

structure as far as the helical axis and the major groove does not exist at all. The 

nucleosides are not all anti, but in fact they alternate syn to anti and as a result the 

polyphosphate backbone has a zigzag like structure (fig 4).

HN.NH2

HO

HOHO syn -dGMPanti -dC

fig 4 Anti v.v. syn base pairs
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10 Â

fig 5 Z-form o f DNA

Although these results come primarily from X-ray diffraction data there is 

evidence that the structure observed is in fact the same as the solution structure. The 

enzyme DNase I is found to cleave DNA (dCGCGAATTCGCG) at every phosphate 

in solution at a rate constant which can be correlated with the helical twist present at 

each individual base pair.^ Evidence also exists for the hydration o f  the minor groove 

in B-form DNA. Gravimetric, infrared and ultraviolet studies were carried out on 

DNA fibres to enable the order o f  events upon DNA hydration to be seen. These 

showed that the free phosphate oxygens were the first to be hydrated, followed by the 

P-O-C and then the C-O-C o f  the phosphates and sugars with saturation at about 60%
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relative humidity in the crystallising medium/'^^ These results were further 

confirmed by studies in solution by density measurements and ultracentrifugation^ 

These experiments also pointed to the fact that an A:T base pair has two more water 

molecules associated with it that a G:C pair (12 in t o t a l ) / I t  is ^Iso interesting to 

note that later studies on the hydration in the minor groove of the dodecamer 

dCGCGAATTCGCG showed a distinct two-layer hydration structure/^ The initial 

monolayer attracted to the nitrogen and oxygen atoms in the groove is bridged by 

water molecules in the second layer giving a distinctive zigzag “spipe of hydration”. 

The width of the groove prevents any further association generating this bilayer.

DNA in its linear form is a very long structure. Electron microscopy has 

shown human DNA to have a length of 990,000 pm for its 2,900,000 kbp and even a 

polyoma virus covers a length of 17,000 Â for its 5100 bp.  ̂ Ip comparison the 

protein in haemoglobin (diameter 65 Â) has only a length of 3000 Â. Since in vivo 

there is necessarily a constraint on the volume available to store DNA in the cell, 

DNA from many sources has been found to be in a continuous loop. This form is 

known as relaxed circular form. This form can itself then wind up into a helical form 

to give a more compact tighter superhelix. The superhelix can be either left-handed 

(designated negative) or right-handed (positive). Each superhelix varies from another 

only in the number of rotations about the axis when it is constrained to a flat plane. 

The Linking Number (Lk) describes the number of turns, and helices which vary only 

in this are known as topoisomers of each other.

Both positive and negative superhelices can be stored equally compactly. 

Enzymatic processes in vivo require a change in Lk as an initial step. In eukaryotic 

enzymes the enzyme which converts topoisomers- Topoisomerase I/II- will act on 

both positive and negative superhelices. However, in prokaryotic systems enzymes 

work specifically on negatively coiled superhelices.

1.2 Binding of molecules to DNA

Because of the well defined three dimensional structure of DNA, and its 

overall macromolecular size, many smaller molecules have the ability to bind with 

the structure at a variety of points. This binding results from one or more factors that 

determine not only the position but also the strength of the binding.
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Upon binding, any water present at the binding site in the major and/or minor 

groove is expelled into the bulk solution. This leads to an increase in the entropy of 

the bulk solution and to a lowering of the Gibbs free energy of the system overall.

From the second law of thermodynamics:

^Gsys = AHsys -TASsys

Thus, even if AHsys is greater then zero from electrostatics (that is to say the 

enthalpic release from the binding of a species does not override the energy required 

to expel the water in the groove), it is possible that the entropie gain from the release 

of the water into the bulk solution is enough so that TASsys is greater. This release 

means that the overall Gibbs free energy change will be less than zero and the 

process will be a favourable one. If such a scenario exists it is known as the 

hydrophobic effect.

The second law also shows us that an important factor is the enthalpic 

effect. That is to say, the energetics of binding which are governed by electrostatics 

and non polar interactions play a very important role. As stated already, the major 

and minor groove present to the external environment a variety of polar and non

polar functionalities e.g. keto and amino groups. Intermolecular interactions between 

these groups may arise to other species present. These may be dipole-dipole

interactions (-1.4 kJ moF^at a distance of 0.3 nm), van der Waals interactions (-2 kJ 

mol'^ in diamond), or stronger hydrogen bonds (15 -20 kJ mol”  ̂ for OH and NH2 

groups). These help to provide a enthalpic basis for binding and add to the kinetic 

factors involved in any further dissociation/ association which may take place.

With the base pairs being separated by a distance of 0.34 nm perpendicular to 

their plane the Ti-systems of successive base pairs can overlap in what is known as n- 

71 stacking. Similarly, if a flat, planar aromatic species is in the presence of DNA it 

can insert itself between successive base pairs and its 7i-system can become involved 

in the mixing of wavefunctions. There is then an instantaneous induced dipole-dipole 

interaction which leads to a binding interaction.
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Since the DNA electrostatic potential and ability to hydrogen bond is 

dependent on the local sequence it is feasible to state that the thermodynamics of 

binding to any particular piece of DNA may be more favourable th^n that for other 

sequences. If a compound displays a preference for one particular sequence above all 

others present it is said to be exhibiting sequence selectivity.

1.3 The modes of DNA binding

The most simple mode is intercalation (fig 6).̂ "* This is the process described 

above by which a fiat aromatic species “slides” in between the hasp pairs. There is 

also the possibility of a compound binding in either of the two grooyes. This process 

is simply known as major or minor groove binding.

1.3.1 Non-specific outside binding

Since the backbone of DNA is anionic, interaction with positively charged 

species is possible. Cationic species such as proflavine 1 can lipe up along the 

backbone and in doing so can minimise the repulsions between themselves. This 

outside binding can in itself release some of the water associate^ with the DNA 

structure and hence be entropically favoured if the increase in ordçr of the binding 

molecule is cancelled out by an overall decrease in the order of the water associated 

with the backbone.

Proflavine 1
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1.3.2 Simple intercalation

As stated previously, the prime prerequisite for intercalation to occur is that 

the species be planar and aromatic/^ Examples of intercalators are pf use both in the 

laboratory and clinically. Ethidium bromide 2 binds by intercalation. On binding its 

fluorescence changes and it is used as a device for DNA detection in 

electrophoresis.^^ Its binding ability also manifests itself as a frame shift mutagen in 

vivo.

NH:

— N,

Ethidium 2

The mode of binding for these simple intercalators follows a two step 

process. Firstly the molecule interacts with the anionic backbone of the DNA to give 

an external complex. The molecule can then diffuse along the length of the DNA 

until a gap appears in between the base pairs, through thermal breat|iing of the DNA, 

which is large enough to allow intercalation to occur. Obviously such a process is 

size dependent, as larger or more bulky compounds require more of a distortion in 

the DNA for the second stage to occur. It is also feasible that soliton excitation may 

play a part in intercalation. This is an aspect of thermal breathing and refers to a 

stretching vibration of the DNA which travels along the helix length as a wave. 

Eventually a point will be reached where the amplitude of the waye is such that it 

has enough energy to slightly part the DNA base pairs and allo^y intercalation to 

occur.

The binding process also causes a local distortion of the hplical structure of 

the DNA. There is a separation of the base pairs by a distance pf about 3 Â (as 

shown by viscosity, sedimentation and crystallographic experiments). There is also a 

degree of helical unwinding which can be as much as 36° for ethidium 2 and 17° for
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proflavine 1. Dichroism measurements also indicate a tilting of the hase pairs and 

intercalator to maximise the ti-tt overlapping.’̂  This in itself can be up to 20-25°. 

These studies, however, have been unable to show any long rapge effects of 

intercalation which may suggest some form of compensation occurring elsewhere in 

the structure to rectify the local deformation at the binding site.

An interesting point to note with intercalation is that not all possible sites are 

used, and in fact at maximum concentrations only alternate sites are filled. This 

phenomenon is known as the neighbour exclusion principle. Although it is only an 

empirical rule it seems to hold true for most simple intercalators and probably 

derives from the local distortions observed around the intercalation site. An 

alternative hypothesis is that the entropy gain from the local release of water is not as 

favourable if water has already been expelled from a nearby site.

Since intercalation occurs between just two sets of base pair^ it means that 

there are ten possible sites for simple intercalators to bind (fig 7). If the species also 

has some structure which extends further than the site of intercalatiop there is more 

scope for specific binding interactions and the number of possible binding sites is 

larger.

5’ ^ 3 ’ AA TA GA CA

3’ < -5 ’ TT AT CT GT

5’ -> 3 ’ AT TT GT CT

3’ < -5 ’ TA AA CA GA

5’ -> 3 ’ AG TG GG CG

3’ < -5 ’ TC AC CC GC

5’ - » 3 ’ AC TC GC CC

3’ < -5 ’ TG AG CG GG

fig 7 The ten discrete intercalation sites (shaded) for intercalation between two base 

pairs i.e. 5’- G|C (repeats are left unshaded).
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It has been seen that in general little or no selectivity is displayed by pure 

intercalators except possibly for G:C base pairs. These have a higher intrinsic dipole 

and may be able to produce a larger polarisation in the rings of the intercalator itself 

when in close contact on binding.

1.3.3 Groove binding

As has already been described, the major and minor grooves differ greatly in 

their size and hydrogen bonding potential, and hence amount of hydration. The most 

important of these factors as to whether a species is a major or minpr groove binder, 

is the size of the species in question, and its ability to enter either or both of the 

grooves well enough to have stabilising interactions. It is found that large molecules 

such as proteins and oligonucleotides (in forming triplex species) tend to prefer 

major groove binding, whereas smaller organic compounds show a tendency towards 

minor groove binding.

1.3.3.1 Minor groove binding

Minor groove binders are generally made up of small aromatic rings such as 

furans, benzenes and pyrroles joined by bonds which allow rotation between the 

rings. This freedom of rotation allows a curved conformation to bç adopted by the 

compound so that it can fit into the helical groove. Van der Waals interactions can 

take place between the compound and the groove wall and if the binding is tight 

enough hydrogen bonds can occur to the groove floor at the points njentioned earlier.

The minor groove does not have a uniform width and is narrpwer at A:T pairs 

than at G:C pairs. Hence if molecules are tighter in the groove at A:T rich sequences 

the van der Waals interactions with the sides of the groove walls will be greater.

Electrostatic interactions occur with the floor of the minor groove with 

hydrogen bonds possible between the sites previously mentioned. However the 

hydrogen bond between N-3 of guanine and 0-2 of cytosine lies in the minor groove 

and poses a steric block to the approach of molecules into the groove in G;C regions. 

Thus a second reason exists for species to bind at A:T regions since electrostatic

interactions vary with 1/(distance)^ and the approach in G:C sequences is sterically 

blocked.
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A classic example of cationic minor groove binding is shown by netropsin 3. 

It is a dicationic species which contains two pyrrole moieties which are able to 

rotate. A crystal structure of netropsin 3 bound to d(CGCGAATTÇGCG) has been 

obtained which enables details of minor groove binding to be ascertained.'17

CH.

CH.

NH

NH .NH

NHNH.
NH:

NH:

Netropsin 3

As expected it was found that the compound was bound at t|ie central AATT 

region and the water in the groove had been displaced from th^t section of the 

duplex. The three amide protons point towards the groove and forrp hydrogen bonds 

to N-3 of adenine and 0-2 of thymine whilst van der Waals interactions exist with 

the walls of the groove. The CH groups of the pyrrole rings act as a brake, and 

prevent any deeper penetration into the groove (the hydrogen bon4  distances are in 

the region of 3.3-3.8 Â compared to a normal 3 A). As a result of these factors the 

pyrrole rings are nearly parallel to the groove walls and twisted by 33° because of the 

helical twist of the DNA. The cationic ends are seen to be interacting with the N-3 of 

the outer adenines.

Unlike intercalation however there are no noticeable effects on the DNA (i.e. 

no lengthening measurable by physical methods). There is a slight bending of the 

helical axis and groove widening but no change in helical twist is seçn.

Other X-ray diffraction crystal structures have been solve(J which back up 

what is seen for netropsin 3. Distamycin*^ or Hoescht 33258^" woul(} be equally good 

examples. Both show a marked curvature and bind at A:T rich sequences.
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1.3.3.2. Major groove binding

The principal determinant in major groove binding is size. The greater width 

of the major compared to the minor groove means that larger species are required to 

bind within it. The most prevalent class is therefore the larger proteins. Because of 

this increase in size there is an associated increase in the number of points of 

interaction between the protein and the DNA. As a result there tçnds to be much 

more sequence selectivity displayed by these systems. Examples include the large 

class of activator and repressor proteins and perhaps more obviously the restriction 

enzymes, such as EcoRl, which cut DNA at specific sequences. This selectivity is 

vital in vivo for an organism; on a cellular level it is fundamental that the processes 

that occur do so with an element of control with the responses occurring for the right 

DNA sequence.

Although the primary sequences of these proteins vary widely it is found that 

in fact they usually contain one of a limited set of structural motifs within their three 

dimensional form which is involved in the protein-DNA interaction. This 

requirement is most probably made on an electrostatic and geometric basis 

constrained by the DNA’s shape and potential energy surface.

It is commonly found that proteins have strategically placed lysine and 

arginine residues, positioned so that they neutralise the negative charge of the 

polyphosphate backbone by forming ionic bonds. An example of this is seen in the 

crystal structure of Klenow fragment of DNase I.̂ ° It is seen that the enzyme has an 

overall anionic electrostatic field but the DNA binds in a “cleft” which has an overall 

cationic nature.

On a purely size basis a typical a-helix has a diameter of abqut 7 Â, and has a 

dipole running from its N  to C-terminus. This makes it ideally suifed to fit into the 

major groove of B-DNA. It is worth noting that a [3-sheet has a wi(^th of only a few 

angstroms and is geometrically suited to the minor groove.

The binding is envisaged to be a one dimensional random walk along the 

backbone (non-specific binding) until the energetics at a specific binding site are 

such that binding is a favourable process. For example, the Klenow fragment has two 

helices, one of which sits in the major groove and in doing so it forces the enzyme to 

proceed along the groove until the preferred binding sequence is obtained.
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As Stated previously, the major groove has more potential sites which are 

hydrogen bond donors or receptors. Since these may be on successive base pairs 

amino acids such as glutamine and arginine are able to hydrogen bqnd to sequential 

base pairs simultaneously. Hence, there is more potential for sequence selectivity 

than exhibited in the minor groove.

Some general points about major groove binding can be gained from looking 

at the bZIP (basic zipper) family of  proteins.*' These regulator}' proteins bind to 

DNA as a dimer to an eight base pair long palindromic recognitiop sequence. They 

consist o f  two distinct segments - a leucine zipper and a basic recognition region.

A leucine zipper is a motif made up o f  two smoothly cgrving a-helices 

associated in a coiled coil. In a bZIP protein this spans the ( -terminal 30 residues 

and is held together by repeating leucine residues every seven amino acids.

The basic region occurs from the A-terminal end and consists o f  two

unassociated a-helices which bind to DNA in the so-called '‘scissors-grip” 

mechanism (fig 8).^  ̂ Each helix recognises a specific sequence, for example, in the 

case o f  the protein GCN4,^^ the sequence TGAC. Combining these two half sites we 

see that the protein GCN4 recognises the overall sequence 5’-TGACGTCA - the

CRE site (where CRE is the CREB response element protein).

fig 8 The scissors-grip model
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In this case the base pair contacts are via two arginine residues which contact 

two concurrent nucleic acids at the centre of each half site. There are also found to 

be present two alanines which have van der Waals interactions with the CH^ group 

of the central thymine, and a third arginine which contacts the central G of the 

recognition site (a fourth arginine from the other helix contacts the polyphosphate 

backbone).

It is seen that the DNA backbone is distorted and is bent at an angle 20° 

towards the leucine zipper with a concomitant underwinding of the DNA at the 

centre of the binding site. This large DNA distortion means that the protein GCN4 is 

not only specific for the CRE site. A similar site - the API site - is also found to be a 

substrate for the protein. This is a similar sequence to the CRE sequence but differs 

in one base pair at the centre (5’-TGACCTCA).

Point mutations on the DNA and protein have been used fo investigate the 

binding. '̂* It was seen that the thymine van der Waals interactions \yere essential and 

a change to uracil stopped all binding. Similarly all the amino acids at the binding 

site were seen to be essential although binding could be altered by increasing the 

steric bulk of the amino acids at relevant points.

Both these families of proteins show us that the factors that are essential for 

binding in the major groove are the same as for the minor groove. The main 

difference, however, is that there is a much larger scope for contacts in the major 

groove and, therefore, the opportunities for sequence selectivity arc increased. This 

is both due to the size of the major groove itself and, more fundamentally, the 

increased potential for interaction of species with it because of their larger size and 

the fact that they contain, in general, more functionalities than do minor groove 

binders.

1.3.4 Mixed systems of binding

So far the individual modes for binding of small molecules to DNA have 

been described. However many examples exist which utilise two or more of these 

modes in their binding and, hence, bind more tightly to the helix i.e. it is possible for 

^w-intercalation^^ to occur with two intercalators linked by groove binders, or any 

combination of intercalation, minor and major groove binding to occur. An example
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of this type of binding is shown by the anthracycline a n t ib io t ic s .S in ce  our work 

has been focused on a particular member of this class it seems appropriate to 

describe in detail at this stage the anthracycline class of antibiotics; their mode of 

binding to DNA and their postulated mechanisms for their effects in vivo.

2 The anthracycline antibiotics^̂ ’̂ ^

2.1 General structure

Anthracyclines are a group of antibiotics, first discovere4 in 1950 by H. 

Brockman, which show remarkable antitumor activity. To date the class consists of 

around four hundred naturally occurring compounds all with a common structure. 

They are all glycosidic compounds whose aglycones - anthraquinopes - all have a 7, 

8 , 9, 10- tetrahydro-5, 12-naphthacene quinone core (fig 9).

R‘ O R' R 10

R

‘R

R" O R' R

R^, R ’  ̂= OH except nogalamycin and relatives, which have a npgalose ring 

R^R'* = OHorOM e 

R’ = point of glycoside attachment 

R*° = glycoside chain or COOMe or OH

R’ and R^’ = (CH,, Et, COCH,, COCH2 OH, CHOHCHj, CHOHCHjOH, CH^COCH,) 

and OH

fig 9 The general structure of anthracyclines

The glycosides observed in natural products have been fourpl to come from a 

group of eighteen compounds. In synthetic antibiotics of this class there are many 

more glycosides which have been used.̂  ̂ In the natural glycosides ^oup they are all 

seen to be nitrogen sugars, hexoses or sugar derivatives and the most frequently 

occurring are 4 L-nosamine 4, 5 L-rhodosamine 5, 2-deoxyiL-fucose 6 and 

L-cinerulose 7.



Chapter 1 35

OH

CH CH CH CH

HO HO HO

NH: OHNMe-

labelling experiments have revealed that the anthraquipone unit is made 

in a polyketide pathway,^^’̂® with daunomycinone, for example, bqing made of one 

unit of propionate and nine units of acetate. Other biosynthesis experiments have 

shown that the sugars are then added sequentially.^' This process has been utilised 

extensively to produce bio-modified anthracyclines.

All the compounds described have marked effects in vivo, and lead to cell 

death via a process that most probably involves binding to DNA through 

intercalation of the aglycone core and minor groove binding of the sugars.

2.2 Proposed mechanisms of action of anthracycline anticancer drugs

For twenty years doxorubicin/adriamycin 8  has been used ag the primary line 

of attack in the treatment of a wide variety of cancers.

OH

OH

OCH3 O OH

OH

R=OH adriamycin 8

R=H daunomycin 9
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However, the failure of academics and the pharmaceutical industry to find a 

better alternative has lead to a decline in interest. This failure to ^nd an improved 

drug, with improved activity and reduced toxicity, can be partially attributed to a 

lack of knowledge of the mode of action. Several possible actions in vivo have been 

suggested for the effectiveness of anthracyclines, but the precise mode of action for 

any particular family member is probably not through a single mecl^anism, but rather 

an array of unrelated biochemical processes on a cellular level. It is thought that the 

principle effect is on the enzyme topoisomerase II by binding to dsDNA and 

interfering with the enzymes function.This  has been confirmed by a correlation 

which was found between DNA binding affinity and biological actiyity in twenty six 

anthracyclines.^^ It was also found that doxorubicin 8  was foun4 entirely on the 

nucleus of the cell when it was examined by microspectrofluorometry.^'^ Other 

workers have suggested that the action may result from in vivo reduction and the 

formation of radicals in the cell which may lead to DNA cleavage or cross-linking,^^ 

whereas others say that it is an effect on the cell membrane which is important. 

This last suggestion could account why the search for a water soluble drug has 

proved fruitless. Finally, recent work has suggested that it may be an effect on 

helicases (which control DNA melting) that may cause the biological effect.

2.2.1 Topoisomerase II inhibition

Topoisomerases are the class of enzymes which catalyse the relaxation of 

supercoiled DNA.^^’̂  ̂ They catalyse the change in linking number by cleavage of 

one or both of the strands, the passage of a segment of DNA through the break, and 

the resealing of the break. There are in nature two topoisomerases, topoisomerase I 

and II. Topoisomerase I catalyses the breaking and resealing of one strand whilst 

topoisomerase II works on both strands. Both these enzymes are ATP dependent, 

which rules out a purely hydrolytic process, and suggests some form of change 

within the enzyme itself. In fact a covalent enzyme-DNA adduct is formed which has 

been isolated by denaturing the enzyme with SDS in the middle of i$s catalytic cycle. 

It happens that the 5’-phosphate is attached to tyrosine 372 in the 100 kD enzyme. 

This state is known as a cleavable c o m p l e x . I t  is thought that anthracyclines 

somehow interfere with this covalent complex. They are therefore not enzyme
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inhibitors in the classical sense but the DNA-drug adduct is a modified substrate on 

which the enzyme can no longer act. This was proved by sequential addition studies 

which showed that the formation of the DNA-drug adduct is a necessary step in any 

biological activity being displayed.

It has also been found by studying a large range of topoisomerase II inhibitors 

that a general pharmacophore is evident for which the anthracyclines satisfy all the 

major requirements (fig 10)."̂ ' Features of the pharmacophore inclqde a requirement 

for the sugar, which ties nicely in with the fact that for daunomycin 9 the aglycone 

itself has no biological ac t ivi ty,and for modified derivatives changes at C3’, on the 

sugar, i.e. substitution of a 4-morpholino group resulted in the actiyity being greatly 

increased."^  ̂Derivatives which were more lipophilic were seen to be more active as a 

result of a greater rate of cell membrane transportation.

o o o
ox=o, s

fig 10 Pharmacophore for topoisomerase II inhibition

How a bound anthracycline actually interferes with topoispmerase II is not 

clear,"̂ "̂  but it is thought that the topoisomerase cleaves the DNA and the drug is 

bound at the cleavage site stacking on the exposed base pair (fig 11). This then leads 

to an interruption in DNA replication and transcription, and causes cell death by the 

stopping of these vital cellular processes.
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top2

top2

—  = Anthracycline

fig 11 Inhibition of topoisomerase II. The enzyme is shown as

two subunits here for the sake of clarity

Evidence has also been presented to the effect that the anthracyclines prevent 

the religation process in topoisomerase action and in effect stabilise the cleavable 

complex, not promote its formation. Thus, the drug binds to the çomplex after its 

formation, and a drug DNA complex is not a prerequisite for the iphibition to occur 

as already stated.'̂ '^

Structural implications have also been proposed for the inhibition of 

topoisomerase."^’ It has been suggested that the activity is due to the local distortions 

upon anthracycline binding around the intercalation site (see later), From molecular 

modelling a perpendicular mode of intercalation (which is verified by both nmr and 

X-ray work (see later)) as opposed to a parallel mode (fig 12) has been proposed.
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P = Phosphate backbone 

G/C = DNA base pairs 

fig 12 Perpendicular mode for intercalation (abpve) and 

parallel mode (below)

This mode of intercalation is as a result of the sugar being placed in the 

minor groove, thereby preventing any other orientation. This prerequisite leads to a 

local unwinding in the region of - 1 0 ° as compared to ethidium 2  displaying one of 

-26°. When compared to other known topoisomerase II inhibitors such as
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elipticines 1 0 , acridines 1 1 , and anthracenediones 1 2  (which all fit the 

pharmacophore model) anthracyclines show a similar binding mode and similar low 

degree of unwinding. It is therefore assumed that the local distortions are sufficient 

for the inhibition of the enzyme as this holds true across the range of compounds. 

That is to say, it is the less sterically demanding perpendicular mode of binding 

which leads to the ability of a compound to act as a topoisomerase II inhibitor.

OH OH
HN Me,

Me
NH OH HN OH

NH

Ellipticines 10Acridines 11 Anthracenediones 12

2.2.2 Antihelicase action

An alternative theory suggests that the drug binding stabilise^ the helix and 

increases its melting temperature. In doing this the strands of the DNA become 

harder to separate and, in essence, the drug blocks strand separation (fig 13).^  ̂This 

stabilisation would have a greater effect on GC base pairs than AT, because GC are 

held together by -16.79 kcal mol^ compared to -7.00 kcal m of \  The enzymes 

involved in strand separation are h e l i c a s e s . I f  these enzymes have evolved to 

overcome the larger GC binding interaction as their maximum effecf, any increase 

on the GC stabilisation would prevent DNA melting. This ties in with observed 

sequence selectivity for anthracyclines (see later). Although this model is a new one, 

and has not yet been tested on cancer cell helicases, only more general helicases, it 

has several advantages over the topoisomerase model. Topoisomerases are known to 

act on specific sites."̂  ̂ If the anthracyclines are not bound at or near the site of 

topoisomerase action they will have no effect, unless the binding is to the DNA after 

the cleavable complex has been formed, in which case any amoupt of sequence 

selectivity in the anthracyclines will only be evolved from topoisomerase specificity.
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Helicases, on the other hand, move along the DNA helix according to their 

individual characteristics/^ Thus they will eventually happen upon a bound drug 

wherever it may be bound as they must pass every base pair.

Experimentally, the main difference between the two models is that helicase 

action is found to be directly proportional to concentration and dqes not tail off at 

higher concentrations. With topoisomerase activity, however, it is fpund that, at high 

concentrations, the appearance of stabilised cleavable complexes does not occur."̂ ^

nATP

Binding and initial Hydrolysis

Strand separation and Blockage

nADP

fig 13 The helicase binds to the ssDNA. ATP is a requirement of the process as the

enzyme requires energy to overcome the stability of the DNA helix; and to separate

the strands of dsDNA into ssDNA
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2.2.3 In vivo Reduction48

It is known that a variety of mild reducing agents can cause the cleavage of 

anthracyclines via a radical pathway (fig 14). In vivo, molecular oxygen can promote 

a similar pathway which produces radicals within the cell. This can pqtentially cause 

DNA scission as in the enediyne class of antibiotics."^^

OHOH e" from 
COCH3 mild reducing 

agentOH OH

OH OR OH OR 
semiquinone

H+

OH OH OH OH

COCH:

OH

OH Or  
hydroquinone

quinone methide

OH

RSH

OH

7-deoxyaklavinoneOH
OH OH

COCH

OH

SHOCH OH

[O] Molecular Oxygen

OH

OH SH

fig 14 In vivo reduction mechanism of action for anthracycljnes
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The pathway goes via a semiquinone and a hydroquinone st^te at which time 

it is thought that the aglycone cleaves leaving a quinone methide. This quinone 

methide is susceptible to attack from variety of nucleophiles whiclt exist in the cell 

including -SH, -NH2 and -OH groups. This quinone methide can, therefore, feasibly 

be a reactive intermediate which attaches itself to the DNA and then the resultant 

adduct acts as an inhibitor of cellular processes. Indeed, some worl^ers propose that 

metabolic activation is a prerequisite for cross linking of anthracyclines to DNA by 

means of a radical pathway although no structure was given for thç adduct, just the 

results of dénaturation studies.

Initial studies using a daunomycin 9 and an oxidising agent as a treatment for 

leukaemia in vitro have proved to be successful, and this suggests that the 

mechanism as a proposed mode of action is a valid one. With, a derivative of 

nogalamycin 13 called menogaril (nogalamycin aglycone withouf sugars at C l - 

replaced by OMe) it has been shown that, with in vivo reduction it is possible to get 

addition to N2 of guanine.^ ̂ However, it must be noted, that for in vivo models to 

succeed, a method of delivery which protects the agents from molecular oxygen must 

be devised. This will most probably take the form of liposomes which are 

hydrophobic and may also aid delivery into the cell.

Whatever the mode of action, there is a pronounced effect when these 

compounds are used in the fight against cancer. The drug aclacinopiycin 14, one of 

the less well studied anthracyclines, has been marketed for nearly twenty years as 

aclacin/aclarubicin. It has efficacy as a single agent, or combined with other drugs 

and can be used in a wide variety of illnesses including acute lymphocytic leukaemia 

and solid gastric, lung, breast and ovarian tumours. It is clear that there are very 

important effects in vivo associated with the anthracyclines, anĉ  the majority of 

evidence points to an effect as a result of binding to dsDNA.

2.3 The binding of anthracyclines to DNA

2.3.1 Kinetics and thermodynamics

It has been shown that the nature of the anthraquinone and glycosidic 

components have a pronounced effect on the binding of a particular anthracycline to 

DNA.^^’̂  ̂ This not only manifests itself in the binding constant but also in the
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binding kinetics as well. DuVemay noted an apparent two fold, increase in the 

binding constant per sugar residue added, with ATgpp being in the ran^e 1 - 6  x 10  ̂M*
1 52

This increase in binding constant with the number of sugar residues has been 

mooted as grounds for increased sequence selectivity. However, sequence selectivity 

cannot be just a factor of the final DNA-drug complex but rather q combination of 

kinetic and thermodynamic factors for both the drug in its bound conformation and 

the local DNA structure. For a drug to show sequence selectivity if must show fast 

association kinetics and slow dissociation kinetics as a result of favourable 

interactions in the binding site.

For intercalation to occur, in the case of nogalamyciq 13, molecular 

modelling has shown that DNA breathing has to occur to allow the bqse pairs to open 

10Â for the aglycone to thread through the DNA helix.̂ "̂  This process is necessarily 

sequence dependent. However the binding of the sugars in the mino^ groove of DNA 

will be dependent on the local groove geometry, and may play a moi^e important role 

than the intercalation in the overall thermodynamics of the binding process.

CH

4 '

OH

OCH

OH"
CH:

CH5

OHOH

CH:

Nogalamycin 13

Kinetic studies have been carried out by several worker^ on the binding 

process by both stopped-flow and temperature jump-relaxation methods on the 

binding of daunomycin 9 to DNA.^^’̂ ^



______________________________________________________  Chapter 1 45

These separate pieces of work seem to have a consensus opinion in that the 

binding to DNA is a multistep process although the precise number of steps remains 

unclear. Chaires postulates that that a three step process occurs ip the binding of 

daunomycin 9 to DNA (fig 15).^^

D + S Cl C

D = DNA

S  = Substrate

C = Complex

fig 15 Mechanism for the kinetics of binding (1)

Kinetics and thermodynamics point to the first step being thp formation of a 

loosely bound outside complex. This is seen to be endothermie and driven by the 

entropically favourable condensation of water from the phosphate backbone (AH = 

+2 . 1  kcal mol'% E ^ i = + 1 2 . 8  kcal mof^) which is consistent with qther data for this 

type of p rocess .T h is  step as expected is found to be bimoleoular with a rate 

constant of 2 . 8  x 1 0  ̂M'^s'\

The equilibrium constant for the second step (8.3) is equivalent to that found 

in the intercalation of proflavine l /^  This most probably occurs  ̂ via the thermal 

breathing of the DNA having a large enough amplitude to accommodate the 

aglycone between the base pairs.

The third step is then postulated to be some form of organisation within the 

complex with the rate seen to be similar to those found from studying the mode of 

binding of actinomycin.^^

This proposed mechanism fits in well with the kinetics foupd for propidium 

and ethidium 2 .^  Krishnamoorthy found kinetics in this serieg to satisfy the 

following equilibria where C\ relates to an outside condensed s^ate and C] the 

intercalated complex (fig 16).
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D + S  Cl C

fig 16 Mechanism for the kinetics of binding (2)

For the proposed mechanism of Chaires/^ the formation of Cl and C2  should 

be dependent on the ionic strength of the solvent whilst the organisation of the 

complex should be relatively indifferent to ionic strength. However this was not 

found to be the case, suggesting a different method of binding showp below (fig 17).

D + S C

fig 17 Mechanism for the kinetics of binding (3)

In this proposed mechanism both C2  and Cg are intercalate^ forms from the 

outside complex Ci and some form of interplay can exist between the two. This 

could correspond to binding at two different sites and imply sequence specificity if 

the thermodynamics of binding in mode C2  outweigh those for C3  ^nd both of these 

are not just simply a different conformation of a complex bound to the same binding 

site.

The exact mechanism for the general binding of anthracyclines to DNA is 

still somewhat unclear. Nevertheless, since an overall negative enthalpy of binding 

for daunomycin 9 to DNA was observed there must be a total negative enthalpy 

for the formation of states C2  and C3 .

It seems reasonable to assume that if  one step is an intercalation step and the 

other an organisation step (fig 17), then the sugars can, and will, play a role in this. 

Thus, if  there is a situation whereby the intercalation process has gimilar energetics 

and kinetics at two sites, it is feasible that the sugars play a role in determining 

which one is the most favourable from their subsequent organisation in the groove 

and expulsion of any water present on the groove floor.
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2.3.2 Structural aspects of binding

2.3.2.1 Daunomycin 9

The major source o f  information into how this class o f  antibiotics interacts 

with dsDNA comes from X-ray diffraction data and nmr data.^’’^"'Much attention has 

been focused on daunomycin 9, as this was the first member to have a crystal 

structure published with it in its bound state. Daunomycin 9 is the simplest member 

o f  the class, only possessing one sugar residue. It was co-cr>'stallisçd with the self- 

complementary DNA hexamer d(CGTACG) and the X-ray diffraction pattern

determined to 1.2 The structure shows the 6 bp double helix o f  DNA in its

B-fonn with two daunomycin 9 molecules intercalated, one at each end o f  the 

sequence in the d(CpG) step. The aglycone chromophore is orientated such that it is 

perpendicular to the long axis o f  the DNA, with the D ring protruding into the major 

groove o f  the helix and the non-aromatic A ring positioned in tlje minor groove 

(lig 18).

tig 18 The binding o f  daunomycin 9 to DNA (1 )
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1 he major stabilising effect between drug and DNA arises as a result o f  

interactions via direct hydrogen bonds to points above and below the site o f  

intercalation.

fhere are two direct hydrogen bonds from 0 9  to N3 and N2 o f  a 

neighbouring guanine base (G2) (fig 19), which act as anchoring points within the 

complex. In the minor groove two bridging water molecules between the drug and 

DNA stabilise the complex. In the major groove, a hydrated sodium cation is co

ordinated to N7 o f  the terminal guanine (G1 ) and the 0 4  and 0 5  o f  9 with a distorted 

octahedral geometry.

tig 19 The binding o f  daunomycin 9 to DNA (2)

The amino sugar was found to lie in the minor groove without hydrogen 

bonding to the DNA, with its functionalities pointing out into the aqueous medium. 

However, this sugar was found to lie at distances o f  between 1.99 Â and 3.49 Â 

from the DNA helix in 21 instances (out o f  a total o f  43 close contacts for the overall 

complex). Since close van der Waals contacts are generally considered to be at 

distances less than 3.5 Â, it was therefore postulated that these interactions may be
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playing a vital role in stabilising the complex. The role of this sug^r in binding was 

highlighted by two further studies. It was found that the charged atnino group plays 

an important role in binding, in that its removal reduces the binding affinity by a 

factor of about 10̂  (AT = 1 x 10 )̂, but, the introduction of an iodo substituent restores 

the binding constant, AT, to a value of 1 x 10*.” Comparative binding studies were 

also used to evaluate the electrostatic contributions to DNA bindipg. In going from 

daunomycin 9 to hydroxyrubicin the charged amino group is replaced by a hydroxyl 

functionality. However, the observed decrease in free energy was larger than could 

be explained purely by the loss of a positive charge. Rather, it was ascribed to the 

unfavourable interaction between the negative potential around a hydroxyl group and 

the negative potential of the minor groove floor. Thus, although there is no direct 

contact between the sugar and DNA, the interactions present do play a major role in 

determining the binding.^^

It has been shown experimentally that the sugar is important for in vivo 

effects. A daunomycinone aglycone itself has no biological activity^^ and it is thought 

that this is as a result of the amino group being able to interfere with the interaction 

of topoisomerase and/or helicase with the DNA-daunomycin 9 complex.

For the sugar to lie in the minor groove the configuratipn at C7 is very 

important. This gives the molecule the right chiral relationship between aglycone 

and sugars to match in shape the minor groove. For more complex anthracyclines 

such as aclacinomycin 14,̂ * the stereochemistry observed enables the sugars to fit 

snugly in the minor groove.This  was confirmed by an nmr study of the drug bound 

to the same self-complementary hexamer as used in the daunomycin 9 study, using a 

combination of nOe-based distance constraints and molecular dynamics 

refinements.
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2.3.Z.2 Aclacinomycin 1468

OCH.

OH

OH OH

Me

NMe-

Me'

HO

Me'

Aclacinomycin A1 14

Aclacinomycin 14 has several structural features in common with 

daunomycin 9. It possesses the C9 hydroxyl “anchor” group, has a fpur ring aglycone 

unit, and has similar stereochemistry at the C7 position. It does, l^owever differ in 

that it also possesses a trisaccharide side chain. The other two differences with 

daunomycin 9 appear at CIO where there is a methoxycarbonyl substituent, and at 

C9 where the methyl ketone is replaced by an ethyl side chain. The aclacinomycin 

14-DNA complex is seen to have higher stability than the daunomycin 9-DNA 

complex, and it has different binding characteristics. Earlier work had proved that 

these cannot be explained purely by considering electrostatic contributions from the 

aglycone. The differences are thought to arise as a result of t)ie difference in 

oligosaccharide side chain. Although no X-ray diffraction data is available on the
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complex, several interesting features show themselves in the structure derived from 

nmr data/*^

A stable 2:1 aclacinomycin 14:d(CGTACG) complex was found to exist in 

solution, similar to the work on daunomycin 9. The anisotropic shift of the protons in 

the anthracycline, as a result of the base pairs ring current, indicated that the 

aglycone was fully buried within the ClpG2 and C5pG6 steps, with H ll of the 

aglycone at closest proximity. The structural refinement gave 10 possible binding 

structures all of which showed a buckle at the intercalation.

The aglycone itself was found to be shifted 1.2 Â towards the minor groove. 

When compared to daunomycin 9 this shift in aglycone positioning alters the 

geometry of the sugar side chain in the minor groove. The first sugar, rhodosamine, 

lies over the G2:C11 base pair, with the N- methyl groups proxipial to A10. The 

remaining sugars were seen to show several nOe cross peaks indicating a distance of 

4 Â-5 Â to the minor groove. More importantly, there was seen to be a 20° kink in 

the DNA backbone at the T3pA4 step due to a crowding between the 2'-deoxyfucose 

residue and the A4 deoxyribose. This forces a widening of the minor groove, and 

causes the A4N6 to form two hydrogen bonds to T904 (interstrand) and T304 

(intrastrand) simultaneously. This effect may be, however, a copipounded effect 

from two species being intercalated in a small hexamer, and a§ a result of the 

changed aglycone orientation as compared to daunomycin 9. This is a consequence 

of the CIO methoxycarbonyl group. Computer modelling showed that the addition of 

a methoxycarbonyl group to the data for daunomycin 9 would lead to clash between 

it and the Cl:G 12 base pair. The complex for aclacinomycin 14 has this functionality 

2.71 Â from N2 of G12. Work on MAR 70, which contains the daunomycin 9 

aglycone and the first two sugars of aclacinomycin 14, showed no kink further 

confirming that it is the aglycone alignment which is causing the kipk.^^

It is interesting to note that there is no noticeable change in the anthracycline 

itself upon binding, which would tend to indicate that the ability to bind via 

intercalation and minor groove binding is a result of geometric factors in the drug 

itself. This suggests that preorganisation in the binding species is paramount to good 

DNA binding.



Chapter 1 52

Nmr experiments allow the dynamics of binding to be probed. It was found 

that even in the 1:1 drug-DNA complex intercalation occurred at the CpG step. Since 

this is a more realistic guide to binding than sites seen by X-diffraction work, it has 

been suggested that this is evidence for a preferred binding site. However, the 

number of sequences surveyed was very limited. Any suggestion of sequence 

selectivity is very tentative and further work is required to confirm or refute this.

It is also worth noting an earlier nmr paper on aclacinomycin 14 binding. 

This paper, although not as thorough as later papers in giving a model of the binding,

concentrated on the resonances of the backbone of the DNA. By studying the 

binding of aclacinomycin 14 to the oligonucleotide d(CCTAGG), it was possible to 

infer a binding site of TpA. Although very limited, it does seem %o indicate that a 

TpA (or ApT) binding site is preferable to a CpC (GpG) and is preliminary evidence 

for sequence selectivity in this drug. However, no GpC steps arç present in this 

particular oligonucleotide to correlate with the work of Wang.

23,2.3 Nogalamvcin 13

The other widely studied anthracycline is nogalamycin 13. This is somewhat 

different from those already described, as it represents an increase in structural 

complexity. The aglycone chromophore is substituted at both ends by bulky sugar 

residues. At one end it has a nogalose sugar residue attached as in other 

anthracyclines at C7 whilst at the other end it has a positively charged bicyclic 

aminoglucose ring attached to the Cl hydroxyl group and to

This compound has been studied both by nmr^^ and X-ray crystallographic 

methods. There are two X-ray diffraction structures of nogalamycin 13 bound to 

d(CGT(pS)ACG) and d(m^CGT(pS)Am^CG) at a resolution of Â and 1.7 Â 

respectively (where pS is a phosphothioate in the R-configuration). It must be noted 

that there is no specific reason why these oligonucleotides were çhosen, only that 

these gave the best crystals from the range of sequences studie^i. Both of these 

contain a CpG step at the termini, whilst the nmr experiment wqs carried out on 

d(GACGTC) which contains a CpG step as its core. It is found that both methods 

give very similar results except that the buckle around the intercalation site by nmr is 

seen to be less than that seen in the X-ray diffraction experiments (32° unwinding cf.
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26"). However, this may be as a result o f  there being more helical constraints when a 

species binds at the middle o f  the sequence than at the ends. This is further 

contlnned by the obseiwation that the c>1osine sugar ring is not seen to be puckered 

in the nmr solution study.

In the X-ray diffraction study it was found that the DNA was in a distorted 

B-form configuration, with the nogalose sugar residing in the minor groove and the 

amino glucose being positioned in the major groove. Once again it was seen that 

there is very little difference between the free and bound drug, and the orientation o f  

the two sugars on the same side o f  the aglycone mirrors the turn o f  the minor groove 

and major groove around the intercalation site. Both sugars were found to be 

pointing towards the AT section o f  the DNA giving the molecule a dumbbell-like 

shape (tig 20).

fig 20 The binding o f  nogalamycin 13 to DNA
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In the major groove there is an obvious hydrogen bond from the amino 

glucose hydroxyl to N7 of G2 (2.8 Â). This is the main stabilising influence at that 

end of the molecule. At the extremity of the aglycone, the A ripg was found to 

protrude into the minor groove and is in a distorted conformation such that the 

hydroxyl at C9 is pseudo-equatorial, pointing away from the DNA and does not 

interact. The carbonyl group of the methyl ester functionality at CIO, on the other 

hand, adopts an equatorial position, perpendicular to the aglycone and points directly 

at the DNA. As a result, it is seen that there are two hydrogen bonds from the amino 

group of G12 (or G6 ) at a distance of 3.0 Â to this carbonyl group, The complex is 

further stabilised by a hydrogen bond to the glycosidic ether linkagç from the amino 

group of G2 (G8 ) at a distance of 3.4 Â. It is noteworthy that if th^ compound was 

intercalated between an AT sequence, adenine has no amino group in the minor 

groove and hence no minor groove hydrogen bond would be possible. This may 

explain any binding selectivity seen.

The nogalose sugar fills the minor groove, almost forming a continuous 

hydrophobic domain and is held by van der Waals forces. However, unlike many 

other minor groove binders, e.g. netropsin 3, which bind at AT riçh sequences and 

cause a slight narrowing, the nogalose sugar causes an expansipn of the minor 

groove with the phosphorus-phosphorus distance being seen to increase from 11.5- 

13 Â up to 15 Â (netropsin reduces it to 1 0  A).

In comparison to daunomycin 9, the aglycone, like in aclaçinomycin 14, is 

pulled towards the minor groove by a distance of 2.0 A, and again the unwinding is 

seen to be very low at 11° (ethidium 2 unwinds DNA by 26°).

In the nmr study similar degrees of unwinding were seen. It is useful to note 

that no direct interactions were found to the positively charged A^A-dimethyl amino 

group which is in the major groove. However, the positive charge was found to be 

close to the N7/06 of GIO at a distance of 4 A which could suggest water mediated 

hydrogen bonds. In comparison to daunomycin 8  this positive charge is in a very 

similar position to where a sodium cation was found in the crystal structure.

There are two main differences in the results obtained using two techniques. 

Firstly, by nmr, the hydrogen bond to the glycosidic ether oxygen wqs not observable
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leaving the interaction with the carbonyl of the CIO methoxycarbpnyl as the only 

hydrogen bonding stabilisation within the minor groove (although several van der 

Waals contacts were still seen). More importantly, it was also seep that 5'-CpA (5- 

TpG) was an alternative binding site in solution for the hexamer studied. For such a 

structure the interactions in the major groove to the hydroxyls still exist, but the lack 

of the adenine amino group precludes any interactions within the minor groove. 

Despite this, the nOes suggest that the methyl ester adopts a similar orientation. This 

loss of a hydrogen bond is compensated for by hydrophobic interactions between the 

thymine methyl and the atoms of the bridgehead in the bicyclo spgar in the major 

groove. In contrast to other work though, it was assumed that the many hydrophobic 

interactions in the minor groove from the nogalose are unlikely to ipipart any degree 

of sequence selectivity to the complex, and are only involved in thermodynamic 

stability of the final complex. That is to say, the magnitude of the hydrophobic 

interactions are small enough that any changes through a change in (binding sequence 

are small in comparison to the overall interaction of the drug-DNA complex.

2.3.2.4 Arugomvein 15

An interesting compound which has been studied recently is arugomycin 15.^̂  

This compound has the basic molecular architecture of nogalarpycin 13, but is 

somewhat more complex in that it contains both a longer four residue 

oligosaccharide attached at C7 instead of a nogalose residue and hps a trisaccharide 

chain attached via a glycosidic linkage to C4" of the amino glucoçe bicyclic sugar. 

Although this molecule is somewhat larger than nogalamycin 13, it has been seen to 

have similar DNA binding characteristics.^® This indicates that the two compounds 

have similar binding modes to DNA.

A solution nmr structure was determined with the compound bound to 

d(GCATGC), using the co-ordinates for nogalamycin 13 as a template for building a 

molecular model, to shed light on the role of the sugars in the binding process.*® It 

was found that the compound bound twice to the DNA hexamer at t)ie 5 -CpA and 5- 

TpG steps, and as in nogalamycin 13, the complex was stabilised ipainly by similar 

interactions in the major groove involving substituents on the highly rigid orientated 

bicyclo amino glucose ring structure. A specific hydrogen bond wqs found between
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the C2' hydroxyl and the guanine N7 at the intercalation site giving ^ requirement for 

guanine and thymine at that point. More surprisingly, no specific interactions were 

observed in the minor groove except weak van der Waals interactiops over the triads 

d(GCA) and d(TGC). The sugar chains were thought to play little p^rt in the binding 

and were found to be directed out into bulk solution. Hence, the cpmplex with this 

larger compound is only stabilised by interactions to structural features which it has 

in common with its smaller relative nogalamycin 13.

OH
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Arugomycin 15

From the above examples it appears that there are specific interactions which 

exist in anthracycline-DNA complexes which lead to stability and a requirement of 

definite structural features both around the intercalation site and Ihe neighbouring 

minor (and in some cases major) groove. For the maximum stability of a complex to 

occur, as many of these features as possible in a binding site are required, and this 

potentially leads to sequence selectivity being displayed.
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3. Sequence selectivity and its determination

Sequence selectivity can be defined as the ability of a species to bind to a 

particular sequence of base pairs within a given piece of DNA above any other 

sequences present. Traditional methods for the determination of sequence selectivity 

in the binding of both drugs (small molecules) and proteins are reviewed in this 

section.

This process can be viewed on a purely statistical basis. As already described 

in section 1.3.2 on grounds of pure intercalation there are 10 possible sites, all 

differing in their electrostatic potential and hydrogen bonding capabilities, to which 

a molecule could bind. When this is extended to cover the flanking sequences for the 

intercalation site this number rises rapidly.

If we take a compound which covers the intercalation site, and has contacts 

in the minor groove covering one more base pair we have 40 possibilities. For the X- 

ray diffraction and nmr data covered in the previous section we are considering 

compounds which cover between four and five base pairs which gives 160 or 640 

possibilities respectively. For proteins such as the bZIP family described earlier we 

can consider a binding sites somewhere in the region of ten base pair stretches of 

DNA. This leads to a possible million plus binding sites.

In addition, the ability of a compound to bind to DNA is in çssence governed 

by geometric constraints which lead to a maximisation of the interactions in the 

DNA-drug complex. However the overall three dimensional struçture of DNA is 

sequence dependent and therefore as well as the base pairs covered, the flanking 

sequences must also be accounted for.

With the number of possible binding sites being so high, it becomes 

impractical to construct a library of all the possible sequences an(  ̂ then to test the 

binding characteristics on them all individually. Alternative methods for determining 

sequence selectivity need to be used which survey large pools of sequences 

simultaneously, to locate potential binding sites quickly and efficieqtly. Over the last 

few decades several possible techniques have been described and a few of them have 

been applied to the anthracycline family of antibiotics. Most of these methods are 

summarised in a recent review article.^'
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3.1 Nmr and X-ray crvstallographv

As described previously, nmr and X-ray diffraction data give a valuable 

insight into any interactions which may exist in a preferred binding site. Nmr, since 

it is a dynamic technique, is able to investigate which, if any, sequences are adopted 

in solution by the drug. Nmr is also very useful in that it can simultaneously give 

kinetic information about the binding process, but it requires large amounts of pure 

DNA (95-100 mg) and concentrations of the duplex in the order o f 1 mM. Similarly 

X-ray crystallography can generate information which is vital for our understanding 

of the binding.

Both techniques are limited in as far that they do not give a definite sequence 

selectivity as all possible sequences cannot be surveyed. Both teçhniques rely on 

small pieces of DNA, with only a few of the ten intercalation sites çovered, let alone 

any flanking sequences. For the determination of sequence selectivity, both can only 

give hints as to any preference, and then only for the smallest of binding species such 

as anthracycline antibiotics.

Crystallography is further limited in that it depends on a crystal being grown. 

It is often found that a governing factor in crystal growth is symmetry and in organic 

chemistry it is often possible to separate enantiomers by crystallisation. It is therefore 

possible that it is not the preferred binding mode which is being studied but that 

which has the most favourable packing forces in the solid state. The results are very 

valid, however, in determining which interactions are important for binding for that 

particular sequence.

Both methods rely on small oligonucleotides, and it is oftep found that there 

is end fraying in such systems. As a result, potential binding sites should be placed at 

the centre of the oligonucleotide being studied so that a realistic picture of the 

binding is observed.

It must be noted that for those systems which have been studied by both nmr 

and X-ray crystallography, such as nogalamycin 13, there is very little difference 

between the structures obtained from both methods. However, it is the case that the 

structures based on refinement of nOe distances use a template in the first instance to 

give an approximation. Since the crystal structure is often used as this template, it is 

perhaps not surprising that there is little difference found between the two methods.
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3.2 Chemical attachment

The aim of this method is to covalently attach the DNA binding molecule 

under study to the DNA helix, and then to analyse the resulting addi^ct. This requires 

either chemical modification of the binding drug (in a way which vyill not affect the 

binding itself), or the use of a second chemical reaction to link the DNA and the drug 

together.

Again, only small pieces of DNA can be surveyed, siqce the resultant 

covalently attached adduct must be studied by chemical techniques such as nmr and 

mass spectrometry.

For a reaction to occur between the drug and the DNA, reaçtive components 

must be in close proximity. In essence this technique will be able to pick out 

hydrogen bond type interactions between nucleophilic species separated by distances 

of the order of a few angstroms. However, there is no possibility of determining 

other types of electrostatic or van der Waals interactions between the binding 

molecule and the DNA as they occur between species that are non-rqactive.

This method has been used to study the DNA-daunomycin 9 

interaction. When formaldehyde was added to a daunomycin 9-DNA crystallisation 

medium, a crosslink was formed with a methylene bridge joining the drug to the 

DNA which was 6 bp in length (dCGCGCG and dCGTDCG wherç D represents 2- 

aminoadenine).*^’*̂ X-ray crystallography revealed that the link waŝ  between the N2 

of guanine and the N3’ on the sugar of daunomycin 9 forming an ^minal (fig 21). It 

is probable that this occurs via initial attack from the drug followed by elimination to 

the imine. The imine in proximity to the guanine base then reacts with the N2 

nitrogen. This is consistent with the work on daunomycin analogues which found 

that the C3’ position modifications were the most biologically active"*̂  and that the 

aglycone itself has no biological activity.
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fig 21 Attachment product

The X-ray diffraction crystal structure of the covalent complex also revealed 

that the formaldehyde cross-link had not altered the mode of binding. It was found 

that only a 5’-GCG sequence has the structural prerequisites for bintjling, and that the 

structure was consistent with that obtained for the non-covalently linked 

daunomycin-DNA complex. The methylene bridge was found to fit yery well into the 

crystal structure with no defects observed.

This work has more recently been reexamined.*^ It was foupd that there was 

an absolute requirement for N2 of guanine and N3’ of daunosamine for the cross 

linking to occur For other derivatives without the N3’ amine group, such as 

hydroxyrubicin which has an OH group in the C3’ position, np reactions were 

observed. The requirement for the proximity of reactive species was proved by 

substituting daunosamine with a sugar bearing a C4’ amine group. This can easily 

form the initial imine intermediate but no cross link was observed. These results 

indicate that the reaction is regiospecific.

This cross linking work was further validated by a potential in vivo 

crosslinking reaction. It was found that, for adriamycin 8, transcriptional blockages 

could be observed due to alkylation of the DNA.*  ̂By studying 5’-GCGCGCGC and 

adriamycin and daunomycin, in the presence of, not only formalcjehyde, but DTT 

and hydrogen peroxide, using HPLC, uv-visible spectroscopy and n^ass spectrometry 

it was discovered that all three gave the same adduct as in fig 2\. For the system 

which contains no formaldehyde, a formaldehyde equivalent mpst be produced 

within the system. With adriamycin this can be as a result of peroxide oxidation.
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leading to a Baeyer-Villiger reaction on the hydroxyketo side chain which generates 

formaldehyde (fig 22). This cannot be the case for daunomycin 9.

OH

OCH3 O OH OR'

+ CH2 O formaldehydeOH

From adriamycin only
OH

OH OR’

OH

R = H Daunomycin 
= OH Adriamycin 

R' = Daunosamine

OH

OH

From adriamycin or daunomycin

fig 22 Baeyer-Villager oxidation of anthracylines

For daunomycin 9, as well as adriamycin 8, it was found that a reductive 

activation pathway could be invoked, which leads to the formation of formaldehyde 

via a route involving the oxidation of tris or spermine. This pathway could 

potentially occur in vivo (fig 23). It is claimed that that, since it is known that 

lymphocytic leukaemia cells contain more formaldehyde than normal, and breast 

cancer patients display signs of excess formaldehyde production, this may be another 

important pathway by which the anthracyclines act, therefore sl^owing increased 

activity in cancerous cells over normal cells.

drug
semi-
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DRUG-DNA
ADDUCT

Reducing
agent
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form
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or adraiamycin

fig 23 In vivo oxidation cycle
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3.3 Footprinting analysis

Footprinting was originally used to determine the sequence specificity in 

protein-DNA interactions, and it is still the main procedure used for this purpose. 

The method involves the end-labelling of one end of one strand pf a sequence of 

DNA and then the binding of the species under study to it. The DNA is then treated 

with a reagent which cuts the DNA at every base pair. The concentrations are 

adjusted so as to ensure that each individual strand is only cut once. The cut strands 

are then run out on a polyacrylamide gel. The agents used for cutting the DNA do not 

cut where the species under study is bound to the duplex. Therefore, where there is a 

species bound and the DNA cleavage does not occur, a fragment of that 

corresponding length is not observed on the autoradiograph of thç polyacrylamide 

gel (fig 24). This blockage can be as a result of the physical presepce of the species 

at the binding site or due to distortions of the DNA helix in the projçimity of the site. 

The procedure is therefore dependent on the ability of the bound spçcies to inhibit or 

alter the access of reagents to the bases or sugar phosphate backbope of the binding 

sequence.

The sites of protection are then compared to a Maxam-Gilbert sequencing gel 

of the same region of DNA without a bound species, and binding sites can be 

inferred from the gaps in the footprinting gel which correspond to regions observed 

in the sequencing gel. The limit of DNA size that can therefore be surveyed is about 

200 bp. This is determined by the limit of base pairs which can ^e resolved on a 

sequencing gel.
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fig 24 Schematic of the footprinting experiment

The cleavage agent used can be either enzymatic or chemical and the 

particular method of choice depends very much on the particular DNA sequence 

being studied and the nature of the binding to it. In the original met;hod DNase I was 

used. Any bound species on the DNA will inhibit the binding of tl îs enzyme in the 

minor groove and hence block the cleavage of DNA at that point by forming a steric 

block to the enzyme binding. This enzyme cuts dsDNA at any two phosphate 

groups which lie across the minor groove, separated by distances qpart in the range 

of 10-12 Â. However, the procedure is limited in that any species binding to DNA 

causes a local distortion further away than the actual binding site. Major distortions 

in the DNA structure present a block to the enzyme DNase I as the phosphate- 

phosphate distance is changed from the norm. This often leads to a l^inding site being 

seen which is larger than that which the binding process requires. In addition, some 

sequences, especially tracts of A and T, are not that readily cut by the enzyme, and 

binding sites or parts of binding sites are sometimes not observed. If either of these 

restrictions occur the method does, however, yield information abopt the distortions, 

and their extent, as a result of the binding.
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A newer approach is to use a chemical method of foptprinting. These 

methods utilise small radicals which, in contrast to DNase I, s|iow little or no 

sequence selectivity in their cutting and therefore give better definition of the 

binding site. The two methods chosen use methidiumpropyl-ED^A-Fe(II) 16*̂  or 

hydroxy radicals.^°’̂ ‘

NH,

M e

N H

MPE:Fe (II) 16

The methidiumpropyl-EDTA-Fe(II) system (MPE:Fe(II)) cpntains the DNA 

intercalator methidium, covalently linked via a short hydrocarbpn chain to the 

chelator EDTA. In the presence of iron II and oxygen, this acts as a non sequence 

specific DNA cleavage agent. In effect the reagent is a variant on t(ie DNA cleaving 

drug bleomycin but without the specificity observed with blepmycin.^^’̂  ̂ The 

cleavage is most probably an oxidative cleavage of the ribose ring as observed for 

bleomycin (fig 25). It is used to study effects in or on the minor groove.
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fig 25 The mode of action of bleomycin

An alternative methodology utilises chemical reactions which modify the 

DNA except in the region of the bound compound. Compounds such as dimethyl 

sulphate (DMS) 17 cause the N7 méthylation of guanine bases, an^ thus affect the 

major groove. Using this méthylation interference the guanines which are in intimate 

contact to the binding species can be determined.^"  ̂DMS 17 is a goo^ reagent for this 

purpose as it is relatively very small and can thus probe the outer reaches of the 

binding site very closely as it can get in closer to the binding site than can a much 

larger enzymatic probe.

Other reagents used for this task include fotemustine 18 (FM) and 4-(2’- 

bromoethyl)phenol (BEP) 19. FM is an example of a class of ohloroethylnitroso 

ureas currently in clinical trials as an antitumor agent. The compound alkylates N7



Chapter 1 66

of guanines with a preference for 3’-ends of guanine tracts. It is, however, dependent 

on DNA conformation and structure,^^ and can therefore be used to investigate the 

conformational effects of the binding on the major groove. BEP preferentially 

alkylates N3 of adenine in the minor grove and, to some extent, N7 of guanine in the 

major groove and thus can be used to study selectivity for ligand binding in the 

minor groove versus the major groove.^^

DMS 17 FM 18 BEP 19

Chemical footprint analyses are an improvement over enzymatic 

methodologies in that they can be carried out at 37°C and pH values of 7.1 and 7.4 

(DNase 1 reactions are carried out at pH 7.5). These conditions arç a more realistic 

mirror of physiological conditions.

Recently, both enzymatic and chemical footprinting methods have been 

applied to the binding of small organic molecules to DNA. These compounds 

inherently pose a smaller steric block to the cleavage or alkylation agent but, 

nevertheless, distort the helicity of the DNA, and can, through geometric constraints, 

interfere with the processes involved.

Footprinting studies have been carried out op anthracycline 

antibiotics. This work has primarily been focused on dapnomycin 9 and

nogalamycin 13, but more recently has been extended to cover aclacinomycin 14 and 

closely related compounds.^®®

The original work on daunomycin 9 was carried out using the MPE;Fe(ll) 

method at room temperature. It was found, however, that no observable cleavage 

inhibition pattern was observed even at high daunomycin 9 concentration.*^

DNase 1 studies were later carried out at a temperature of 4°(3. A footprinting 

study revealed three classes of sites in a 165 bp sequence.Firstly, there were those 

sites which showed a direct inhibition. These were designated as the binding sites.
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Also, there were sites which showed protection only at threshold concentrations. 

These were thought to arise from co-operative binding interactions in the vicinity of 

high affinity binding sites. Finally, there were a series of sites which showed 

enhanced cleavage presumably due to structural distortions in the region of a binding 

site.

It was found that 5’-(A/T)(A/T)N was the most unfavourable binding site 

although other workers have noted that there are considerable gaps in the cleavage 

pattern for DNase I at 4°C, especially at homopolymeric runs of A and T, implying 

that if the drug binds to any of these regions it will not be detçcted.^^ The best 

binding sites (saturated at concentrations >0.25 pM) appeared to contain the 

common triplet 5’-(A/T)CG or 5’-(A/T)GC. It is interesting to note that this is one of 

the few cases in which computational chemistry has successfully predicted the 

behaviour of DNA-ligand interactions, where the triplet 5’-TCG was predicted as the 

most stable binding core. °̂  ̂‘°̂

It was observed that the binding was specific to the above triplets and, in fact, 

the drug binds to other sequences as well, albeit with lower affinity. A footprinting 

titration study allowed the individual binding affinities to be studied, and estimated a 

binding constant of 24.4 x 10  ̂M'* for the high affinity site and 0.4 x 10  ̂ for low 

affinity. This difference of a factor of about 60 corresponds to an energy difference 

of about 2 kcal mol"\ This lack of selectivity was confirmed by Fpx who indicated 

that identical DNase I experiments gave results for which no simple consensus 

recognition sequence was apparent, though many of the sites contained adjacent GC 

sequences.

To test these results fluorescence titration studies were carried out on 

hexamer sequences containing the sequence 5’-AGC.^°  ̂These studies confirmed the 

results obtained by footprinting, but are limited in the fact that hexamers are only 

stable in IM NaCl concentration. Work has been carried out more recently on 

hairpins containing a hexamer and a four thymine loop, since thesp only require 0.2 

M NaCl for stability. Once again the binding was found to be greater for those 

containing the triplet sequence 5’- ACG than for either of the control sequences.^*

More recently daunomycin 9 has been the subject of anqther footprinting 

s t u d y . T h i s  work covered not only the DNase I methodology, but also extended to
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DMS, BEP and FM techniques. DNase I footprinting was carried out at room 

temperature on a 375 bp fragment {EcoRX to BamVL\) of pBR32^, and the results 

were analysed by densitometer scanning. Both cleavage protection qnd enhancement 

were observed in accordance with the results obtained at the 4%]. This had not 

previously been observed at any higher temperature. For daunomycin 9 inhibition 

occurred at 5’-TGTG, 5’-GTTA, 5’-GGTGCC, 5’-TACA, 5’-TTG and 5’-GAT. The 

most common sequence specification found in this case is the requirement for a 

5’-GT sequence somewhere in the binding site, which is different frpm that predicted 

by experiments carried out at 4°C. This was, however, not a specifîç requirement for 

binding, more a general trend observed. Also, not all the possible 5’-GT sequences 

were selected, which indicates some degree of sensitivity to the precise local 

conformation.

For daunomycin 9, major groove alkylation by DMS and FM gave contrasting 

results. FM alkylation was overall inhibited whilst the effect of DMS was enhanced 

at most guanines. The dominant influence in the major groove by anthracyclines is 

the protrusion of the D ring into the groove giving steric hindrance. This prevents the 

access of the bulkier FM reagent to the nucleophilic sites. DMS is not affected by 

steric hindrance. Instead, the distortion induced by the drug probably increases the 

nucleophilicity of the N7 of guanine, therefore leading to enhanced alkylation.

BEP acts in the minor groove, and it was seen that all adenines were blocked 

from alkylation suggesting that the drug binding and dissociation equilibrium rate is 

faster than the rate of alkylation. There was, again, increased alkylation in the major 

groove due to the increased nucleophilicity of guanine N7 and the protection in the 

minor groove.

The data for all three chemical agents confirmed the results obtained by 

DNase I footprinting and indicated that the sequence 5’-GT js important for 

daunomycin 9 binding to DNA.

The sequence selectivity of the larger compounds aclacinomycin 14 and 

ditrisarubicin B 20 have also been studied. Unlike aclacinomycin 14, 

ditrisarubicin B 20 not only has a trisaccharide attached to its aglycone at C7, but 

also the same trisaccharide attached to the CIO position.
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This has been studied at 4°C by DNase I footprinting/^ At high 

concentrations nearly all sites were protected suggesting a lack of selectivity. 

However, at lower concentrations, a few discrete sites were seen af different points
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to those observed for daunomycin 9, e.g. 5’-ATCCGTAA and 5’-ÇGTTGAGA. In 

addition, no cleavage enhancements were seen at all, probably as a result of the drug 

binding to a degree at all sites. This possibly leads to a distorting pf the entirety of 

the DNA helix to an extent where cleavage became unfavourable â : all sites, and no 

sites became distorted in a way so that cleavage rate enhancement was observed. The 

binding regions did not overlap with those of daunomycin 9, and this can be 

attributed to the different structural aspects of the drugs, i.e. with respect to hydrogen 

bonding functionalities (no C13 carbonyl and the extra positively charged N- 

dimethyl sugar). Since the binding sites were similar to those seen for nogalamycin 

13, it is reasonable to assume that the bulky nogalose sugar residue plays a major 

role in determining the binding specificity.

In more recent studies at room temperature, the sites for ditrisarubicin B 20 

and aclacinomycin 14 were found to be the same as for daunomycin 9, but often 

covered an extra base pair to that observed for daunomycin 9, i.e. 5’-AATG 

compared to 5’-ATG.'°" This is in contrast to the lower temperature study.^^

The chemical footprinting results were very similar to those observed for 

daunomycin 9.*°° It was found that for all three anthracyclines, the sequence 5’-GGT 

was favoured by all three chemical footprinting methods. In contrast to the low 

temperature study, this may indicate that it is the intercalation whjch plays a major 

role in determining where the drug binds. This correlates with thç crystallography 

studies of daunomycin 9 which show the major interactions ip the drug-DNA 

complex to be those around the intercalation step itself.

As part of this study, footprinting was attempted on three n^ethyl glycosides, 

a mono, di and trisaccharide corresponding to the three bases of qclacinomycin 14 

(fig 26).’“° However, footprinting by all methods showed no evicjence of binding 

from the glycosides. This implies that it is the intercalation again wjiich is important 

in placing the sugar side chain in the minor groove and not the a|)ility of the side 

chain to bind on its own. Calicheamicin 21, an enediyne antibiotic gives contrasting 

results. This drug also interacts with DNA by intercalation and contains a saccharide 

side chain. When cleaved from the aglycone the sugars bind speçiftcally to DNA 

with different specificity fpppi the parent’s This systei^ has lead to the
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design and synthesis of an eight base pair sequence-selective analogue which binds 

to DNA. “
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fig 26 The saccharides tested for specificity
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3.4 In vitro transcription analysis'"̂

This is a m ethod that defines the sequence selectivity o f  binding and the 

dissociation kinetics as a result o f  the transcriptional blocking ability o f  the drug. 

W hereas footprinting generates preferred binding sequences as a result o f  the 

inhibition o f the cleavage o f  DNA by DNase I, this m ethod generates sequences as a 

result o f  a disruption in the activity o f  E. coli RNA polymerase (fig 27). The 

inhibition is not an effect on the enzyme itself, but a change in the enzyme’s 

substrate DNA, as a result o f  the binding o f  a third species to it.

DNA
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1
 ̂ nucleotideso
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O':"' r 1Elongation
 ̂ nucleotides
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fig 27 Schematic representation o f  an in vitro transcription analysis
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An initial complex is made by allowing transcription to takç place for about 

10 base pairs from the promoter site using a known primer. TJiis transcription- 

initiated complex is stopped by the exclusion of one of the four nucleotides from the 

reaction mixture and is stable so that it stays intact whilst the dn^g is equilibrated 

with the DNA. If [a-^^P] UTP is used as one of the nucleotides, when the excluded 

nucleotide is added transcription continues until there is a blockade caused by the 

drug-DNA complex. This produces an RNA sequence which is r^diolabelled and 

extends the length of the original DNA template as far as the blockage site.

The resulting transcript can then be electrophoresed anc| the radioactive 

uracil enables autoradiography to be carried out. If the reaction is also carried out 

with 3’-0-methyl-CTP sequencing occurs, enabling all the cytosines in the 

transcripts to be identified. Similarly if limiting amounts of one nucleotide are used 

in the reaction, with a fixed concentration of the other three, the precise sequence 

can be obtained.

This methodology has been used to study the binding of daunomycin 9 and 

adriamycin 8.̂ °* Bi-directional studies were also be carried out utilising two discrete 

promoter regions on opposite strands to confirm the data. The experiment revealed a 

preference for both compounds for intercalation between the 2 bp step 5’-CpA, 

which correlates with theoretical gas phase energy calculations on tetrameric 

duplexes which suggested both this sequence, and 5’-TpA, as preferred intercalation 

sites. This result, however, contradicts those generated from footprinting 

experiments. This data does, though, produce a much narrower inhibition pattern 

because the RNA polymerase reads right up to the blockage site. It may be, 

therefore, that footprinting experiments may actually be masking q 5’-CpA binding 

site and, in fact, the authors go to some length to state this as a reason for the 

difference in the two approaches.

When considering flanking sequences, the preferred sequence was indicated 

to be 5’-TCA for adriamycin 8. This sequence was deduced as a result of not all the 

5’-CpA steps being observed to be blocked. It is noteworthy that this is the same 

sequence as predicted theoretically."” The theoretical study stated that a G residue 

next to the intercalation site leads to large repulsions between the G-NH2 and the
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daunosamine ammonium group. The cytosine 5’ to the site leads to a favourable 

interaction with the 9-OH of daunomycin.

It is very interesting to note that two types of binding site yvere seen in this 

study. Those described above were deemed to be reversible bipding sites, and 

occurred after a drug-DNA incubation time of 15 min at 10°C. If the incubation time 

was increased, it was found that irreversible adducts were formed. These blockages 

were exceedingly long lived, with no evidence of the enzyme readipg past them even 

after 3h of elongation time. It is most probable that this is an adduc| caused by some 

form of reduction and going via the quinone methide as previously described. The 

amount of this adduct was found to be dependent on the presence qf Fe(III) and this 

suggests that this ion is involved in the process.

All these irreversible sites were seen to be 5’-GpC. This si^e corresponds to 

those seen in covalent attachment studies (see 3.2), and suggests that structural 

aspects of the 5’-GpC base pairing are those required, so that some form of covalent 

linkage can be formed giving an irreversible complex.

As for footprinting analysis, in vitro analysis is limited jn that it cannot 

survey a large pool of oligonucleotides, instead it is one DNA  ̂ piece which is 

analysed. This, again, is restricted by the limits on the range of RfjA length which 

can be analysed by gel electrophoresis at high resolution. Like footprinting, the 

technique is a measure of a blocking effect on other enzymatic processes, and does 

not select binding sites on the strength of binding affinity alone. Tljey do, however, 

give a valuable insight into the binding, although they may give differing results, and 

no general consensus can be found.

3.5 In vitro selection analysis

In vitro selection is a technique developed in late 1980s, with the aim of 

addressing the problems associated with both footprinting and in vitro transcription 

analysis. Although variations in the actual in vitro selection event çxist all methods 

follow the same general scheme. The technique is unique in fhat it generates 

preferred binding sequences for a species from a pool of random oligonucleotides 

purely on the strength of their binding alone. This is then, in essepce, a screen for 

specificity."^
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The oligonucleotides selected (often referred to as aptpmers) are then 

amplified by This has the effect of enriching the pool in the sequences

selected. The selection protocol is then repeated so that the tightest binders out of 

this enriched pool are selected. If this cycle is repeated several times the net effect is 

to sequentially enrich the pool exponentially with the preferred binding sequences.

The oligonucleotides are also designed such that they cqntain a random 

cassette within defined capping sequences. These sequences are sqch that they are 

designed with discrete restriction sites in them so that subsequent cloning can be 

carried out. This enables sequencing to be performed after single colonies have been 

selected. The capping sequences also enable defined PCR primers to be used in the 

amplification step of the cycle.

An average random section in an oligonucleotide is limitée} by the methods 

available for chemical synthesis of oligonucleotides. Therefore, logjstics dictate that 

the length of the random section is no more than about 25 base pairs. This means 

that a selection is being made simultaneously from a pool size in the order of 10̂  ̂

variants. The complexity of the pool not only implies that all the possible sequences 

are covered, but also only a small fraction of each are in the pool. Therefore it is 

possible to exert rigorous selection protocols, only selecting and apiplifying the best 

binding sequences.

The process is very powerful and exists in a number of guises. It was 

originally developed in three groups, all of whom refer to it by a different name: 

Szostak called the technique in vitro selection;^""* Joyce named it in vitro 

e v o l u t i o n ; a n d  Gold decided upon the acronym SELEX (Systematic Evolution of 

Ligands by Exponential e n r i c h m e n t ) . D i f f e r e n t  techniques based on the same 

approaches (varying only slightly in the selection event itself) haye more recently 

emerged: SAAB (Selected And Amplified Binding),’̂ *̂̂ '* CAST (Cyclic

Amplification and Selection of Targets) and TDA (Target Detection Assay).

The selection event itself can be anything which enables the separation of 

bound and unbound sequences. The original papers concentrated on the 

immobilisation of the molecule under investigation either on an agqrose column''' or 

a sepharose c o l u m n . B o t h  of these form affinity columns designed to separate the 

possible aptamers for the immobilised phase from the random poof Recently fixing
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to a nitro-cellulose filter has been utilised. This involves the binding of proteins 

to the nitro-cellulose, followed by the washing over of the nucjeic acid library. 

However, due to the increased hydrophobicity of DNA compared to RNA, the 

increased background binding of DNA makes this a hard task to carry out for DNA, 

and hence this technique is limited to work on RNA. For DNA, therefore, gel shift 

assays have been used more frequently to distinguish between thç free and bound 

DNA, relying on the fact that bound DNA has a higher mass and hence a slower 

migration rate within a polyacrylamide gel.̂ ^̂

R AN DO M
SEQUENCE

RESTRICTION
SITES

PCR
AMPLIFICATION

SELECTION
EVENT
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U N B O U N D
SEQUENCES

SELECTED

SEQUENCES

fig 28 Schematic representation of an in vitro selection experiment

The majority of work in this field has been based on the study of interactions 

of small molecules with RNA. However, work has been perforpied investigating 

DNA binding interactions. Most of this work has been focused on protein-DNA 

binding'^^ but some work has been carried out on the binding of smaller peptides and 

organic molecules to ssDNA. No work in this field has been carried out on the 

anthracycline class of antibiotics.



Chapter 1 77

3.5.1 Attachment to a solid support

This is conceptually a simple process. The DNA/RNA binding species is 

immobilised on a solid support and, in doing so, forms an affinity column for the 

purpose of aptamer selection. If the nucleic acid library is then passed down it at low 

concentrations the sequences with lowest binding constants are eluted. The bound 

sequences are then eluted either by addition of competitor binder or by a change in 

buffer.

Perhaps the only drawback with this process is that chromatographic 

partitioning relies on a high density of binding species being presept. It is, therefore, 

harder to attain a true equilibrium in the binding step and, as a resplt, drive towards 

the highest affinity binders. It is also vital to have some prior Knowledge of the 

mode of binding, so that by attaching to a solid support there is no change in the 

nature of the area of attachment which could possibly affect the binding. This can be 

overcome by calculating the binding constants on the generated sequences after their 

determination, to ensure that the best affinity sequences have been selected.

In the work on DNA, perhaps the most striking example to date is the 

determination of a consensus sequence for the bZEP protein GC1S[4.’̂  ̂ The protein 

was coupled to CNBr-activated sepharose and the column screened with a library 

consisting of radiolabelled DNA with a 23 bp random sequence flanked by two 

restriction sites. The DNA was eluted wdth buffer containing an increasing 

concentration of sodium chloride. An increase from 0.1 M to 1 M left 2% of the 

DNA on the column (measured by radioactivity). This pool was cycled three times to 

give a final aptamer library which was 0.02% of the original (note: no PCR was 

performed in this experiment). This recovered DNA was cloned into a plasmid and 

43 clones were selected and sequenced. Of these 40 contained tl%e 7 bp sequence 

5’-TGA(C/G)TCA, the other three only differing from this at one position. This 

correlated with the sequence suggested by mutagenesis studies on the wild type 

binding sequence.

There has been no work on the binding of small molecules to dsDNA. There 

have, however been several examples of small molecule-RNA binding which utilised 

solid phase immobilisation. Ellington and Szostak described the isolation of RNA
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sequences, made from random 100 bp DNA, that had affinity for the anthraquinone- 

based dyes such as Cibacron Blue 3GA 22 and Reactive Blue 23 linlçed to agarose."*

HN

HNHN

Cibacacron Blue 3GA 22 Reactive Blue 23

RNA was allowed to bind in high salt buffer containing 0.5 M LiCl, and 

unbound RNA eluted with water from the column. After 4 or 5 cycles the amount of 

RNA that bound to the column had increased from 0.1% up to 50%. It was estimated 

at this stage that the pool contained between 10  ̂ and 10  ̂ sequences which all had 

some form of specific binding. It was found that the selected RNAs could rebind to 

the column on which they were selected, and not to the columns which were used in 

selecting other dyes. This indicates that the sequences were different and that the 

procedure had been able to select RNAs which could differentiate between the 

functional groups on the individual dyes. It was also found that, within a particular 

pool, there was no homogeneity except in a few short regions. The binding site was 

then mapped by selecting one sequence and randomising it at a level of 15% at every 

base pair. This was then subjected to 2 cycles of selection and the resulting 

sequences cloned. From this pool it was found that 28 base pairs were conserved 

between clones and these were deemed to be the binding requirements.

SELEX experiments were also carried out against the same targets using 

ssDNA to compare with the RNA r e s u l t s . I t  was observed that the RNA and DNA 

differ in primary sequence, and neither the RNA version of the DNA aptamer nor the 

DNA version of the RNA aptamer binds to the target showing that it is an overall 

structure effect which governs the binding.
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Similar work has been carried out on a variety of targets including ATP 

(using an ATP-agarose column)/^" the amino acid arginine 24 (on ^epharose)*^’ and 

cyanocobalamin/vitamin B12 (on agarose).

COOH

Arginine 24

Perhaps the most sensitive example of selection was sçen in the high 

resolution discrimination by RNA of theophylline 25 and caffeine 26. These two 

compound differ only in a A-methyl group.

Me

Me.
HOOC

MeMe Me

Theophylline 25 1-carboxypropyl 
theophylline 27

Caffeine 26

1-Carboxypropyl theophylline 27 was cross linked to a sepharose column, 

and screened against a pool of 10̂  ̂ RNA sequences containing a random 40 bp 

sequence. Bound RNA was eluted with 0.1 M theophylline 25. Once again, the 

reaction progress was monitored by determining the amount of labelled RNA which 

was eluted from the colunm. Only 0.5% of the original pool was eluted in round one 

on the addition of the theophylline 25 solution. After eight rounds this had risen to 

62%.

A somewhat more novel protocol was also followed. After rpund five instead 

of just eluting with theophylline 25 solution, the column was fitst eluted with a 

caffeine solution. This so-called counter-SELEX selection resulted in 99.7% of the 

theophylline 25 bound RNA being eluted by the caffeine solution, leaving only 0.3% 

to be eluted by theophylline 25 solution. This was then cycled usjng this protocol, 

and after three rounds approximately 80% of the pool was unaffected by the caffeine
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wash. This effectively had selected RNAs from the original library which recognised 

theophylline 25 and caffeine 26. By concentrating these sequences, it was then 

possible to differentiate between theophylline 25 and caffeine 26 binding species.

Sequence analysis carried out on the complementary dsDNA populations 

were split into two classes of conserved regions, separated by from one to eight base 

pairs. Modelling gave all the sequences a similar structure, consisting of a tight 

binding pocket in the RNA. Since binding experiments revealed that the N-1 

hydrogen is critical for binding, it was speculated that it was important in the 

stabilisation of the complex through a hydrogen bond. Similar binding constant 

studies with other substituents on theophylline 25 enabled the assignment of the 

character of other regions of the binding pocket.

Counter-SELEX, therefore, was invaluable in determining binding sites that 

can discriminate small molecules which vary only in one hydrogen bond. This was 

only possible due to the small size of the compounds in question.*”  For larger 

species, with much more interactions available, this resolution would be much 

harder and would require more rounds of SELEX to concentrate the pool. It would 

be necessary, therefore, to use several slightly different species 1;o target in on a 

differentiation between just two compounds which differ only in onç position.

An interesting experiment was carried out in the search for RNAs which 

bound to arginine 24. An initial selection was performed for L-citrulline 28. 

Citrulline 28 differs from arginine 24 in that it contains a carbonyl group rather than 

an amino group, and its urea group is neutral as opposed to the changed guanidinium 

group of arginine 24. RNA was selected on a citrulline-agarpse column, and 

members of this family were found to each contain two separate consensus motifs of 

ten and six nucleotides. Once again all members could be folded into the same 

structural motifs. A piece of RNA designed from this information showed a binding 

constant of about 65 pM for L-citrulline 28; slightly lower for the D-enantiomer; and 

minimal affinity for arginine 24.

A new pool of RNA was made based on this sequence, but with a 30% 

mutation at every position. This pool was then applied to an arginine-agarose column 

to select for arginine recognition. After five rounds of SELEX about half of the 

selected RNAs were found to be variants of the consensus sequence determined for
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citrulline 28. The binding constant for arginine 24 was found to be 56 piM, 120 fold 

better than for citrulline 28, and to have a 7-tbld preference for th<? L- over the D- 

enantiomer.

The main arginine 24 binder was found to differ at only three points from the 

citrulline 28 sequence. This shows very clearly that only a few minor changes in the 

sequence can fundamentally alter the binding properties and hence the species 

recognised.

COOH

L-Citrulline 28

3.5.2 Gel re ta rd a tio n  m ethodology

Gel retardation is a method which shows any DN(A binding by 

e le c tro p h o re s is .W h e n  a species binds to DNA the overall complex has a higher 

mass. Once this is electrophoresed onto a gel, quickly relative to the dissociation rate 

o f the species from the DNA, it no longer becomes a stage in a reversible process but 

a discrete entity. This higher mass species then migrates at a slower rate through the 

electrophoresis medium than does the free DNA. As a result it is possible to select 

sequences which are bound and to recover and cycle them in a SELEX protocol.

5GCN4-DNA
complexes

free DNA

fig 29 A typical protein gel retardation experiment
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An example of this is seen in the determination of the binding site for the 

yeast transcription factor RAPl.’̂  ̂Prior to a SELEX study, little \yas known about 

the precise details of its binding to DNA. A pool of 57-mers were njade containing a 

13 bp random insert. The dsDNA was labelled, incubated with RAf 1 and subjected 

to a gel retardation experiment. A control lane of a section of tbe natural DNA, 

where it was thought to bind, was also included in the experiment. The required 

dehydrated shifted band was excised, the DNA eluted, amplified using PCR and the 

selection process repeated. The resulting DNA was cloned and 50 clones were 

sequenced. After only two rounds of SELEX (in this case callecj SAAB), it was 

apparent from 47 of the clones that a consensus sequence of 5’-A/G A/C 

ACCCANNCA T/C had been selected, with a maximum of four mismatches per 

sequence. This tied in with data from footprinting s t u d i e s . O f  the remaining 

clones, one sequence had some features in common, and two bore np resemblance at 

all to the consensus sequence. These were tested for binding and were shown not to 

bind to RAPl, rather they were just an artefact of of the screening. From the 

consensus sequence found, it was discovered that the core 5’-CACCÇA was the most 

important for binding, and was most frequently conserved. It was tl^ought that RAPl 

controlled the transcription of many yeast genes and, in fact, whep comparing the 

sequence generated from the SELEX experiment 102 possible sites were found on 

the yeast genome and show potential for further study.

4. Proposed work

It has already been demonstrated that the anthracycline cl^ss of antibiotics 

have the potential to bind to DNA in a sequence selective manner. However, there is 

still a great deal of debate whether they do actually demonstrate sec^uence selectivity 

as a result of their oligosaccharide chains.

Some work has been carried out on this selectivity by both chemical 

attachment and by footprinting. The results from these studies do nof, however, show 

a general consensus. This may be a factor of the inherent difficulties associated with 

the methods and the search for what is a small binding site.

We propose to address this problem by carrying out an ifi vitro selection 

experiment aimed at discovering any preference dsDNA binding sjte. Although no
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work has been previously performed on small molecule-dsDNA binding, it is hoped 

that by careful modification of the techniques used for the study of protein-dsDNA 

and small molecule-RNA interactions, it will be possible to generate a protocol not 

only applicable to the anthracycline class of antibiotics, but also to a wider range of 

small organic molecules which bind to dsDNA in a reversible manner.

The work is specifically aimed at one member of the anthracycline class, 

namely aclacinomycin A1 14. It is hoped to attach this via some form of linker to a 

solid support and to carry out a SELEX experiment on the functionalised solid 

support (fig 30).

Randomised DNA

AFFINITY

LINKER
ACLAC PCR

AMPLIFICATION

COLUMN

TIGHTESTNON-SELECTED
SEQUENCES

BINDERS

ACLAC = Acalcinomycm

fig 30 Proposed aclacinomycin 14 affinity column methodology

In order to achieve this, a system must be devised by which the drug, 

aclacinomycin A1 14, can be attached to a solid support, and in doing so in no way 

affect the binding process itself. By careful choice of the nature of (he solid support;
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the size of linker, to distance the drug from any interactions whiclt may occur with 

the support itself; and the point of attachment to the drug itself, it is envisaged that it 

should be possible to devise a system which is not only applicable to aclacinomycin 

14, but also to other dsDNA binders. Any consensus sequences obtained by this 

method could then be correlated with those obtained from both footprinting and in 

vitro transcription experiments to judge the validity of the methodology.

Complementary to this work, it became apparent that it might be possible to 

carry out gel shift type experiments on aclacinomycin 14. Once again, no previous 

work has been carried out using such a method on small molecule-DNA interactions. 

It is hoped that we will be able to devise a universal system which will quickly and 

easily generate preferred binding sequences for a variety of substrafes from pools of 

random oligonucleotides. It will be possible to compare data obtained from these 

experiments with those from earlier work to assess the validity of thç process.

The first piece of work described in this thesis is, therefore, the design and 

synthesis of a linker for an affinity chromatography methodology. This will be 

followed by the methods used to join this linker to aclacinomycin 14. The methods 

used to generate a model compound for the above process are then described. 

Finally, in a second section, work carried out towards the development of a system to 

be used in a gel retardation assay for binding site determination is described.

Since the work covers both molecular biological and chemical techniques the 

chapters within this thesis will each contain the experimental detail^ pertinent to that 

specific chapter, rather than a larger, broader experimental chapter qt the end.
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CHAPTER 2

THE DESIGN AND SYNTHESIS OF A LINKER FOR THE 

IMMOBILISATION OF ACLACINOMYCIN A1 ON A

SOLID SUPPORT 

1 Choice of matrix and linker

1.1 Solid supports

There exists a wide range of commercially available activated solid supports 

bearing a variety of functional groups for the immobilisation of ligands/ ̂  Matrices 

chosen must be suitable for immobilisation; stable for some time; be inert so as to 

not interfere with the binding interaction under study, and be stable to moderate 

pressure under the chromatography procedure. Clearly no matrix suits all the 

prerequisites and so the choice should be made to mirror the requirements of each 

individual experiment.

The most popular matrix is agarose 29. This has considerable strength, 

relative biological inertness and is isolated from agar-bearing marine algae. The 

linear polysaccharide chains of agarose form a secondary network which is capable 

of absorbing proteins. The network is, therefore, strengthened by cross-linking with 

epichlorohydrin 30. As a practical tool the agarose is usually used in the form of 

beads which present its active hydroxyl groups on the outside. The beads allow 

greater flow properties over the matrix and minimal channelling within the bed, thus 

ensuring rapid and effective separations. These beads are readily made by 

precipitation of agarose from aqueous solution by the addition of organic solvent. 

These supports are widely available and come under a variety of tradenames 

depending on the amount of cross-linking in the agarose and the bead size. The most 

popular matrix of this type is sepharose which comes in a range of sizes and 

derivatives. A more rigid version of this, for faster flow rates, is named Superose.
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OH 
OH I 0^

-----
OH OH

D-galactose 3-6 anhydro L-galactose

Agarose 29

Epichlorohydrin 30

Alternatives to agarose are also available as immobilising matrices. Cellulose 

consists of linear polymers of p-l,4-linked D-glucose 31 units with occasional 1-6 

bonds. However, although it can be formed as beads by injecting a liquid phase 

through a nozzle and solidification of the droplets, it has a lack of porosity and 

uniform bead shape cannot be guaranteed. When these problems are overcome, the 

resulting polymer is more rigid than the polymers formed by cross-linking linear 

polysaccharides with epichlorohydrin. This leads to a greater stability, and the ability 

to use more forcing conditions in the actual chromatography procedure itself.

Dextran is an a - l , 6 -linked glucose polymer, which is commercially available 

in an epichlorohydrin cross-linked form called Sephadex. The hydroxyl groups on its 

backbone make the matrix hydrophilic, therefore allowing more swelling and 

dehydration of the matrix without damage being caused. This makes it a more 

durable medium for affinity chromatography. It also has the advantage that it can be 

autoclaved without damage in its wet state, which may lead to practical advantages. 

However the matrices GIO and G75, the most stable forms of Sephadex, are also the 

least porous and this proves to be a major disadvantage. (Note: Tris is too hindered 

to react and be used as a buffer).
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These polysaccharide beads may then be activated for the immobilisation of 

the molecule under study. This may involve the direct attachment of the molecule to 

the matrix itself, or, more likely, the introduction of a spacer or linker arm, between 

the molecule and matrix to minimise any interactions between them. This is often 

very important as the interactions widely studied are those of enzyme and co-factor 

and the binding site is often buried deep within the enzyme. The length of this spacer 

is therefore critical. If it is too short the undesired interactions are not completely 

eliminated. However, if it is too long, hydrophobic interactions may occur which 

interfere with the binding process.

The polysaccharides are activated by cyanogen bromide (CNBr). This reagent 

reacts with the vicinal diols of agarose, dextrans and cellulose to produce an isourea 

(fig 31). This isourea is then available for coupling via any nucleophilic species. In 

practice this is usually a primary amine.

BEAD C = N H

CNBr RNH2

OH NH:OH
BEAD BEAD

0 — C— N----- ROH

BEADCNBr
OH

fig 31 CNBr activation of polysaccharide bead matrices 

R= functionalised linker arm

The nature of the group, R, in the above figure dictates both the linker length 

and the method of immobilisation. A range of commercially available supports make



__________________________________________________________________________________ Chapter 2 95

use of such terminal groups as amines, carboxylic acids, esters, anhydrides and 

hydrazides. Iodides and sulphides are also used for the attachment to sulphides, 

usually in cysteine residues (fig 32). Two drawbacks with this methodology are 

firstly that the CNBr activated matrix is very susceptible to attack, and hence cannot 

be stored for extended periods and, more importantly, the isourea is positively 

charged and may impart anion exchange properties on the column. This may play a 

role if the species under investigation is associated with a particular anion.

COUPLING FUNCTIONALITYSUPPORT TYPE OF LINKAGE

AMIDE
— O NH HO

AMIDE

HYDRAZIDE

NH"

THIOETHERHS

SH HS DISULFIDE

fig 32 Types of attachment to solid supports

An alternative methodology utilises 6 /j-oxirane (ôw-epoxide) chemistry. 

Compounds such as 1,4-butanediol diglycidoxy ether 32 react with the gel surface 

and leave a distal epoxide at the end of a large non-ionic linker arm. This epoxide 

can then be readily coupled to any nucleophilic species in the molecule which is to 

be immobilised.
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0 ^ ^

1,4-butanediol diglycidoxy ether 32

If a more stable attachment is required, the epoxy activated agaroses can be 

readily converted into amino agarose by reaction with ammonia solution. Reaction 

with succinic anhydride, followed by 7V-hydroxysuccinimide and DCC 

(dicyclohexylcarbodiimide), gives the A^-hydroxysuccinimide ester of agarose. This 

reacts with amine functionalities on molecules to be immobilised, to give stable 

amide linkages.

Succinic OHAgarose— NH- Agarose— NH
A nhydride

NHS DCC

Point o f Attachment

Agarose— NH

fig 33 A^hydroxysuccinimide activated Sepharose or Superose

As an alternative to oligosaccharide based supports, polyacrylamide and 

trisacryl can be used (fig 34). When polymerised linearly, these have reactive side 

chains which can be derivatised to react and immobilise the desired molecule. These 

matrices possess the requirements for rigidity, and have the advantage of containing 

no sugar residues which may interact in certain biological systems.
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CO CO CO CO 
1 1 1 1

œ

Polyacrylamide NH R NH R 
1 1

NH
1

C(CH20H>3 C(CH20H)3 
Trisacryl

C(CH20H)3

R= COOH, NHC(Me>2CH2S03H, 
NHCH2CH2NEt2, NH2

fig 34 Polyacrylamide and trisacryl matrices 

All the methods so far described involve attachment of the molecule under 

study to the solid support by means of a chemical reaction between the terminus of 

the linker and the molecule itself. Since aclacinomycin 14 is a large polyfunctional 

antibiotic it seemed advisable not to perform chemical transformations to attach it to 

an immobilising support. The many functionalities present would all require 

differential protection prior to attachment to ensure the correct mode of attachment, 

so as to not interfere with the binding process. Then, subsequent deprotection after 

immobilisation would again risk the integrity of the drug itself. Hence, this did not 

appear to be a viable methodology, because of the lability of the oligosaccharide side 

chain contained within aclacinomycin 14. The use of a biotin 33 system did, 

however, present a viable alternative.

1.2 Biotin-streptavidin immobilisation systems

Biotin 33 binds specifically to the avidin family of proteins with one of the

strongest naturally occurring non-covalent binding affinities known (10'*  ̂M)

NH

OH

Biotin 33



__________________________________________________________________________________ Chapter 2 98

The avidin family of proteins all contain four high affinity binding sites for 

biotin 33, which can all be sequentially filled, without disruption of any binding in 

the other sites. As a result of this, and because of the ease of biotinylation of a 

variety of biological substrates, biotin 33 systems are commonly used as probes."* 

Upon binding to an avidin protein there is an observed red shift of the tryptophan 

visible spectrum and a decrease in fluorescence which can be used to detect the 

presence of the species under investigation.^’̂  Biotinylated probes can detect as little 

as 100 fg of DNA, which is a level of sensitivity attainable by methods involving 

radioactivity, but is somewhat less dangerous.

Of this family of proteins, the most useful for DNA work is streptavidin. 

Unlike avidin itself, streptavidin has an isoelectric point of between 5.5 and 6.5, 

which correlates with physiological conditions (the isoelectric point of avidin is 

greater than 10). More importantly, streptavidin is not glycosylated and therefore 

does not bind to DNA. Columns containing immobilised streptavidin (or avidin) are 

commercially available. These have been used for the affinity chromatography of 

biotinylated proteins and for the discovery of receptors for immobilised biotinylated 

proteins."*’^

Since the binding of biotin to streptavidin is specific, if  biotin were to be 

placed at the end of a linker, all transformations of the drug (i.e. deprotections) could 

be carried out prior to its to attachment on the column. Therefore, the aim of this 

work is to produce a biotinylated linker attached to aclacinomycin 14. This could 

then be used to form an aclacinomycin 14 affinity column by the immobilisation of 

the biotinylated aclacinomycin-linker system on a streptavidin column (fig 35).

IMMOBILISED LINKER
ACLAC

STREPTAVIDIN

B=Biotin

ACLAC=Aclacinontycin

fig 35 Proposed biotin-streptavidin immobilisation methodology
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The streptavidin protein has four binding sites each of a depth of 15 A as 

shown by polymer formation studies.*’̂  A series of />/5 -biotin compounds were 

synthesised, with the two biotin units separated by aliphatic linker arms. It was found 

that for up to eight methylene units no products were observed, apart from the singly 

bound adduct. Between eight and 12 methylene units led to the formation of 

intermolecular binding, giving polymer formation. Greater than 12 methylene groups 

in the linker arm resulted in intramolecular bifunctional binding as shown in fig 36.

>12
methylene

groups 8-12
methylene

groups

STREPTAVIDIh
POLYMERS

STREPTAVIDIN

fig 36 Diagram showing variation in ^w-biotin binding with linker length

These results indicate that a linker of at least twelve carbons in length is 

required for the drug to protrude from the surface of the protein. This would ensure 

that no interactions between the protein surface and dsDNA were interfering with the 

binding between the drug and DNA. Evidence to suggest that this presents a viable 

methodology comes from the fact that the DNP group of DNP-biotin hydrazide, 

when bound to avidin, is accessible to the anti-DNP antibody.^

Given the above considerations, the first stage of the project was to 

synthesise the target molecule shown below.
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NH

NH

The grouping X is dependent on the point and mode of attachment to the drug 

under investigation. Typically, however it will be either an alcohol or an amine. It 

was envisaged that it would then be possible to connect this molecule to 

aclacinomycin 14 via a transestérification reaction, an amide formation or an ether 

linkage.

The use of an aliphatic linker is open to some debate. Since the binding 

studies were to be carried out in aqueous buffer it was possible that an aliphatic 

linker would aggregate in solution. This could be overcome by the use of a 

polyamine or polyether linker. However, it was possible that a linker with 

heteroatoms in it may be positioned to have favourable interactions with the DNA, 

and, hence, affect the sequence which is selected. An aliphatic linker however, was a 

reasonable first compound to synthesise, to give a methodology for the synthesis of a 

linker. If at a later stage if it was found to indeed aggregate in aqueous solution the 

methodology could be adapted to give a different linker.

1.3 Point of attachment for a linker on aclacinomycin 14

Previous research had shown that linkers can be attached to compounds such 

as daunomycin 9. Various attachments have been made to the C9 methyl ketone on 

the A ring and several linked daunomycin 9 derivatives have been synthesised with 

the aim of improving binding specificity and increasing in vivo activity. There are 

two possible methods by which this has been achieved.

The C9 methyl ketone can be converted to a range of hydrazides giving, for 

example, dimeric anthracyclines such as 3 4 . "
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NH OHOH

n  =  3 -1

HO''OH

OH OCH3OH

H2N
OHOH

A ^w-daunomycin 34

A variety of linkers have been synthesised. The example above involved the 

condensation of a,co-dicarboxylic acids with ethyl glycinate hydrochloride under 

basic conditions. The resulting diester diamides were then treated with hydrazine 

hydrate to yield diacid hydrazides, which were incubated with daunomycin 9 at 25°C 

for 1-3 days in MeOH: Water (60:40) to yield the desired ôw-anthracyclines (fig 37).

EtOOQ-CHj-NHj.Ha

EtsNH
HOOC— (CHsln COOH

n= 3 - 8

EtOGO—CH2—  NHCO—  (CH2)n----- CDNH— CH2— C02Et

NH2-NH2

H2N NHCO— CH2—  NHCO (CH2)n CONH—CH2—CONH— NH2

fig 37 Linker formation for connecting anthracyclines 

Although these ^«-anthracyclines showed promising activity in vitro they 

have, thus far, failed to become marketable compounds. This is because of the 

difficulties associated with synthesising large scale quantities of the parent 

anthracycline and the poor solubility of the product.'^ However, the binding of the 

^«-daunomycin 34 to DNA was shown to be stronger than that of daunomycin 9, and 

it had dissociation kinetics which are 1000-5000 times slower than for the parent.

An alternative method for attachment of linkers to daunomycin 9 is to utilise 

the methyl ketone. Acid and bromine can be used to derivatise the position a  to the
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carbonyl. Nucleophilic displacement of the bromine then leads to the generation of 

anthracyclines with extended ketone functionalities from the C9 position. A wide 

range of mixed bisintercalators 35 have been made, in which daunomycin has been 

attached to acridine through a variety of linker lengths. These compounds showed a 

great deal of activity in vitro, but difficulties in scale-up from the microscale has so 

far prevented large quantities from being produced for further elaboration."

OH

OH

OCH. OH

OH

Daunomycin linked to acridine 35

Aclacinomycin A1 14, unlike daunomycin 9, does not possess the C9 methyl ketone 

and, therefore, a novel method for attachment had to be devised, so that the drug 

could be attached to the solid support. This new method should, again, in no way 

affect the binding characteristics of the drug to DNA.
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OH

OH OH

Me"

Me'

HO

Me'

Aclacinomycin A 1 14

Using the knowledge gained from the X-ray crystal structure and nmr 

structures of both daunomycin 9 and nogalamycin 13 bound to DNA (and, more 

recently, the nmr structure for aclacinomycin-dsDNA*"*) it is possible to predict 

which points of attachment presented a viable solution (see sections 2.3.2.1 and

2.3.2.2 in Chapter i6.i7.i8. 1 9

Since research has suggested that the sugars play a vital role in the 

determination of sequence selectivity, and it was known that they lie within the 

minor groove, they did not represent suitable points for attachment of the 

biotinylated linker. Other possible sites of attachment were the phenolic sites on the 

aglycone, the C9 hydroxyl via an elimination-epoxidation strategy, or the methyl 

ester at position CIO.

Raman spectroscopy studies have shown that the phenolic sites are hydrogen 

bonded to the carbonyls within the aglycone.^" In the crystal structure of 

daunomycin 9, bound to DNA, the oxygen functionalities at 04  and 05 were shown
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to be complexed to a sodium ion in the m ajor groove. Since the positioning 

correlates to that o f the positively charged yV-dimethyl amino group o f the nogalose 

sugar in nogalamycin 13 it is possible that this interaction is an important for many 

anthracyclines. The daunomycin-DNA crystal structure showed that position 0 9  

provided the main anchoring hydrogen bond in the stability o f that particular 

complex. This indicated that attachm ent via 0 9  o f  the aglycone was likely to 

interfere with the binding process and, as such, negate the validity o f  any 

experiments. Also, since this is a tertiary alcohol, steric hindrance would provide 

resistance to any form o f attachm ent at that point. Attachment via the methyl ester at 

CIO was therefore the only viable option.

A similar structural m otif to the CIO methoxycarbonyl in aclacinomycin 14 is 

seen in nogalamycin 13. In the crystal structure o f  nogalamycin 13 bound to DNA it 

has been shown that hydrogen bonds are only evident to the carbonyl oxygen o f  the 

ester and not to the 0-m ethyl oxygen o f  the group (fig 38).

fig 38 X-ray crystal structure o f  nogalamycin 13 bound to DNA 

The carbonyl group points directly  at the DNA in an equatorial position, and 

no interactions with the methoxy oxygen are observed as it points out o f  the minor 

groove. Biologically it has been confirm ed the carbonyl group is important, since its 

removal leads to a loss o f binding affinity.^' It was envisaged that transestérification.
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apart from altering the sterics about CIO, would not alter the stereoelectronics and 

any hydrogen bonding interactions, to the carbonyl group, to any significant extent.

Therefore a linker 36 was required with the functional group X being an 

alcohol. A retrosynthetic analysis of the linker 36 from the readily available 

dodecan-l,1 2 -diol is given below.

NH
OH

0(P rotecting Group)

HO.
0(P rotecting Group)

HO.
OH

fig 39 Retrosynthetic approach to the linker required

A silyl ether was chosen as the protecting group for the desymmetrisation of 

1 , 1 2 -dodecanediol (described section 2 .2 ), and an overall summary of the reaction 

scheme chosen is given below (fig 40).



HO.HO
OH

l’h 3 P /l) i:A D /  
I^hlhaliinide/'n II'9 4 %

H:N
OTBDMS

* 9 %

Isopnipylchiororomiate
Biotm
])M F

81%
HN NH

NH
OTBDMS

rB A l'. 11 IF

9 5 %

NH n
ÏÏ■Ha>

fig 40 The forward reaction scheme for the linker synthesis
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2 Protection of dodecan-l,12-diol 37

There are many methods for the protection of OH groups, one of the most 

common being to form some type of silyl ether. A powerful method for the mono 

protection of symmetrical diols uses sodium hydride and /-butyldimethylsilyl 

chloride.Deprotonation with sodium hydride results in the precipitation of an 

aggregation of the alkoxide anions. On addition of the silyl chloride these then 

diffuse back into the solution and react to form the protected species (the rate of 

silylation is greater than the rate of proton transfer). The conversion of 1,12- 

dodecanediol 37 to the a r-butyldimethylsilyl derivative 38 was attempted, following 

the literature method, but poor yields (2 1 %) indicated a need for longer reaction 

times.

TBDM SO.

38

It was found, however, that longer reaction times led to the formation of an 

unwanted by-product which was presumed to be some form of polymeric species, 

and so an alternative method was sought.

Alternative methods for the monosilylation of 1 ,n-diols involve the same 

procedures employed for the protection of single hydroxyl groups. A statistical 

mixture usually results, with the formation of 50% of the monosilylated product (the 

diprotected species also being formed and unreacted starting material being 

recovered). As the diol 37 is relatively inexpensive, this was considered to be a 

minor problem if it overcame the low yields encountered in the more selective 

sodium hydride mediated procedure. Therefore, the standard DMF/imidazole method 

was used.̂ "* This route has been shown to go via the silyl-imidazole complex and 

gives a statistical maximum yield of 50%, the other 50% being a mixture of 

monoprotected compound and unreacted starting material. The reaction was carried
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out as stated in the literature and gave a yield of 37% after flash column 

chromatography.

3 Amination

Primary amines are most commonly prepared by the reduction of imines or 

azides.^^ Azides can be prepared directly or indirectly from alcohols, either by the 

use of diphenylphosphorylazide and diethyl azodicarboxylate (DEAD) under 

Mitsunobu conditions'^ or via the tosylate and sodium azide.^^

The Mitsunobu reaction can also be carried out using phthalimide as a 

nucleophile. The reaction is commonly used to invert the stereochemistry of a 

secondary alcohol with a nucleophile.

TBDMSO,

39

The standard conditions of diethyl azodicarboxylate and triphenylphosphine 

in THF were used to give the phthalimide 39 in 95% yield. The phthalimide formed 

was cleaved with hydrazine hydrate. Nucleophilic attack occurs op both carbonyl 

centres to give phthalhydrazide 40, and excess hydrazine is removed from the 

reaction mixture by evaporation.

HN
TBDMSO,

■NH2HN

4140

The amine 41 was formed in 89% yield. However, it was found to decompose 

on standing, and was therefore used immediately in further steps.
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4 Coupling to biotin 33

Initially it was hoped to couple the amine 41 to the pentanoic acid acidic 

moiety of biotin 33 via an activated A^-hydroxysuccinimide derivative. Although this 

compound is commercially available, it is relatively expensive and, therefore, was 

not considered a viable alternative. It was envisaged that this group could be added 

using standard peptide chemistry, namely a DCC coupling. In practice, however, 

this was found to be unsatisfactory, as biotin was insoluble in the three commonly 

employed solvent systems (dioxane, 1 ,2 -dimethoxyethane and chloroform).

In an attempt to improve the solubility of biotin 33 in organic solvents, 

silylation of biotin was attempted. Groups were introduced by both the silyl 

triflate/triethylamine method^" and by the r-butyldimethylsilyl chloride/triethylamirie 

method with the aim of producing the monoprotected derivative 42.

TBDMSl NH HN N H

OTBDMSOH

4342

Previous work on biotin-A'-hydroxysuccinimide^^ had indicated that 

monoprotection was likely to occur on only one of the amido nitrogens, as shown 

above, presumably because of steric hindrance on the other side of the molecule, and 

that subsequent deprotection was facile. However, on protection of biotin itself using 

the silyl triflate method, it was found that silylation of the acid side chain also 

occurred and a complex mixture of products was obtained. When using the less 

reactive /-butyldimethylsilyl chloride it was found that even with a two-fold excess 

of the silylation agent only the carboxylic acid was protected giving the ester 43, as 

there were clearly two amide nitrogens visible in the nmr spectrum.
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As an alternative to the biotin-A-hydroxysuccinimide method it was proposed 

that the methyl ester 44 be used, as its formation from biotin is a relatively simple 

procedure.

TBDMSiNH NH

OM e OM e

44 45
The ester 44 was prepared in 79% yield by the action of diazomethane on a 

biotin slurry in MeOH.”  The subsequent protection was carried out by the methods 

described previously for the protection of biotin itself. It was found that the yield of 

the of desired product 45 was very low, using the r-butyldimethylsilyl chloride 

method, as the product was acid sensitive and decomposed during column 

chromatography on silica. Experiments showed that protection with the 

r-butyldimethylsilyl triflate did occur as expected, although the silyl group again 

proved to be acid sensitive. The /-butyldimethylsilyl group also proved to labile 

under the conditions used for the cleavage of the methyl ester (aqueous sodium 

hydroxide), and hence this route was not pursued.

It was suggested that it might prove possible to couple to the pentanoic acid 

side chain of unprotected biotin using a mixed anhydride.^"* ”  Although the original 

method involved the use of isobutyl chloroformate, it was considered that the 

isopropyl analogue would impart enough steric hindrance in the mixed anhydride 

intermediate, to prevent attack on the wrong carbonyl group. Indeed, the silyl 

protected linker 46 was produced in 81% yield upon reaction of biotin 33 with 

isopropyl chloroformate and triethylamine in DMF, followed by treatment with the 

protected alcohol 41.
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NH

NH.
OTBDMS

46

5 Deprotection

N H

N H
OH

36

Deprotection of the silyl alcohol 46 was carried out with a five fold excess of 

TBAF (tetra-A/-butylammonium fluoride)/^ Upon quenching of the resulting anion 

with ammonium acetate solution, it appeared that the required linker alcohol 36 

precipitated out of solution. However it was found that in fact the alcohol was 

partially soluble in THF. In subsequent repeats of the reaction the solvent was 

removed by rotary evaporation, the residue dissolved in THF (in which all the by

products are soluble, but the alcohol is only partially soluble) and the desired product 

was precipitated out of solution by the addition of water and thorough shaking. 

Although initial yields were found to be over 100% (due to the cpmplexation of 

water to the molecule) continual suction was found to remove most of the residual 

water (by nmr), although microanalysis was found to be outside experimental limits.
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6 Preparation of an amine linker

Since the projected point of attachment on aclacinomycin A1 was a ester 

group, it was thought that, if  transestérification proved unsuccessful it might instead 

be possible to attach the biotin linker 36 to the drug by means of an amide linkage at 

CIO. Because it was known that the straight chain amine 41 was an unstable 

molecule, it was decided to prepare the azide 47 as a suitable masked precursor to 

the amine 48.

N H

NH

47

NH

NH
NH:

48

There are two main ways of synthesising an azide via the tosylate or via a 

Mitsunobu reaction using diphenylphosphoryl azide as the nucleophile source.^^ The 

low solubility of the alcohol 36 in THF was found to preclude the use of the 

Mitsonobu route, and, therefore, a tosylate derivative 49 was sought.

HN' NH

NH

49
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The alcohol 36 was found to be soluble under the standard conditions for the 

formation of a tosylate, so it was stirred in dry pyridine with tosyl chloride overnight. 

Initially the compound produced was purified by column chromatography, but it was 

found that the tosyl group came off on contact with the silica. By using a 

stoichiometric amount of the tosyl chloride and allowing the reaction to go to 

completion (4 h) the tosylate 49 was prepared in 95% yield with no need for further 

purification.
The tosylate was heated with sodium azide in DMF at 100 °C to convert it to 

the azide 47. An initial reaction time of 16 h proved unsuccessful. However, when 

the reaction was left to proceed for 72 h, TLC indicated the presence of a product, 

albeit not in good yield. Although these TLC results proved encouraging, it was 

found that the azide decomposed on standing prior to purification. When purification 

was carried out immediately after reaction work-up initial infra-red analysis indicted 

that the azide 47 was being was produced, with a sharp stretch in the infra-red 

spectrum at 2170 cm '\ However on standing the compound was seen to decompose 

and nmr analysis did not show the presence of the azide. IR analysis also showed a 

change in the azide peak with a new stretch appearing as a sharp band at 2636 cm'% 

as compared to the expected range of 2160-2120 cm'% presumably through 

breakdown of the azide to some form of charged nitrogen function.

There is some evidence, however, that the utility of the reaction can be 

increased by the addition of a phase transfer catalyst.This would aid the solubility 

of the azide anion in the reaction medium and hence lead to quicker reaction times. 

The compound then has to be reduced to the amine immediately to prevent 

decomposition. It was decided therefore only to produce the azide and amine when 

required, and to keep the linker at the alcohol stage.

7 Summary

The successful formation of the linker 36, for the formation of an 

aclacinomycin affinity column, has been achieved quickly over a 5 step protocol as 

laid out in fig 40. The overall yield of the alcohol 36 from 1,12-dodecanediol 37 was 

found to be 48%.
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8.1 General experimental

Nmr spectra were recorded on a Jeol PMX-60St (60 MHz), Briiker 

WP2000SY (200 MHz) or a Briiker AC250 (250 MHz) spectrometer. Samples were 

dissolved in CDCI3 or CD3 OD. The chemical shifts are reported in pprn and coupling 

constants are given to the nearest 0.5 Hz. Abbreviations used are s singlet, d doublet, 

t triplet, dd doublet of doublets, m multiplet and br broad. 200 MHz and 250 MHz 

spectra were run by Mr J. Miller and Mr W. Kerr of the University of Edinburgh. 600 

MHz spectra were run by Dr J. Parkinson, of the University of Edinburgh, on a 

Varian VXR 600 spectrometer. Carbon nmr were recorded at 50.31 MHz on a 

Brüker WP2000SY spectrometer or at 62.90 MHz on a Briiker AC250 spectrometer 

using DEPT editing to determine multiplicities.

Mass spectra were recorded using the Fast Atom Bombardment method on a 

Kratos mass spectrometer.

Infrared spectra were recorded on a Bio-Rad SPG FTS7 spectrometer in 

solution or as a Nujol mull, the peaks are given in wavenumbers and abbreviations 

used are s strong, m medium, w weak and br broad.

TLC (Thin Layer Chromatography) was carried out on Merck Kieselgel 60 

F2 5 4  0.2 mm precoated plates. Visualisation was by the quenching of u.v. 

fluorescence (>-max=254 nm), development in basic potassium permanganate (5%) or 

development in 4-dimethylaminocinnamaldehyde (5% in 10% H2SO4). Silica gel 

chromatography was performed using Sorbisil C60 follovvdng the method of Still et

Solvents with boiling point less than 80°C were removed on a Biichi rotary 

evaporator connected to a water pump; solvents with boiling point higher than 80°C 

were removed at 0.001 Torr on a Biichi REl 11 connected to an Edwards mechanical 

pump.

Dichloromethane was dried by distilling from calcium hydride. Diethyl ether 

and THF were dried by distilling from sodium benzophenone ketal under nitrogen. 

DMF was distilled from and stored over 4 Â molecular sieves. All other reagents 

were purified according to methods detailed in Perrin and Armarego.^^
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8.2 Experimental procedures 

12-t-Butyldimethylsiloxydodecan-l-ol 38

TBD M SO .

Method 1

To a solution of dodecan-l,12-diol 37 (100 mg, 0.49 mmol) in THF (9 ml) 

under N2  was added sodium hydride dispersion in oil (15 mg, 0.49 mmol) and the

mixture stirred at 55 °C for 24 h. r-Butyldimethylsilylchloride (82 mg, 0.49 mmol) 

was added and the reaction stirred for a further 36 h at 55 °C. The mixture was 

poured into ether (15 ml) and washed with 1 0 % potassium carbonate ( 1 0  ml), brine 

(10 ml) and dried (Na2 S0 4 ). The solvent was removed in vacuo and the residue was 

subjected to flash column chromatography (10% EtOAc:Hexane) to yield 12-/- 

butyldimethysiloxydodecan-1 -ol 38 as a cream waxy solid (32 mg, 22%).

Rf 0.34 (25% EtOAc:Hexane)

u^ax^cm-^ (Nujol mull) 3371 w br (OH)

5h (200 MHz; CDCI3 ) 0.05 (6 H, s, SiCffg), 0.95 (9H, s, S iC (% ) 3 ), 1.35-1.55 (20H, 

br s, CH2 C//2 CH2 ), 1.6 (IH, br s, OH), 3.55-3.86 (4H, br m, CH2 -O-)

0c(62 MHz, CDCI3 ) -5.40 (8 1 (0 1 3 )2 ), 18.24 (8 1 0 ( ^ 3 )3 ), 25.83 (8 1 0 (0 4 3 )3 ), 29.26 

(CH20f2CH2), 32.63 (C2 H2 ), 32.73 (C1 1H2 ), 62.81 (C1 2H2 ), 63.22 (C 1H2 ) 

m/z (FAB) 317 (M+H+, 58%), 259 (20), 149 (40), 133 (100) and 115 (tBDM8 , 65) 

HRM8  Found 316.2784 (C2 gH5 6 0 3 N3 8 8 i requires 316.2796).

Method 2

A solution of the diol 37 (200 mg, 0.99 mmol) and imidazole (270 mg, 

3.95 mmol, 4 eq) in DMF (10 ml) was stirred at room temperature for 20 min. 

/-Butyldimethylsilyl chloride (148 mg, 0.99 mmol) was added and the mixture stirred 

for a further 24 h. The solvent was removed in vacuo, the residue dissolved in ethyl 

acetate and washed successively with IM HCl (10 ml), water (2 x 10 ml) and dried 

(Mg8 0 4 ). The solvent was evaporated, the residue dissolved in hexane and filtered.
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The filtrate was reduced under vacuum to yield a cream waxy solid 38 (60 mg, 37%) 

with identical spectroscopic properties to that given above.

l-R-Isoindole-l, 3(2H)dione-N-(12A-butyldimethylsiloxy)dodecane 39

TBDMSO,

To a solution of the alcohol 38 (378 mg, 1.19 mmol), triphenylphosphine 

(271 mg, 1.19 mmol) and phthalimide (176 mg, 1.19 mmol) in THF (5 ml) was 

added diethylazodicarboxylate and the mixture stirred overnight. The solvent was 

removed in vacuo and the residue was subjected to flash column chromatography to 

yield 39 as a green oil (500 mg, 94%).

Rf 0.46 (25%EtOAc:Hexane)

Umax/cni“  ̂ (Nujol mull) 1773 (C=0), 1716 (C=0)

0h (200 MHz; CDCI3 ) 0.03 (6 H, s, SiCT/g), 0.88 (9H, s, S iC (% ) 3 ), 1.25 (20H, br s, 

CH2 C//2 CH2 ), 3.50-3.66 (4H, br m, CH2 -O- and CH2 -N-), 7.61-7.89 (5H, m, 

aromatic CH)

5c(50 MHz, CDCI3 ) 2.19 (S i(Œ 3 )2 ), 18.12 (SiC(CH3 )3 ), 25.83 (SiC(CH3 )3 ), 26.63- 

29.33 (4 peaks, CH2 CH2 CH2 ), 32.64 (C 1 1H2 ), 37.79 (C 1H2 ), 63.06 (C1 2H2 ), 122.87 

(CH), 131.94 (C), 133.55 (CH) and 168.13 (C)

m/z (FAB) 446 (M + H+, 10%), 431 (100), 402 (30), 388 (20), 160 (40), 133 (100) 

andll5(tB D M S, 19)

HRMS Found 445.2994 (C2 gH5 6 0 3 N3 SSi requires 445.3012). 

12-i-Butyldimethylsilyl-l-aminododecane 41

TBD M SO .
‘N H ,
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To a solution of the phthalimide derivative 39 ((37.3 mg, 84 pmol) in EtOH 

(2 ml) was added hydrazine hydrate (100 pi, 21 mmol, 25 fold excess) and the 

solution heated under reflux for 2 h. The solvent was removed in vacuo, ether (5 ml) 

was added to the residue and the resulting suspension was filtered. The filtrate was 

evaporated to yield a colourless oil 41 (23.5 mg, 89%) which was used immediately 

without purification.

Rf 0.06 (25% EtOAc:Hexane)

Ojnax/cm-l (Nujol mull) 3348 (NH2 )

5h(80 MHz, CDCI3 ) 0.05 (6 H, s, SiC/fg), 0.95 (9H, s, S iC (% ) 3 ), 1.3 (20H, br s, 

CH2 C //2 CH2 ), 2.7 (2H, br m, N//^), 3.7(4H, br m, C//2 -O- and C//2 -N-)

5c(50 MHz, CDCI3 ) -5.40 (8 1 (0 1 3 )2 ), 18.23(SiC(CH3)3), 25.86 (S i^O lgjg), 29.26 

(CH2 CH2 CH2 ), 32.68 (C2 H2 ), 32.73 (C 1 1H2 ), 62.81 (C1 2H2 ), 63.34 (C,H2 ) 

m/z (FAB) 316 (M+H+, 100%), 258 (20) and 72 (100)

HRMS Found 315.2938 (C2 8 H%0 3 N3 SSi requires 315.2957).

[3aS-(3aa,4p, 6aa)JHexahydro-2-oxo-IH-thienof3,4-dJ4midazole-4-pentanoic 

acid-[t-butyldimethylsilyljester 43

H N l 3N H
\6 a  3 a /

OTBDM S

To a solution of D-biotin 33 (100 mg, 0.42 mmol) in DMF ( 6  ml) under N2  

was added r-butyldimethylsilyl chloride (125 mg, 0.82 mmol) and triethylamine 

(0.14 ml, 0.84 mmol) and the reaction was stirred for 48 h at room temperature. The 

solvent was evaporated, the residue dissolved in CHCI3 (5 ml), washed with water 

( 2 x 3  ml) and dried (Na2 S0 ẑ ). The solution was reduced in vacuo to yield 43 as a 

green oil (116 mg, 79%).
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Rf 0.14 (5% MeOH:CHCl3 )

5h (200 MHz, CDCI3) 0.24 (6 H, s, 0.91 (9H, s, SiC(C^3 )3 ), 1.22 (2H, m,

1.38 (2H, m, C9H 2 X 1.66 (2H, m, C 7 / / 2 ) ,  2.33 (2H, b r  t ,  Cjq/O, 2.74-2.87 (2H, 

m, C6 / / 2 ), 3.1 (IH, m, C4//), 4.35 (2H, d m, C^^H, Ce&H), 5.45 (IH, s, '^HCONH) and 

5.71 (IH, s,N//CON//).

m/z (FAB) 359 (M + 100%), 301 (30) and 115 (tRDMS, 65).

[3aS-(3aa,4p,6aa)]Hexahydro-2-oxo-lH-thieno[3,4-d]imidazole-4-pentanoic acid 

methyl ester 44

N H

OMe

D-Biotin 33 (0.948 g, 3.9 mmol) was stirred in a methanol slurry (15 ml). 

Diazomethane solution^^ was added until a green/yellow colour persisted. The ether 

was removed in vacuo to afford a solid which was recrystallised from MeOH to yield 

a white solid 44 (0.75 g, 77%).

Rf 0.42 (10% MeOH:CHCl3 )

mp (from MeOH) 164-166 °C (lit. 166-167 °C "')

0h (200 MHz, CDCI3) 1 . 2 2  (2 H, m, Cg//;), 144 (2 H, m, C9//2), 166 (2 H, m, C7//2),

2.34 (2H, br t, Ciq//), 2.72-2.91 (2H, m, C Æ ), 3.18 (IH, m, C4 //), 3.67 (3H, s, 

OMe), 4.46 (2H, d m, J = 5 Hz, 7 Hz) and 5.49 and 5.89 ( IH, s,

N//CON70

0c(50 MHz, CDCI3) 25.83, 29.38, 29.62, 34.47, 40.95, 51.94, 56.88, 61.55, 63.30, 

165.83, 174.52

m/z (FAB) 259 (M+ H*, 100%), 242 (60), 228 (15), and 198 (35).
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^-[12-t-BuiyldimethylsiloxydodecylJ-[3aS-(3aa,4fi6aa)Jhexahydro-2-oxo-lH- 

thienof3,4-dJimidazole-4-pentanamide 46

3 N H
6a 3a,

NH

To a prechilled solution of biotin 33 (61 mg, 0.25 mmol , 1.1 eq) and 

triethylamine (35 pi, 0.28 mmol, 1.1 eq) in anhydrous DMF (2 ml) under N2  was 

added isopropyl chloroformate solution (1 M in toluene, 0.23 ml) and the mixture 

was stirred for 15 min. A solution of the amine 41 (72 mg, 0.23 mmol) and 

triethylamine (10 pi, 0.28 eq) in anhydrous DMF (3 ml) was added, the mixture 

allowed to warm to room temperature and stirred for a further 48 h. The solvent was 

removed in vacuo, the residue triturated with ether and subjected to flash column 

chromatography (3% MeOH:CHClg) to yield a waxy cream solid 46 (100.2 mg, 

81%).

Rf 0.67 (20% MeOHiCHClg)

Umax/crn-l (Nujol mull) 3299 (CONH), 1701, 1642

5h (200 MHz, CDCI3 ) 0.05 (6 H, s, SiCT/g), 0.85 (9H, s, 1.2-1.3 (20H, br

s, Cr H rC .r  H2 ), 1.43 (2H, m, Cg 77;), 1.63 (2H, m, C7 H2 ), 2.15 (2H, m, C9  77;),

2.34 (2H, m br t, Cio 77̂ ), 2.78 (2H, m, Cg 77̂ ), 3.14 (IH, m, C4 77), 3.52-3.71 (4H, m, 

C i 7 7 2 -0 -, Ci2 ’7 7 2 -N-), 4.27 and 4.47 (2H,d m, Cga77, Cê FT) 5.85 (IH, br s, 

CON7 7 CH2 ), 6.22 and 6.64 ( IH, s, N77CON77)

0c(50MHz, CDCI3 ) -5.38 (Si(CH3 )2 ), 18.25 (SiQCHg):), 24.63 (CH2 ), 25.86 

(SiC(CH3 )2 ), 28.09 (C), 29.33 ( % ) ,  29.48 (CH2 ), 32.75 ( % ) ,  33.53 (CH2 ), 35.98 

(CH2 ), 39.43 (CH2 ), 40.41 (CH2 ), 50.45 (Q , 55.47 (CH), 60.09 (CH), 61.79 (CH), 

63.23 (CH), 163.87 (C) and 172.95 (Q  

m/z (FAB) 544 (M+lT, 100%), 528 (10). 486 (10) and 315 (10)

HRMS Found 542.3830 (CzgHssOsNjSSi requires 542.3812).
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N-[12-Hydroxydodecyl]~[3aS-(3aa,4p,6aa)]hexahydro-2-oxo-lH-thieno[3y4- 

d]imidazole-4-pentanamide 36

H N  1 3N H

12 '

NH
OH

To a solution of the silylether 46 (30 mg, 55 jiimol) in anhydrous THF (5 ml) 

under N% was added IM TBAF solution (0.6 ml, 0.5 mmol, 10 eq) and the reaction 

stirred overnight. Saturated aqueous ammonium chloride solution (3 ml) was added 

and the solvents removed in vacuo. The residue was taken up in THF and a solid was 

precipitated by the addition of water (5 ml). The suspension was filtered, the solid 

washed with water and dried to yield a waxy solid 36 (22 mg, 95%).

Rf 0.40 (20 % MeOHiCHClg)

Umax/cm"  ̂ (Nujol mull) 3297 (amide), 3169 (OH), 1689, 1636 

0h(200 MHz, CD3 OD) 1.0-2.0 (26H, m, C7/ / 2 , Cg//;, C9H; and Cz ^ rC ir / / ; ) ,  2.29 

(2H, m, CioH;), 2.82-3.06 (2H, m, C Æ ), 3.21-3.40 (4H, m, CyH^-O-, C 1 2 / / 2 -N-), 

3.62 (IH, t, C4H), 4.39 ( 2H, d m, Ce^H), 7.76 (weak, br m, N//CON//, CON//) 

5c(50 MHz, CDCI3 ) 24.58 (CH;), 28.19 (C), 29.42 (CH2 ), 29.48 (CH2 ), 32.75 (CH2 ),

33.53 (CH2 ), 35.98 (CH2 ), 39.43 (CH2 ), 40.35 (CH2 ), 50.39 (Q , 55.46 (CH), 60.07 

(CH), 61.79 (CH), 63.23 (CH), 163.87 (C) and 172.95 (C) 

m/z (FAB) 429 (M+H+, 42%), 391 (65), 353 (45), 331 (70), 313 (100) and 245 (60) 

HRMS Found 428.2930 (C2 2 H4 2 O3N3 S requires 428.2947).
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^-[12-p-MethylbenzenesulphonyldodecylJ-f3aS-(3a(x,4/3,6aa)Jhexahydro-2-oxo- 

lH-thieno[3,4-d]imidazole-4-pentanamide 49

'NH

.NH

To a chilled solution of the alcohol 36 (12.2 mg, 28.5 jiimol) in dry pyridine 

(3 ml) under N2  was added p-toluenesulfbnyl chloride (7 mg, 37 pmol) and the 

mixture allowed to stir for 4 h. Ethyl acetate (1 ml) and 5% sodium bicarbonate 

solution (1 ml) were added and the solution stirred for a further 30 min. The solution 

was further diluted (EtOAc and NaHCOg) and extracted with CHCI3 . The combined 

organic extracts were dried (Na2 S0 4 ) and the solvent was removed in vacuo to yield 

a waxy solid 49 (15.8 mg, 95%).

Rf 0.33 (20 % MeOHiCHClg)

Umax/cm-l (Nujol mull) 3297 (amide), 1695, 1638, 1380 (SO2 -O) and 1185 (SO2 -O), 

0fj(200 MHz, CD3 OD) 1.0-2.0 (26H, m, C7//2, C9//2 &nd 2.29

(2H, m, C10/ / 2), 2.41 (3H, s, Phenyl-C/Zs), 2.85 (IH, d m, C5 CeH), 3.1-3.7 (4H, m 

C r//2-0-, C12 / / 2 -N-), 3.8(1H, t, C4//), 4.15 ( 2H, d m, Ce,H), 7 2-7.8 (4H, m, 

aromatic CH)

m/z (FAB) 582 (M+H+, 20%), 542 (15), 446 (18) and 242 (100).
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N-[12-Aminododecyl]-[3aS-(3aa,4p,6aa)]hexahydro-2-oxo-lH-thieno[3,4- 

d]iinidazole-4-pentanamide 47

N H

NH

To a solution of the tosylate 49 (1.5 mg, 2.5 lamol) in DMF (5 ml) was added 

sodium azide (0.5 mg, 7.7 pmol) as a solution in DMF and the reaction mixture was 

stirred for 4 h at 65 °C under N2 . The solution was taken up in CHCI3  (4 ml), 

washed with water ( 3 x 1  ml) and dried (Na2 SO^) but no stable identifiable material 

could be isolated. Reaction was repeated a further five times.
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CHAPTER 3

ATTACHMENT OF A LINKER TO ACLACINOMYCIN A1 

1 Introduction

As discussed in Chapter 2, the chosen point of attachment of the biotinylated 

alcohol linker 36 to aclacinomycin 14 was the CIO methyl ester group. Therefore a 

reliable method was required by which either a direct transestérification at CIO, or 

the hydrolysis of the ester back to its parent acid, and subsequent re-esterification to 

give the desired ester 50 could be carried out.

OH

NH

Me

OH

Me

Me

Target molecule 50

Since it was known that aclacinomycin 14 was likely to unstable, the method 

of choice had to be extremely mild, and which involved little or no protection to the 

rest of the molecule.

2 G eneral hydrolysis and transestérification protocols for ester groups

The hydrolysis or transestérification of ester functionalities is synthetically a 

very important process. The nature of the equilibria involved, however, means that 

discussing one will automatically cover the other too. Several reviews are available
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in the literature which detail current thinking and these provide comprehensive 

guides to the methods available.°”'’̂ ’̂ In practice it is usually found that 

transestérification is the preferred course of action as the carboxylic acid formed 

upon hydrolysis is often found to have low solubility in the solvent of choice for the 

resaponification. Transestérification, on the other hand, retains some ester character 

throughout the process, as the free carboxylic acid is not formed, and this induces 

greater solubility on the system.

2.1 Acid and base chemistry

Classically acid and base chemistry is used, for the transformation of ester 

groups, and the chemistry covered in two reviews from \93>T and 1974  ̂ still forms 

the basis for the first method of choice in many cases. The mechanisms of these 

reactions mainly fall into one of two categories; Bac2 and Aac2, where A = acid 

catalysed; B = base catalysed; ac ^  acyl cleavage and the 2 means that the reaction is 

bimolecular in its rate determining step (the alternatives being al alkyl cleavage 

and 1 being unimolecular) (fig 41).

fig 41 Alkyl versus acyl cleavage

Thus the rate determining step of Bac2 hydrolysis is the attack of OH (or

RO for transestérification) on the carbonyl centre. For a hydrolysis process, this is

essentially irreversible as the base present removes a proton from the acid formed 

and the resultant carboxyl ate anion is insusceptible to attack by nucleophiles. In the 

Aac2  mechanism it has been found that bimolecular attack of water (or the alcohol) 

on the protonated carbonyl moiety (RC(=OH^)OR’) as shown in fig 42 to form a 

tetrahedral intermediate is the rate determining step.
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B \c2  mechanism for transestérification

fi g 42 Standard mechanisms for the acid and base hydrolysis/transesteri fi cation o f

esters

For the Bac2 transestérification mechanism, an equilibrium mixture o f both 

esters is obtained. The composition o f this mixture reflects the balance between the 

relative concentrations o f the two alcohols and their relative nucleophilicities. 

Methods are available to shift the position o f the equilibrium which are described 

below.
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For tertiary alcohols, whose alkyl component readily forms stable cations 

(e.g. /-butyl), a mechanism designated A^i.l is often found. In this instance the slow 

rate determining step is found to be the cleavage o f the stable carbocation from the 

same protonated species as above (RC(=OH^)OR'). Under basic conditions, in 

solvents o f high ionising power, with low base concentration, to minimise the 

possibility o f Bac^ occurring, the mechanism can follow a sim ilar path and it is 

classified Bai.I (fig 43).

o
I I

R— C— 0 — R'
H+

OH

R— C— 0 — R' 
©

SLOW OH

C = 0  + © C M c3 

R

H ] 0

OH

L o
R

HO— CMej

-H- OH

L o
R
+

©
H.O— CMc.,

fig 43 A Aid mechanism for hydrolysis

An alternative mechanism occurs in high acid concentration with highly 

sterically hindered acids. If the system has some means o f stabilising it, an acyl 

cation can be formed via an AacI mechanism. In practice this is only seen in systems 

such as di-o-substituted aromatic esters (fig 44).

O

Ar^C— C— OR'
H+

O
I I  e

Ar̂ C— C— gR'
S L O W

O

Ar.C— C© + HOR

H2 O

O

Ar,C— C— OH

O

A r,  C—  C—  OH]

IIg 44 Aac' 1 mechanism



C h ap te r  3 130

BASIC (B) ACIDIC (A)
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fig 45 The mechanisms for acidic and basic hydrolysis o f esters

2.2 Equilibrium displacement chemistry

For all (trans)esterifications and ester hydrolyses the reactions are reversible, 

and there exists an equilibrium position expressed in terms o f the equilibrium 

constant, K (fig 46). For a reaction to be practically viable it is essential that the 

equilibrium position lies in favour o f the products, i.e. K is maximised

RCOOR' + R'OH ^  '• RCOOR" + R’OH

K=[RCOOR"][ROH]/[RCOOR'][R"OH]

fig 46 Definition o f  the equilibrium constant K for a transestérification reaction
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From the definition of K it can be seen that, to increase the value of K, the 

most reactive R"OH must be used. This can be estimated from equilibrium studies 

which have shown that:" "

1. Thermodynamically, methanol has the strongest replacing power.

2. The replacing power of R” OH decreases as its chain length increases.

3. Chain branching reduces the reactivity of R” OH.

An alternative method to promote the forward reaction, in accordance with 

Le Chatelier’s Principle, is to remove either the ester or R'OH as they are being 

formed. Methods which have been employed to facilitate this have included the use 

of molecular sieves, although this may reduce the level of base if alkoxide is used or 

it may affect counter ion exchange with the base and reduce its effectiveness." "

Also the alcohol can be removed by azeotropic distillation, either with the 

product, or with an entraining material such as a hydrocarbon, cyclohexane, benzene 

or a xylene. Finally the reactions may be carried out in a perflurocarbon medium. 

These are extremely dense solvents and are imiscible with the organic alcohol 

produced."

2.3 Electrophilic and nucleophilic chemistry^

In covering all the mechanisms available it is advisable to mention a special 

case for unhindered esters- generally methyl and ethyl esters. With the increase in 

organoelement chemistry over recent decades, more reagents are available which 

display high nucleophilicity and yet low basicity. Upon reaction with an unhindered 

carboxylic ester, a mechanism is encountered, similar to Bal2 , which involves 

nucleophilic attack upon the alkyl group itself in an Sn2 type reaction (fig 47).^

fig 47 Nucleophilic attack on a methyl ester by a soft nucleophile

For such a mechanism to occur, it is essential that there is low steric 

hindrance about the alkyl group and, as a result, the pathway is only seen when
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highly nucleophilic, low basicity, reagents are reacted with methyl and ethyl esters. 

This is of great synthetic use as it means that the reaction is highly selective and is of 

much use when the substrate is sensitive to more traditional hydrolytic conditions. 

Reagents commonly used for this type of decarbalkoxylation include the anion of 

trimethyl silane, the phenyl selenide anion and the phenyl sulphide anion.

Methods such as this also enable the mechanisms to discussed in terms of 

Hard/Soft - Acid/Base T h e o r y . T h e  ester functionality has two sites which can be 

potentially be attacked by a nucleophile. It is, therefore, possible to choose a 

nucleophile, on the ground of its hardness which can differentiate between the two 

sites.

When looking at a carboxylic acid the carbinol centre is deemed to be a soft 

electrophilic site (and, hence, attacked by soft nucleophiles) and the carbonyl centre 

is somewhat harder (and, hence, more readily attacked by hard nucleophiles) as 

shown in fig 48.

HARD
NUCLEOPHILIC
CENTRES

SOFT
ELECTROPHILIC
CENTRE

HARD  
ELECTROPHILIC  
CENTRE

fig 48 Hard and soft sites for a typical carboxylic ester

Many reagents exist which combine both hard acid centres and soft 

nucleophile centres. These are systems which when considered individually would 

not be able to hydrolyse an ester, but when coupled provide very reactive systems. A 

typical system of this type is TMS-iodide which cleaves esters in essentially neutral 

conditions either neat or in CDCI3 or CCI4. The silicon forms a strong bond with the

oxygen of the carbonyl group and the soft I nucleophile is delivered to the soft



______________________________________________________________ Chapter 3 133

electrophilic site in such a manner that isolated C=C, ketones and thioethers are not 

affected, but ethers are cleaved (fig 49).’*’

H A — SN

O

Z

HA^Hard A cid e.g. Si 

SN=Soft N ucleophile e.g. I

fig 49 Combined hard acid/soft nucleophile hydrolysis system e.g. TMS-I

The system has the advantage that a variety of esters, not solely methyl and 

ethyl esters, may be cleaved. Therefore, the system has been successfully used to 

hydrolyse benzyl and /-butyl esters, both of which cleave faster than methyl esters.

A similar method uses a mixed aluminium halide-ethane thiol or dialkyl 

sulphide system.^" Both aluminium chloride and bromide have been used with ethane 

thiol or dimethyl sulphide to hydrolyse a variety of esters. The effectiveness is 

generated from the electronic inductive effect of the Lewis acid aluminium and the 

soft nucleophilic nature of the sulphur atom.

2.4 Lewis acid chemistry

Lewis acid chemistry in ester hydrolysis relies on the co-ordination of the 

metal complex to the hard acid carbonyl oxygen. This increases the polarisation 

across the bond, and facilitates the attack of carbonyl group by either water or any 

alcohol present (fig 50). The reaction is very useful in that the absence of a 

Bronstead acid or base prevents complications. This can be exemplified by the 

transestérification of a-amino acids. In the presence of a sodium alkoxide catalyst 

there are noticeable amounts of the racemised product recovered. However when 

using aluminium isopropoxide no racémisation is observed in the final product.^'
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L ew is Acid

R OH

fig 50 Lewis acid mediated transestérification via acyl cleavage

M — L

fig 51 Proposed transition state for the Lewis acid mediated 

transesterification/hydrolysis via alkyl cleavage

A wide variety of Lewis acids have been employed for this purpose. 

Aluminium isopropoxide is a commonly used reagent as described above. Other 

transition metals have been used such as alkoxy(triphenylphosphine) copper 

complexes (ROCu(PPh3 ))ior2 ,̂  ̂ and palladium complexes such as 

PdMe(0 CH(CF3 )Ph(dpe)).'^

Less complex Lewis acids have also been used. Boron tribromide (which is 

also known to cleave ethers)/"^ aluminium trichloride^^ and alumina^^ have all 

successfully been used, although alumina is limited to molecules which are able to 

absorb within its porous structure. A common modem methodology is to use 

titanium tetraalkoxide catalysts (Ti(0 R)4 ).̂  ̂Variants on this are extremely useful, as 

they are used in essentially neutral conditions and work up forms no basic 

components, only 7 %  and the alcohol of the alkoxide.

An interesting variant is to use ^/^tributyltin oxide (BBTO) chem istry .In  

systems such as this, the tin atoms act both as a hard nucleophile and as a hard acid 

and, hence, the mode of attack is somewhat different (fig 52).^
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Î \  '
H N — H A

HA=Hard A cid  

HN=Hard N ucleophile

RCO2R' + (Bu3Sn)20----------► RC02SnBu3 + Bu3SnOR*

H2O/HX X=C1, O Ac

RCO2 H + R'OH + Bu3 SnX

fig 52 Mode of hydrolysis by BBTO

The variety of transition metals which have been used means that there is no 

reliable method of predicting the most applicable. This therefore, necessitates some 

form of trial and error procedure. As a guide, the basicity of each reagent can be used 

as a starting point, presuming the sensitivity of the system under study is known. 

However, this methodology proves to be highly versatile and applicable to a wide 

range of substrates.

2.5 Enzymatic methods

The active sites of enzymes are fixed both geometrically and electronically in 

three dimensions. Therefore, they have the potential to mirror the transition states of 

many reactions. They also contain residues which can act as catalysts for reactions, 

such as acid/base and nucleophilic catalysts. Since ester hydrolysis is an important 

biological process, especially phosphate ester hydrolysis, there exists an array of 

enzymes which can potentially act as catalysts in saponification, hydrolysis or 

transestérification reactions. These reactions have the added advantage in that they 

display great selectivity for chirality, stereoelectronics and steric bulk. Furthermore, 

they may also be used in organic solvents as well as aqueous b u f f e r s . I t  is 

generally thought that in organic solvents there is sufficient water complexed and 

trapped in the active site that the reaction can proceed. This water is involved in the 

non-covalent interactions which govern the catalytically active conformation of the 

enzyme.However, presaturation of the organic phase with aqueous buffer is often
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carried out to ensure there is sufficient water p r e s e n t . T h e  very nature of the 

active site, being buried deep within an enzyme, means that any conformational 

changes in the protein structure, caused by the change from an aqueous to organic 

solvent, are less likely to affect it than would be expected for the structural motifs 

which form the outside of the enzyme. It should be noted however, that in some 

cases the change to organic solvent can trigger a change in specificity of the 

enzyme.”  An example of this is seen in the enzyme Subtilisin Carlsberg.”  This 

enzyme was used in the transestérification of 2 -chloroethyl esters of 

A-acetyl-L/D-amino acids with propanol. In water, the L-enantiomer reacts slower 

than the D-enantiomer. In organic, more hydrophobic solvents, however, the 

enantioselectivity is reduced. The reason for this change is assumed to be that the 

driving force for the reaction is the expulsion of water from the active site. As the 

reaction medium becomes more hydrophobic, this release becomes less 

thermodynamically favourable, and thus the reaction rate is slower. If the relative 

change is greater for the D-enantiomer than the L this may result in the observed 

change in enantioselectivity. In other cases, selectivity has been governed by 

dielectric constant (resulting in a more flexible, less selective enzyme) and dipole 

moment, and the observed changes depend on the precise mechanism of action of the 

enzyme being used.

Enzymatic reactions can, therefore, be highly useful tools in the conversion 

of ester groups. However the synthetic utility of the reactions is both enhanced by 

and limited by their selectivity. Enzymatic reactions are very powerful but they 

require very careful selection of the enzyme and solvent used. The choice of 

conditions often owes as much to serendipity as it does to design. However, since the 

reactions are still equilibria, the methods chosen to drive reactions under acid and 

base catalysed conditions can still be used and this may increase the synthetic value 

of such reactions.”

3 Reactions on aclacinomycin 14

Prior to the commencement of any work on aclacinomycin 14 it was 

imperative that a reliable system of analysis was in place to check the integrity of 

any compounds produced. This was of prime importance not only because of the
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high molecular mass of aclacinomycin 14 itself (RMM=812), but also because of the 

limited supply of the drug that was available for use. In total, 200 mg of the drug had 

been kindly donated by Lundbeck Ltd, which had to cover all trial experiments and 

scale up procedures. A typical reaction was, therefore, carried out on the 1-2 mg 

scale (1.2-2.5 pmol). This type of scale requires high resolution nmr, and accurate 

and reliable mass spectroscopy.

It was, therefore, decided to carry out a solution phase nmr study of the 

unmodified drug, prior to commencement of work. It was envisaged that this would 

facilitate analysis of any products. Previous data on aclacinomycin had come from 

degradation studies^^ and nmr at 100 MHz.^  ̂This was considered to be insufficient 

for the purposes of identification of derivatives, and hence a study into the solution 

conformation was carried out at 600 MHz (see appendix) .As expected the sugars 

were found, in solution, to be curved under the aglycone, and this validates the 

suggestion that some form of pre-organisation is responsible for the binding of these 

types of drug to DNA.^  ̂For a detailed description of the 600 MHz analysis see the 

appendix at the end of this chapter.

It was well known that aclacinomycin 14 is an unstable molecule. Initial 

analysis of the drug had been carried out by hydrolysis in base and, therefore, any 

method of choice could not include any basic components.Although it is claimed 

that aclacinomycin is stable to acid, it was thought advisable to avoid any strongly 

acidic conditions as well.

3.1 Direct transestérification

Initial experiments were aimed at using acid chemistry in an attempt to 

facilitate the direct transestérification with the alcohol 36. Aclacinomycin and the 

alcohol 36 were dissolved in DMF, because it has a relatively high boiling point. A 

3 Â molecular sieve was introduced, to absorb any methanol produced and drive the 

equilibrium in favour of the product, and the reaction mixture was stirred overnight 

under vacuum. It was envisaged that any methanol which was not removed by the 

molecular sieve would be removed by the vacuum pressure, leaving the DMF in 

place. After the mixture had been stirred overnight it was evident that no product 

was being formed.
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PPTS, a buffered acid, was then added in an attempt to force the reaction 

forward, most probably via an Aac2 mechanism. The reaction was allowed to 

continue for 10 days with only evidence of breakdown of the alcohol 36 back to its 

parent biotin 33 and aliphatic alcohol.

A potential problem with this approach arose from the actual concentrations 

used. For a typical transestérification, the ester and alcohol are usually incorporated 

in the reaction mixture at a concentration in the region of 2 M. Since the slow step in 

an Aac2  designated reaction is the attack of the alcohol on the protonated tetrahedral 

intermediate, an increase in concentration of the reactants leads to a greater reaction 

rate. However, because of the limited supply of drug available, it was only possible 

to carry out the reaction on a scale of 0.7 mg (0.9 pmol). For practical reasons, the 

reaction was carried out in a 5 ml round bottom flask and a working volume of 200 

pi of solvent was used. This equates to a concentration of drug of 4.5 mM. To reach 

the sort of concentrations required, for a standard transestérification, an impossible 

working volume of 0.5 pi was needed. Further attempts were carried out in a 

Wheaton vial (fig 53). These vials have a conical shaped interior and are provided 

with spin-vane stirrer bars. The narrow tip of the cone allows volumes in the region 

of 20-50 pi to be used as standard, and, hence greater concentrations of reactants. No 

reaction was observed for these increased concentration reactions.

Air tight teflon seal

Screw top

Vane shaped magnetic stirrer

fig 53 A Wheaton vial
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3.2 Enzymatic methods

Since enzymes are a milder alternative to chemical reactants for both 

estérifications and hydrolyses it was hoped that an enzyme could be found which 

would selectively hydrolyse the CIO methyl ester without touching any other part of 

the molecule.

3.2.1 Candida cvlindracea Lipase (CCD

Initial experiments concentrated on Candida cylindracea Lipase (CCL) 

which is available in a powdered form at between 100,000 and 400,000 units 

per mg."̂ ° It is known that this enzyme is highly reactive towards estérification of

2 -hydroxy acids in a variety of organic solvents, although branching near the 2 - 

hydroxy group has been shown to reduce reaction rates five hundred fold.'*̂  It also 

had the advantage that it has been used to carry out estérifications on large steroid 

molecules which indicates that the active site is of the right proportions to 

incorporate the aglycone unit of aclacinomycin 14/^ It must be noted that the 

reactions were highly stereo- and regiospecific and the methyl ester of aclacinomycin 

14 may not fit the enzyme requirements.

It was hoped that, for maximum efficiency, the reaction could be carried out 

in aqueous solution or aqueous buffer. Aclacinomycin is used clinically in saline 

solution at a concentration of 20 mg V\ However it was found that at much higher 

concentrations e.g.l mg in 50 pi, it was found to be insoluble. Therefore, an organic 

component was included in the reaction mixture. It was found that 10% DMF in 

pH 7.0 phosphate buffer initially dissolved the aclacinomycin, but, over the course of 

the reaction, it precipitated out, and a more viable set of conditions was to use 50% 

DMF in pH 7.0 phosphate buffer. Unfortunately no reaction was observed after 24 h.

It is known that CCL can be used in anhydrous solvent conditions."*  ̂ It is 

assumed that there is sufficient water associated with the folding pattern of the 

enzyme to catalyse any reactions which take place. It must be noted that the same 

paper referred to long alkyl chains not being suitable substrates for CCL, and, hence, 

it was unlikely that a transestérification could be carried out with the alcohol 36. 

However, it was still possible that it could prove to be a useful catalyst for the 

hydrolysis of the ester. Since aclacinomycin 14 and the alcohol 36 are highly soluble 

in chloroform a mixture of 1:1 DMF/chloroform was used. DMF was chosen as it is
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known to disrupt the enzyme folding and make it more accessible to a larger variety 

of substrates/" No transestérification was observed and no indication of hydrolysis 

was observed when the reaction was carried out in neat DMF. Similar results were 

obtained in toluene (which was known to be the best organic medium due to its 

hydrophobicity DMF/acetone mixtures and 1:1 acetone/ pH 7.0 phosphate buffer. 

Also all reactions as well as being stirred at 37 °C were also carried out with 

sonication.' '̂  ̂ There is some evidence that ultrasound increases the reaction rate due 

to high local pressure (ca. 1 0 0  atm) and an increase in useable surface area for 

catalysis. This proved of no use in the reaction of aclacinomycin 14 with CCL.

Since it is known that lipases act at the water lipid boundary a two phase 

reaction was also carried out in chloroform/water which included 1% SDS. It was 

hoped that this would increase the lipid like nature of the reaction, and promote the 

hydrolysis. This also proved to be unsuccessful.

3.2.2 Pig Liver Esterase (PLEl

Pig Liver Esterase (PLE) has often been used for the hydrolysis of esters and 

for transestérifications, and the effects of co-solvents have been extensively 

studied.""  ̂ Similar conditions to those used for CCL were employed. The enzyme is 

known to work best at a pH of 7.0, and for large scale reactions the pH is commonly 

adjusted by means of an autotitrator.

Initial reactions were carried out in 20% DMF/pH 7.0 phosphate buffer and 

10% /-butanol/ pH 7.0 phosphate buffer. This has been shown to be the best reaction 

conditions for estérifications with PLE, and it also ensures the dissolution of 

aclacinomycin 14. Reactions were carried out in either a Wheaton vial or a 1.5 ml 

Eppendorf tube, and stopped by freezing in a dry ice/acetone bath. Reactions which 

were stirred magnetically indicated the presence of a new spot, by TLC (Rf 0.26 

(20% MeOH/CHCl3 )), in very low concentration after 24 h. This, however, was not 

recoverable by flash column chromatography (20% MeOH/CHClg). The reactions 

were repeated under conditions of sonication and vortexing. By carrying out the 

reaction on a vortexer it was hoped that this would not only keep the components of 

the reaction mixture in solution, but also increase the mixing of substrate and
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enzyme. No improvement in the amount of the lower spot was observed, however, 

for any of the modified conditions.

Alternative conditions were also used: 1:1 pH 7.0 phosphate

buffer/chloroform, 3:1 pH 7.0 phosphate buffer/acetone, 1:1 acetone/water, 1:1 

acetone/water + 1% SDS, DMF and 1:1 DMF/acetone.

It is possible to explain the failure of this reaction by considering the 

available substrate model for the active site of PLE which has been inferred from its 

interactions with dimethyl ester substrates.^* Fourteen diesters were studied and the 

enantiomeric excess (e.e.) calculated for each. In each case, the prochiral centre 

contained nothing more than a methyl group. It was found that there was a range in 

e.e. from 1 0 - 1 0 0 %; the e.e. was higher if the prochiral centre was a  or (3 to the 

esters; that more substituents gave rise to a higher e.e.; and rigid cyclic compounds 

gave the highest e.e., with six-membered rings being particularly suited, especially if 

they contained equatorial groups. On the basis of this evidence a model of the ideal 

substrate was proposed (fig 54).

Small to  medium

Nucleophilic attack o f  the hydroxyl group 
o f  the enzyme active site

N o  or at m ost small
sized groups substituents

Only small and non-polar ~
substituents (e.g. CH3) P

C-Chains, w ith polar substituents

fig 54 Model of the ideal substrate for PLE

If we consider how aclacinomycin 14 fits this model, it can be seen that at the 

a  position there is indeed only a hydrogen in the position requiring no or small 

substituents, and at the p position the C9 ethyl and hydroxyl groups fit the model 

perfectly. However, on the side of the molecule which requires small to medium 

groups at the a  position and small non-polar groups at the P position, aclacinomycin 

14 has the three rings of the anthraquinone aglycone. This does not suit the 

parameters of the model.
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The topography of the active site was further inferred from the enzyme’s 

interaction with rigid systems, such as tricyclic diester substrates/^ The active site 

appears to be hydrophobic, and it is likely that a flat region which can accommodate 

a six-membered ring is located near the catalytic serine residue of PLE. A working 

model to explain the results was described (fig 5 5 ).

Hydrogen bonding region
Catalytic
site S er) H - -

Hydrophobic site

angstroms

fig 55 Working model for PLE active site

From such a model, it can be seen that there are two main hindrances to 

aclacinomycin 14 being a viable substrate for PLE. Firstly, the positioning of the 

methyl ester group at CIO, and not a C9-like position as in the model, suggests that, 

if hydrolysis were to occur, it would place the aglycone askew across the active site 

pocket. Due to the narrow width of the pocket this is unlikely to happen. Secondly, 

the positioning of the trisaccharide side chain would be in a hydrophobic site which 

would not be favoured by the functionalities on the sugars.

3.2.3 Subtilisin Carisberg

Subtilisin Carisberg, the serine protease from Bacillus licheniformis, has been 

used successfully for the hydrolysis of esters.^^^° It is readily available in a powdered 

form, and is often the first choice of reagent when a screen of enzymes is being 

made. Once again it has been used in a variety of solvents and shows a range of
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selectivities, depending on conditions.^’ However, it is known that the flexibility of 

the enzyme increases with increased hydration in organic solvent, and the addition of 

water to the solvent may increase reactivity and/or change the selectivity.^’

As for the previous enzymes, a variety of conditions were tried to no avail. 

Similar conditions were used, namely 1:1 pH 7.0 phosphate buffer/ DMF, acetone, 

DMF, toluene and 1:1 pH 7.0 phosphate buffer/acetone.

3.2.4 Porcine Pancreatic Lipase (PPL)

Porcine pancreatic lipase is often the first method of choice when wishing to 

carry out a hydrolysis of an ester. Its reactivity is comparable to that of PLE, and it 

has been used on a variety of substrates. Its advantage over PLE lies in the fact that 

unlike PLE, it is not made up of five isoenzymes. There is a worry that with PLE a 

change in solvent may affect one isoenzyme differently than others and this may lead 

to a change in selectivity which is not as easily rationalised as any observed for 

PPL.^  ̂ Similar reactions were carried out as described for the previous enzymes, but 

no recoverable products were obtained. Chloroform was also used as a solvent since 

this is known to work particularly well for PPL, but, once again, no product was 

seen.̂ ^

An interesting experiment includes the use of an ultrasonic bath. It had been 

reported that the use of a bath ultrasound increases the rate of hydrolysis of a 

butyrate seven fold.'*'’ It was, therefore, hoped that this was particular to this enzyme 

and more success would be achieved than for the previous enzymes. Initial analysis 

indicated that this may indeed be the case, but the amount of product was minimal.

3.2.5 Thermitase

Thermitase is a a serine protease purified from Thermoactinomyces vulgaris 

and resembles subtilisin in its specificity.” However, it is not commercially 

available, and a gift was kindly donated to us by Professor W. Hohne of the 

Universitatsklinkum Charité, Medizinische Fakultat der Humboldt-Universitat zu 

Berlin. It has the advantage over its relatives that it is thermostable and, hence, can 

be used at elevated temperatures up to 80 °C. This leads to higher turnover rates and, 

therefore, is a more practical alternative. It does, however, require stabilisation for
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maximum efficiency, and Ca^^ ions, organic solvent and non-ionic detergents are 

often used. It may be used in high quantities of organic solvent such as 50% DMSO 

in water. The disadvantage as far as aclacinomycin 14 is concerned, is that it has an 

isoelectric point at pH 9.0, and is thus alkaline. Since it is known that aclacinomycin 

14 is unstable to base this could pose problems.

Reactions have been known to be carried out at pH 8  in 3:1 water/DMF 

mixtures. It was thought that this was ill advised for aclacinomycin 14 and, thus, 

reactions were performed at both pH 7.0 and pH 7.6. 1:1 acetone/water mixtures 

were used to prevent any possible damage to the drug by breakdown products from 

DMF at the elevated temperature. 1% Tween 20 was added as a stabiliser to keep the 

activity during the reaction (Tween 20 is a 1:1 mixture of lauric and myrstic acids).

The reactions were incubated at 45 °C for 48 h but once again no products 

were observed.

3.3 Hydrolysis by chemical methods

3.3.1 Lithium hydroxide^̂

Lithium hydroxide in aqueous media is known to be a mild reagent for the 

hydrolysis of esters. Due to the small size of lithium, it dissociates less and, 

therefore, the hydroxide acts as a weakly alkaline catalyst. Since it is mild, it often 

acts specifically with only the most reactive of esters, and can be regarded as specific 

for methyl esters.

It is versatile enough to be used in a variety of solvents with a methanol/water 

mixture being popular,^^ as well as THF/water and acetone/water mixtures. 

Conditions vary with the sensitivity of the system meaning that reactions have been 

carried out at a variety of temperatures ranging from 5-95 °C. A more novel 

alternative is to dissolve the compound of interest in methanol, dioxane, THF or 

DMF, to introduce aqueous lithium hydroxide and to microwave for 45-60 s. 

Excellent results are reported for this procedure.

Since the aim is to remove a methyl ester it was considered advisable not to 

use DMF as a solvent prolonged exposure to it often led to breakdown of the 

compound, because of decomposition products from DMF. Therefore, it was decided 

to carry out a two-phase hydrolysis using chloroform as the solvent to ensure
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maximum solubility of the substrate. Some 3 Â molecular sieves were also 

introduced into the reaction to force the equilibrium in the direction of product.

After 2 h a small spot had appeared by TLC analysis (Rf = 0.24 (20% 

MeOH/CHCb)), but its intensity did not increase. Therefore a phase transfer catalyst 

(benzyltriéthylammonium chloride) was added. It was immediately observed that a 

colour change occurred (yellow-red) on addition of the catalyst, presumably because 

of a disruption in the electronics of the aglycone, but, on stirring overnight, no 

increase in the lower spot was obtained. It was therefore decided that the reaction 

should be worked up, and the product submitted it for analysis by mass spectrometry. 

This revealed no presence of a peak corresponding to the hydrolysed acid.

It is known that daunomycin heptacetate can be hydrolysed without 

deglycosylation in degassed THF/water by using aqueous LiOH^\ although there is 

evidence that molecular oxygen plays a part in the reaction and the process is more 

complicated than a simple hydrolysis.^* THF was degassed using argon as per the 

work of Danishefsky, and aclacinomycin was dissolved in a solution containing THF, 

water and 5% methanol to aid dissolution. It was seen, however, that breakdown of 

aclacinomycin occurred, and only a minimal amount of the compound observed in 

the biphasic reaction was seen. Once again, mass spectral analysis showed no sign of 

a hydrolysed acid.

3.3.2 Lithium iodide

Lithium iodide is often the first method of choice when a nucleophilic 

SN2-type cleavage is to be a t t e m p t e d . I t  can be used in a variety of polar solvents, 

with commonly used ones being DMF, DMSO, pyridine, collidine and 2,6-lutidine.^°

In the case of aclacinomycin 14 it was considered inadvisable to use pyridine 

as a solvent because of the compound’s known sensitivity to basic conditions. A 

variety of reactions were, therefore, carried out: 2 ,6 -lutidine at room temperature; 

DMF at room temperature, 70 °C and reflux; DMSO at room temperature, 70 °C and 

reflux; and DMSO with 20% water at room temperature.

It was found that after a short period of time (approximately 30 min) for the 

heated reactions, and a longer period for the colder reactions the appearance of a 

horseshoe shaped spot at Rf = 0.32 (20% MeOHiCHCb) was observed. However,



_________________________________________________________________________________ Chapter 3 146

when the reaction was allowed to proceed overnight, this compound was seen to 

breakdown into an aglycone and sugar component. This was assumed to be as a 

result of amines produced from the break down of DMF over time.

Upon careful acidification a red solid was seen to precipitate out of all 

reactions. This was collected by centrifugation and freeze dried. Nmr analysis of the 

resulting compound produced (Rf = 0.32 (20% MeOHUHClg)) from the room 

temperature reactions indicated that it was, in fact, a fully aromatic aglycone with 

the methyl ester still intact.

Optimum conditions were found to involve boiling DMF, with a stream of 

nitrogen running through the solvent. It was hoped that this would quickly and 

efficiently remove any amines produced. With a ten fold excess of lithium iodide a 

reaction time of 45 min was found to be adequate. Once again, the appearance of the 

horseshoe spot was observed and this was collected as previously described. The 

compound was analysed by time of flight mass spectrometry, electrospray mass 

spectrometry and FAB mass spectrometry, but none of the processes indicated the 

presence of the desired aclacinomycin acid.

Attempts at purification of the compound were made using reverse and 

normal phase HPLC and reverse and normal phase silica gel chromatography. It was 

found that in the normal phase the compound stuck to the column, and the addition 

of acid to elute it resulted only in the collection of aclacinomycin breakdown 

products. Only aclacinomycin was recovered by reverse phase chromatography.

3.3.3 Aluminium trichloride and thiols20,61

This methodology belongs to the class best described by the Hard and Soft 

Acid and Base Principle. As explained earlier, the aluminium trichloride acts as a 

hard acid, co-ordinating to the carbonyl oxygen, whilst the thiol attaçks the methyl 

group (fig 56). The reactions are useful in that the thiol can be used as solvent, or a 

dilution in dichloromethane is also feasible. Both reactions are carried out by stirring 

at room temperature, and this presents a very mild method for the hydrolysis of ethyl 

and methyl esters.
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R — C— O— R' +  AIX3  +  R" SH ----------- ► R — C = 0  +  K------S— R" +  HX
Il (SA .) (H A .) (S.B.) 1
O OAIX2

(H.B.)__________________ ____________ __________________________________ ______________________________

fig 56 Aluminium halide-thiol system

It was found, however, that when this system was applied to aclacinomycin 

14, no reaction took place. A 13 fold excess of aluminium trichloride was used to 

ensure that complexation took place at the ester carbonyl, but it was clear from the 

instant colour change on the addition of the Lewis acid that complexation also 

occurred at the other free hydroxyl groups on the aglycone. Even after thorough 

washing there was still residual colouration in the final gum recovered, but both TLC 

and mass spectral analysis showed this to be just starting material.

3.3.4 Titanium tetraisopropoxide and aluminium triisopropoxide

Both these methods involve co-ordination to the carbonyl centre, and the 

attack of solvent alcohol to affect transestérification. Transestérifications were 

attempted with both isopropanol and benzyl alcohol, under reflux and at room 

temperature. Both reagents were found to not effect a transestérification by mass 

spectral analysis, whilst the titanium reagent, being more acidic than its aluminium 

counterpart, was seen to lead to more breakdown of the glycosidic linkage.

3.3.5 Quinoline and acetic acid

Acetic acid in boiling quinoline were originally described as reagents for the 

hydrolysis of hindered methyl esters, yielding methyl acetate and the free acid. The 

mechanism proposed involves the protonation of quinoline, giving a strong acid, and 

the acetate anion then acts a nucleophile, in a push-pull synergism with the quinoline 

(fig 57). The only drawback of the procedure is that free hydroxyl groups are 

occasionally acetylated. However, we had evidence to suggest that it was possible to 

protect the hydroxyl group of the trisaccharide side chain by the use of the SEM 

group, if this indeed proved to be a problem.
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OH

O— C— CHo = c —® N— H

OH

fig 57 Acetic acid in boiling quinoline hydrolysis mechanism for hindered esters

When this methodology was applied to aclacinomycin 14 it was found that 

the conditions were too acidic, to keep the integrity o f the glycosidic linkage, and 

only deglycosylation products were observed.

3.3.6 I-(Hvdroxv)-3-(chloro)tetrabutvldistannoxane 52

_  9 ^  Bu Bu
Bu,.„ I \  /

Sn— O— Sn— Cl 
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Cl— Sn— O—  Sri

a i  \ u

1 -(Hydroxy)-3-(chloro)tetrabutyldistannoxane 52

1,3-Disubstituted tetrabutyldistannoxanes are reported to catalyse various 

transestérifications under essentially neutral conditions, such as refluxing in toluene. 

It presented a attractive alternative in that it had already been demonstrated to 

transesterify esters with long chain aliphatic alcohols.^^ The mechanism is quite 

interesting because it is proposed that the alcohol in the transestérification replaces
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the chloride group in the distannoxane. The ester carbonyl group copiplexes to the 

neighbouring tin atom, enhanced by the electron withdrawing hydroxyl group, and 

the alcohol is delivered to the ester from close proximity, with 4  high relative 

concentration (fig 58). The only hindrance to the mechanism was found to come 

from steric bulk around the ester, not from the alcohol.

OH Bu Bu 
, I /
, Sn— O— Sn— Cl

Bu ,,.Bu
Cl—Sn— O— Sri

OH

RiOH

Bu.., I \  /
Sn — O— Sn —OR]

Bu^l I 1 I..,!,
Cl—Sn —O— Sri

Bu

Bu
Bu Bu OH

R,OH I ' 1 ^

OH^Bu

fig 58 Mechanism for a distannoxane transesterificatiop

The distannoxane 52 was readily prepared as in the literature by the refluxing 

of dibutyltin oxide and dibutyltin chloride in ethanol.®"̂  The solvent w^s removed, the 

compound crushed and left to stand in the open air overnight to convert the partially 

formed ethoxydistannoxane to the corresponding hydroxydistannoxape. An attempt 

was then made to transesterify aclacinomycin 14 with benzyl alcohol, since this was 

known to be an active alcohol for the procedure.^^ The reaction wa^ carried out at 

reflux in toluene and, although the TLC analysis showed a smearing of the starting
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material spot, which was assumed to be due to product formation (which would have 

very similar polar characteristics), mass spectral analysis showed only starting 

material to be present. It was therefore assumed that aclacinomycin 14 presents too 

much steric hindrance for the transestérification to be viable.

3.3.7 Sodium phenyl selenide ^

The selenide anion has been well used to affect nucleophilic type hydrolyses 

of esters. As an anion, it is much stronger nucleophile than the previously used 

aluminium halide-thiol system, which proved to have no effect on aclacinomycin 14. 

Most commonly used is the phenyl selenide anion which is prepared by a variety of 

methods from diphenyl diselenide including: reduction with sodium borohydride in 

THF/water;^^’̂* reduction with sodium in ammonia;^^ and reduction with sodium in 

THF followed by solvation in HMPA^  ̂ (fig 59). Alternatively the reagent can be 

formed from selenols and Grignard reagents or from reactions on selenium itself. 

The different methods vary the counter ion associated with the selenide anion, and 

can give differing results.

PhSeSePh +  2 N a  ► 2 N a+ PhSe’

PhSeSePh + 2 NaBH4  ^  2 N a+ [(P h S e)B H 3]-

fig 59 Formation of phenyl selenide anions

Initially the sodium in THF method was attempted to generate the anion 

followed by solvation in HMPA.^^ Aclacinomycin 14 was heated under reflux 

overnight with the anion but no products were observed. Normal phase HPLC 

analysis (5-80% MeOH in CHCI3) also failed to show any signs of a product being 

formed in the reaction. The reaction was repeated using DMPU as the solvating 

reagent. Upon reaction a trailing spot was visible by TLC analysis. The reaction 

mixture was acidified with saturated aqueous ammonium chloride and the resulting 

gum was subjected to HPLC analysis. Three peaks were eluted at 21, 23 and 25 min. 

The most polar peak, though, proved to be aclacinomycin by mass spectral analysis.
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and most probably has different elution characteristics due to complexation to 

residual selenium from the reaction.

Ley describes a method for the generation of the anion under ultrasound 

conditions, leading to a system which gives better results and a reagent which is 

easier to h and le . The  initial method had a tendency for the sodium to aggregate, 

and the ultrasonic condition both prevented this from occurring, and enhanced the 

formation rate. The method is applicable to sodium in lumps in both THF and 

xylene; to sodium dispersion in THF; and for the fastest results, sodium dispersion in 

THF, with benzophenone to aid the reduction process, and to act as an indicator to 

show that reduction has occurred. All reactions were carried out at either reflux or 

under sonication conditions but no products were observed.

To check if it was the method of formation of the anion which was at fault, 

diphenyl diselenide was reacted with sodium borohydride in ethanol, and a five fold 

excess of the anion was sonicated with aclacinomycin 14. It was found that, even 

though the change in colour of the diselenide from yellow to colourless indicated 

that the anion had been formed, the solution was too basic for aclacinomycin 14 and 

led to breakdown and deglycosylation.

3.4 Reduction with DIBAL

Since it had proved impossible to find a reliable method for either the 

transestérification or hydrolysis of the ester at CIO in aclacinomycin 14 it was 

decided to attempt a reduction of the ester to the aldehyde.^' This could then be 

followed by a reoxidation and estérification. Standard reaction conditions were 

employed but no reaction was seen and only starting material was observed.

4 Summary

A wide range of methods were used in the attempt to modify the ester 

functionality of aclacinomycin 14. All variety of types of reaction were employed 

ranging from protolytic, via enzymatic, to nucleophilic. The majority of methods 

either resulted in the deglycosilation and subsequent aromatisation of the resulting 

aglycone, or, no reaction at all. Analysis of the products obtained proved to be a 

problem. With the small scale used, and the complexity of aclacinomycin 14 mass
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spectrometry presented the most viable alternative for initial identification. However, 

a number of techniques were tried, and no reliable method could be obtained which 

routinely gave accurate results.

Due to the limited stock of the drug that we had available, it was therefore 

decided to synthesise a model compound on which the most favourable hydrolysis 

techniques could be tried. The most promising of these, once optimised, could then 

be applied to aclacinomycin itself.
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5 Experimental

5.1 Genera] experimental

NMR spectra were recorded on a Varian VXR-400 MHz spectrometer. 

Samples were dissolved in CDCI3 or CD3OD. The chemical shifts are reported in 

ppm and coupling constants are given to the nearest 0.5 Hz. Abbreviations used are s 

singlet, d doublet, t triplet, dd doublet of doublets, m multiplet and br broad. 

200 MHz and 250 MHz spectra were run by Mr J. Miller and Mr W. Kerr of the 

University of Edinburgh. 600 MHz spectra were run by Dr J. Parkinson, of the 

University of Edinburgh, on a Varian VXR 600 spectrometer. A full nmr analysis of 

aclacinomycin 14 is given in the appendix at the end of this thesis.

Mass spectra were recorded on a VG Quatro or a VG analytical ZAB 2S 

spectrometer at University College, London or the School of Pharmacy, University of 

London.

Infrared spectra were recorded on a Nicolet 205 FTIR spectrometer in 

solution or as a Nujol mull, the peaks are given in wavenumbers and abbreviations 

used are s strong, m medium, w weak and br broad.

Solvent preparation and TLC analysis were carried out according to the 

procedures detailed in Chapter 2 (Section 8.1).
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5.2 Experimental procedures 

Diisobutvlaluminium hydride (DIBAL)

To a solution of aclacinomycin (3 mg, 3.7 jimol) in chloroform (100 |l i 1) was 

added 3.7 p.1 of a 1 M solution of DIBAL in toluene, under nitrogen at -78 “C. A 4 Â 

molecular sieve was added and the solution stirred for 3 h. The solution was 

observed to go bright red, and a baseline spot was evident by TLC (20% 

MeOHiCHClg). Excess DIBAL solution (10 jul) was added and the solution was 

stirred for a further 4 h. Saturated sodium bicarbonate (100 pi) was added and the 

mixture was stirred for several minutes. The reaction mixture wag diluted with 

chloroform (3 ml) and water (3 ml) and the aqueous layer was extracted with 

chloroform ( 5 x 2  ml). The combined organic layer was dried (Na2 S0 4 ), the solvent 

removed in vacuo, to yield only starting material by TLC and mass spectral analysis. 

The experiment was repeated two further times with similar results.

Vacuum and molecular sieve catalysed transestérification

To a solution of aclacinomycin (0.7 mg, 0.9 pmol) in DMF (200 pi) was 

added 3 Â molecular sieves (10 mg). To this was added a solution of the alcohol 36 

(6.8 mg, 16 pmol) in DMF (1 ml), and the mixture was stirred overnight under 

vacuum (100 mm Hg). The solution changed colour from yellow to pink to purple 

but TLC analysis (20% MeOHiCHClg) showed no products had been formed. Dried 

PFTS (3 mg, 18 pmol) was added and the solution was stirred for 10 days, after 

which the linker breakdown product of biotin was evident by TLC an4 mass spectral 

analysis.

l-(Hvdroxv)-3-(chloro)tetrabutyIdistannoxane 52

OH Bu Bu 
Bu,„. I \  f  

Sn— O—  Sn— Q
B u ^  I I I I  Bu

Cl— Sn— O—  Sri 
/  V I ^Bu 

Bu Bu OH

52
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l-(Hydroxy)-3-(chloro)tetrabutyldistannoxane 52 was prepared according to 

the method of Otera et Bu2 SnO (1.50 g, 6 mmol) and Bu2 SnCl2 (1.82 g, 6 mmol) 

in ethanol (96%, 20 ml) were refluxed for 7.5 h. The reaction was cooled and the 

solvent removed in vacuo to yield fluffy white crystals. These were left open to the 

air for two days to give the desired product 52 as a white powder (3.25g, 98%), 

mp 108-112 T  (lit 107-115 ""C).

l-(Hydroxy)-3-(chloro)tetrabutvldistannoxane 52 catalysed transestérification

To a solution of aclacinomycin (7.5 mg, 9.2 pmol) in toluene (50 pi), in a 

25 ml pear shaped flask, was added benzyl alcohol (6.5 pi, 92 pmol) and the 

distannoxane 52 (0.5 mg, 0.9 pmol) and the reaction mixture was heated in a 

graphite bath. After 30 min a further 200 pi of toluene were added to prevent the 

reaction mixture from drying out and the reaction was stirred for another 4.5 h. 

Excess distannoxane 52 (1.0 mg, 1.8 pi) and benzyl alcohol (6.5 pi, 92 pmol) were 

added and the solution was refluxed overnight. The solvent was removed in vacuo to 

yield starting material by TLC and mass spectral analysis.

Aluminium trichloride and 2-methyIpropane thiol

To a solution of aclacinomycin (0.8 mg, 1.0 pmol) in 2-propane thiol (50 pi), 

in a Wheaton vial under N2 , was added dry aluminium trichloride (1.8 mg, 

13 pmol) and the reaction mixture was stirred for 5 h. Chloroform (500 pi) was 

added and the solution was washed with water 500 pi. The aqueous layer was 

extracted with chloroform (3 x 500 pi), the combined organic layer dried (Na2 S0 4 ) 

and the solvent removed under reduced pressure to yield a pink gum which was 

found to consist mainly of starting material by TLC and mass spectral analysis. The 

experiment was repeated two further times and in both cases the results were the 

same as before.

Aluminium isopropoxide and isopropanol

To a solution of aclacinomycin (0.8 mg, 1.0 pmol) in isopropanol (50 pi), in 

a Wheaton vial under N2 , was added aluminium isopropoxide (2 mg, 10 pmol) and 

the reaction mixture was stirred for 6 h. Chloroform (500 pi) was pdded and the
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solution was washed with water 500 pi. The aqueous layer was extracted with 

chloroform (3 x 500 pi), the combined organic layer dried (Na2 S0 4 ) qnd the solvent 

removed under reduced pressure to yield a pink gum which was fopnd to consist 

mainly of starting material.

Aluminium isopropoxide and benzyl alcohol

To a solution of aclacinomycin (0.5 mg, 0.6 pmol) in benzyl qlcohol (50 pi) 

under N2 , was added aluminium isopropoxide (1.0 mg, 3.7 pmol) and the deep red 

reaction mixture was heated at 100 °C for 24 h. Chloroform (500 pi) was added and 

the solution was washed with water 500 pi. The aqueous layer was extracted with 

chloroform (3 x 500 pi), the combined organic layer dried (Na2 S0 4 ) qnd the solvent 

removed under reduced pressure to yield a pink gum which was found to consist 

mainly of starting material by time of flight mass spectrometry.

Titanium isopropoxide and benzyl alcohol

To a solution of aclacinomycin (0.6 mg, 0.7 pmol) in benzyl qlcohol (50 pi) 

under N2 , was added titanium isopropoxide (2 pi, 6.8 pmol) and the deep red 

reaction mixture was heated at 100 for 24 h. Chloroform (500 pi) was added and 

the solution was washed with water 500 pi. The aqueous layer was extracted with 

chloroform (3 x 500 pi), the combined organic layer dried (Na2 S0 4 ) qnd the solvent 

removed under reduced pressure to yield a pink gum which was fopnd to consist 

mainly of starting material by time of flight mass spectrometry.

Quinoline and acetic acid

To a solution of aclacinomycin (1.2 mg, 1.5 pmol) in quinoline (20 pi) was 

added acetic acid (0.5 pi, 9 pmol) and the solution was stirred for 48 1% at reflux. The 

reaction mixture was diluted with DCM (100 pi), washed with 2 M HÇ1 (2 x 200 pi) 

and water (200 pi). The organic layer was dried (Na2 S0 4 ) and the solvent was 

removed in vacuo. TLC analysis (20% MeOHiCHClg) showed oply breakdown 

products of aclacinomycin to be present.
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Lithium hydroxide 

a. Biphasic

To a solution of aclacinomycin (2.0 mg, 2.5 pmol) in chloroform (100 pi) 

was added water (100 pi) and 100 pi of an aqueous solution of lithium hydroxide 

(1.2 mg, 50 pmol in water (200 pi)). Powdered 3 Â sieves (2 mg) were added and the 

solution was stirred for 1 h. No product was observable by TLC (20% 

MeOHiCHCls).

Benzyltriéthylammonium chloride (1 mg) was added. Upon addition the 

aqueous layer turned lilac and then deep red. The resulting systepi was stirred 

overnight, but still no product was observable by TLC. The aqueous layer was 

acidified (2M HCl) and extracted with chloroform (3 x 500 pi). The combined 

organic layer was dried (Na2 S0 4 ), the solvent removed under reduced pressure. The 

resulting pink gum was analysed by reverse phase HPLC, although no products were 

observed. This was repeated two further times, results being similar for both cases.

b. Monophasic

To aclacinomycin (2.0 mg, 2.5 pmol) was added aqueous lithium hydroxide 

(27 pmol ) [100 pi of a solution consisting of lithium hydroxide (50 mg, 2 mmol), 

water (1 ml), THF (1 ml) and methanol (100 pi)]. The resulting solution was stirred 

for seven days until no starting material was observable by TLC (20% 

MeOHiCHCls). The solution was acidified (2 M HCl) and extracted with chloroform 

(2 X 500 pi) and the combined organic layer was dried (Na2 S0 4 ). The solvent was 

removed under reduced pressure and the resulting orange gum was analysed by mass 

spectrometry. No peak corresponding to the mass of the product was pbserved. This 

was repeated two further times with similar results obtained on each occasion.

Lithium iodide

a. 2,6-Lutidine at room temperature

Aclacinomycin (6.2 mg, 7.6 pmol) was dissolved in 2,6-lutidine (1 ml). To 

this solution was added lithium iodide (6 mg, 45 pmol) which had been previously 

dried over potassium pentoxide, and the resulting deep red reaction mixture was 

stirred for 3 h under N2 at room temperature. TLC analysis indicated the presence of
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both aclacinomycin breakdown products and a new component (Rf = 0.32 (20% 

MeOHiCHClg)). The solution was acidified with 2 M HCl (7 ml) and a rusty brown 

solid (Rf = 0.29 (20% MeOH.CHCls)) precipitated. This was harvested by 

centrifugation in a Eppendorf 5015C centrifuge (15 min @ 15,000 rpm). The solid 

was freeze dried overnight, taken up in chloroform and subjected to flash column 

chromatography (5% MeOHiCHClg) on silica. It was found th^t the desired 

component stayed on the column and was only recovered by the addition of 1% HCl 

(2 M) to the elutant. The resulting compound (Rf = 0.22 (20% MeOHiCHClg)) was 

analysed by nmr and was found to be the fully aromatic aglycone with the methyl 

peak still present. The experiment was repeated three times with pimilar results 

obtained in each case. The initial component was also not recovered by reverse 

phase HPLC of the freeze dried residue.

b. DMF at room temperature

Aclacinomycin (6.1 mg, 7.5 pmol) was dissolved in DMF (1 ml). To this 

solution was added lithium iodide (6 mg, 45 pmol) which had been previously dried 

over potassium pentoxide and the resulting port wine red reactioi^ mixture was 

stirred for 3 h under N2 at room temperature. TLC analysis indicated the presence of 

both aclacinomycin breakdown products and a new component (Rf = 0.32 (20% 

MeOHiCHCl]). The solution was poured onto water (1 ml) and acidified with 2 M 

HCl (100 pi) at which time a rusty red solid precipitated out of solution. This was 

harvested by centrifugation in a Eppendorf 5015C centrifuge (15 min @ 15000 rpm). 

The supernatant was removed and the solid was resuspended in water and 

reharvested. The supernatant was removed and the solid was freeze dfied overnight, 

taken up in chloroform and subjected to flash column chromatography (5% 

MeOHiCHCls). It was found that the desired component stayed on the column and 

was only recovered by the addition of 1% HCl (2 M) to the elutant. The resulting 

compound (Rf = 0.22 (20% MeOHiCHClg) was analysed by mass spectroscopy and 

was found to be the fully aromatic aglycone with the methyl ester still present. Four 

repeats of the experiment gave similar results.
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c. DMF at 70 C

To a solution of aclacinomycin (0.5 mg, 0.6 |umol) in DMF (1 mi), under a 

constant stream of N2 , at 70 °C in an oil bath, was added one crystal of dried Lil 

(approx. 0.5 mg, 3.5 pmol), and the reaction was stirred for 45 min. TLC analysis 

indicated the presence of both aclacinomycin breakdown products and a new 

component (Rf = 0.32 (20% MeOHiCHCb). The solution was poured onto water 

(1 ml) and acidified with 2 M HCl (100 pi) at which time a rpsty red solid 

precipitated out of solution. This was harvested by centrifugation in a Eppendorf 

5015C centrifuge (15 min @ 15,000 rpm). The supernatant was reipoved and the 

solid was resuspended in water and reharvested. The supernatant was removed and 

the solid was freeze dried overnight and was analysed by mass spectrometry, but no 

identifiable products were obtained. This experiment was repeated fivQ further times, 

but on each occasion no identifiable product was isolated.

d. DMSO at room temperature

To a solution of aclacinomycin (2.0 mg, 2.4 pmol) in DMSO (100 pi) under 

N] at room temperature was added one crystal of dried Lil (approx. 0.5 mg,

3.5 pmol) and 10 pi of water. TLC analysis (20% MeOHiCHClg) indicated only the 

presence of starting material in the deep red solution. The reaction was repeated 

twice with similar results each time.

e. DMSO at reflux

Aclacinomycin (0.8 mg, 1.0 pmol) was dissolved in DMSO (IQO pi). To this 

solution was added lithium iodide (0.5 mg, 3.5 pmol) which had bçen previously 

dried over potassium pentoxide, and the resulting port wine red reactipn mixture was 

stirred for 2 h under N2 at room temperature. TLC analysis indicated the presence of 

both aclacinomycin breakdown products and a new component (Rf = 0.32 (20% 

MeOHiCHClg)). The solution was poured onto water (1 ml) and acidified with 2M 

HCl (100 pi) at which time a rusty red solid precipitated out of solution. This was 

harvested by centrifugation in a Eppendorf 5015C centrifuge (15 min @ 15000 rpm). 

The supernatant was removed and the solid was resuspended in water and
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reharvested. The supernatant was removed and the solid was freeze dpied overnight, 

taken up in chloroform and subjected to flash column chromatography (5% 

MeOHiCHCls). It was found that the desired component stayed on the column and 

was only recovered by the addition of 1% HCl (2 M) to the elutant. The resulting 

compound (Rf = 0.22 (20% MeOHiCHClg) was analysed by mas spectroscopy and 

was found to be the fully aromatic aglycone with the methyl ester peak still present. 

The reaction was carried out a total of five times with similar results joeing obtained 

in each case.

Sodium phenyl selenide 

a. Sodium metal in THF method

To a solution of diphenyldiselenide (100 mg, 0.32 mmol) in THF (125 pi) 

was added sodium metal pieces (15 mg, 0.65 mmol), and the solution was stirred at 

room temperature for 3 h, under N]. The solution was cooled an4 the resulting 

orange/brown solid was dissolved in HMPA or DMPU (25 pi), to give a dark brown 

solution which was used immediately.

b. Sonication in xylene method

30% Na dispersion in toluene (49 pi, 14.7 mg, 0.64 pmol) and xylene 

(100 pi) was sonicated with benzophenone (2 mg), until a purple colour persisted 

(30 min). Diphenyldiselenide (100 mg, 0.32 mmol) was dissolved in xylene (150 pi) 

and added dropwise to the sodium solution, whilst still sonicating. After 2 h a brown 

suspension resulted which was used immediately.

c. Sodium borohydride method

To a solution of diphenyldiselenide (120 mg, 0.4 mmol) in ethanol (2 ml), 

under N%, was added sodium borohydride (31 mg, 0.8 mmol) an^ the mixture 

warmed gently until all the solid had dissolved. Excess borohydride was slowly 

added until the solution just went colourless, and the resulting solution was used 

immediately.
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A typical sodium selenide reaction

Aclacinomycin (1 mg, 1.2 jumol) was dissolved in the same solvent as the 

sodium selenide solution and subjected to either reflux or sonication, under N]. 

Freshly prepared sodium selenide solution (5-10 eq) was added and the reaction 

allowed to proceed overnight. The solution was diluted with excess solvent, acidified 

with 2 M ammonium acetate solution, and the aqueous layer was extracted with 

chloroform (3 x 500 pi). The combined organic layer was dried (Na2 S0 4 ), the 

solvent removed in vacuo, and the resulting product was either analysed directly by 

mass spectrometry or further purified by reverse phase HPLC or flash column 

chromatography. A total of eleven reactions were carried out by this methodology.

ENZYMATIC REACTIONS 

Typical reaction

Aclacinomycin (approximately Img, 1.2 pmol) was dissolved in the solvent 

of choice, in a Wheaton vial fitted with a spin filter, and the required enzyme 

(approximately 5 mg) was added. The system was allowed to stir within an 

incubating oven set at 37 ‘̂ C and the progress of the reaction was monitored by TLC 

(20% MeOHiCHClg). The reaction mixture was extracted into chloroform, the 

organic layer dried (Na2 S0 4 ), and the solvent was removed in vacuo. The resulting 

product was either analysed directly by mass spectrometry, or furtl^er purified by 

reverse phase HPLC or flash column chromatography and then analysed. All 

experiments were repeated at least four times

Enzyme Solvent Reaction Tinte
Candida

cylindracea
Lipase

9:1 pH 7.0 
phosphate buffer/ 

DMF

24 h

1:1 pH 7.0 
phosphate buffer/ 

DMF

24 h

1:1 pH 7.0 
phosphate buffer/ 

acetone

120 h

1:1 pH 7.0 
phosphate buffer/ 

toluene

120 h
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Enzyme Solvent Reaction Time
Candida

cylindracea
Lipase

1:1
chloroform/DMF

24 h

toluene 24 h
1:1 DMF/acetone 24 h

DMF 24 h
1:1

chloroform/water
SONICATION

24 h

1:1
chloroform/water 

+ 1 % SDS 
SONICATION

24 h

Pig Liver Esterase 4:1 pH 7.0 
phosphate 

buffer/DMF

24 h

10:1 pH 7.0 
phosphate buffer/ 

rBuOH

24 h

1:1 pH 7.0 
phosphate buffer/ 

chloroform

24 h

3:1 pH 7.0 
phosphate 

buffer/acetone

24 h

acetone 24 h
1:1 acetone/water 120 h
1:1 acetone/water 

+ 1 % SDS
24 h

Porcine Pancreatic 
Lipase

1:1 acetone/water 
+ 1 % SDS

24 h

1:1 acetone/v^ater 
SONICATION

120 h

Chloroform 24 h
Thermitase pH 7.0 phosphate 

buffer 
+ 1% Tween 20 

45

48 h '

pH 7.6 phosphate 
buffer 

+ 1% Tween 20 
45 °C

48 h
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Enzyme Solvent Reaction Time
Thermitase 1:1 pH 7.0 

phosphate 
buffer/acetone+ 1% 

Tween 20 
4 5 ‘’C

48 h

1:1 pH 7.6 
phosphate 

buffer/acetone 
+ 1% Tween 20 

45 T

48 h

Subtilisin Carlsberg 1:1 pH 7.0 
phosphate buffer/ 

DMF

24 h

Enzyme Solvent Reaction Time
Subtilisin Carlsberg 1:1 acetone/water 24 h

DMF 24 h
toluene 120 h

1:1 pH 7.0 
phosphate buffer/ 

acetone

24 h

Analysis of all reactions

Nmr spectra were compared to that given for aclacinomycin 14 in tjie appendix at 

the end of this thesis.

Mass spectral analyses were compared to that of aclacinomycin 14 given below, 

m/z (FAB) 812 (M + 100%), 570 (25), 377 (25), 273 (10), 158 (22), 136 (14) and

113(48)

and that of the aromatised aglycone breakdown product,

m/z (FAB) 377 (M + H+, 55%), 329 (62), 273 (66) and 176 (100).
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CHAPTER 4 

SYNTHESIS OF A MODEL COMPOUND

1 Synthesis of a model compound 53 to represent the electronic environment of 

aclacinomycin 14

Since no reliable method had been found to hydrolyse aclacinomycin 14 it 

was decided to make a model compound on which the hydrplysis could be 

optimised. This was necessary because of the limited supply of the drug which was 

available. An initial attempt to synthesise the model compound 53 was made 

following the proposed synthetic route set out in fig 60.

,CN COOHH Q

COOMe COOMe
COOMe

COOMe

OH

fig 60 Synthetic route for model compound 53

The starting material for the above route was the readily available 

a-tetralone. It was envisaged that, through a cyanohydrin formation, hydrolysis, 

estérification, elimination, expoxidation and hydrogenolysis, this could be converted



Chapter 4 169

into the racemic compound 53. It was hoped that the methyl ester next to the 

aromatic ring would accurately represent the electronic character of the methyl ester 

in aclacinomycin 14, if not the steric environment.

Standard conditions were employed for the cyanohydrin forpiation, namely a 

two fold excess of potassium cyanide in acetic anhydride:water mixture.* However, it 

was found that no reaction was observed. This lack of reaction hac) previously been 

observed in 1928.^ The equilibrium constants for a variety of cyanol^ydrin formations 

were calculated and it was found that, for all the compounds studied, a-tetralone had 

the lowest equilibrium constant observed and no product was, in general, observed. 

This route was therefore not viable.

A second route was devised from a-tetralone. Instead of forming the 

cyanohydrin it was hoped to attack the carbonyl with vinyl magpesium bromide. 

Previous work had generated the benzene variant of this cpmpound as an 

intermediate in the synthesis of 1 -phenylnapthalene.^ This was stable and only 

eliminated on refluxing with acetic anhydride. It was then aromatised with sulphur.

Cleavage of the resulting double bond with permanganate, to give the acid, 

followed by estérification and elimination would give an alternative route to the 

desired model compound 53 (fig 61).

COOHHO.

)Me )Me COOMe

>Me

OH

fig 61 Vinyl magnesium bromide route
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The addition of vinyl magnesium bromide to a-tetralone w^s carried out by 

refluxing in ether for 2 h /  Initial nmr analysis showed that tbe compound 54 

produced still had traces of other compounds present. Purification was therefore 

attempted by Kugelrohr distillation at 1 mm Hg pressure. It was found that the 

distillation process lead to the elimination of water from the prqduct to give the 

conjugated system. The residue left in the bulb was also found to be polymeric, 

presumably formed by the Diels-Alder reaction of the eliminated product (fig 62). It 

was also found that the trace compounds were present from the a-tetralone itself, 

and these were not observed if the starting material was distilled fresh, prior to 

immediate use. Further, it was noted that the compound produced 54, decomposed 

on standing and, hence, this too was used immediately after production.

HO

Distillation
+ POLYMER-►

EtzO
Reflux
81%

fig 62 Elimination of vinyl magnesium bromide addpct

Permanganate cleavage of the intermediate alkene 54 was attempted 

according to the protocol of Krapcho."* The compound was dissolved in benzene and 

a four fold excess of potassium permanganate was added in a benzene:acetic acid 

mixture. A phase transfer catalyst (benzyltriéthylammonium chloride) was added and 

the reaction stirred for 3 h at room temperature. A black/brown precipitate of Mn^^ 

was observed. However, on work up, eight spots were initially visible by TLC. It was 

decided that the mixture most probably contained both eliminated and uneliminated 

products. The compound was therefore dissolved in 3 M NaOH and the solution was 

stirred for 3 days, in an attempt to complete the dehydration on cpmponents which 

contained the acid produced from the cleavage. It was observed after this time that 

the reaction mixture still contained several spots which proved to be inseparable by 

flash column chromatography.
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It was also likely that the mixture from the oxidation step çontained species 

which were caused by the overoxidation of the double bond. The initial 

intermediates formed during the oxidation of alkenes are the cyclip manganese (V) 

or (VII) compounds. These then break-down to aldehydes which are further oxidised 

to acids. It is also possible for the aldehyde to enolise. This can thpn be cleaved by 

the permanganate, to give acids of one chain carbon less."̂  Acetic ^cid is thought to

minimise this by firstly quenching OH anions formed by the break-down of

manganese (VI) intermediates, and also being consumed at a moderate rate itself, 

hence removing any excess permanganate (Note; it primarily provides the necessary 

protons for the oxidation).

Since it was known that the eliminated alkene could be produced cleanly by 

the distillation of the Grignard reaction product, and that the cleavage reaction would 

only give acid products for terminal alkenes, it would be possible to extract the 

carboxylic acid components of a multi-compound mixture by a base wash. The 

reaction was firstly carried out at room temperature. The observed product was 

obtained along with recovered starting material (39%) and several unidentifiable by

products. However, the yield was only 9%, which was unacceptable. The reaction 

was therefore carried out at an elevated temperature of 50 °C. Ip this case it was 

found the amount of by-products increased and no product was obtained. Instead the 

reaction mixture became clumpy, presumably through the formation of the polymers 

observed in the Kugelrohr distillation.

2 Syntheses of the aglycone of aclacinomycin 14

Since the first two syntheses of a model compound as depicfed in figs 60 and 

61 had proved to be unsuccessful, it was hoped that a known synthesis of the 

aglycone of aclacinomycin 14 could be modified to give a model compound, which 

not only mirrored the electronics of aclacinomycin 14, but also the precise steric 

environment. This would be of particular use in finding an enzymatic reaction which 

was useable. Also, as a model it seemed advisable to only concentrate on the 

functionalities of the cyclohexane ring (A ring) and the aromatic ring next to it (the 

B ring).
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Several synthetic routes have been used to make racemic a^lavinone 55 (the 

aglycone of aclacinomycin 14)/ These have all constructed the B, C and D ring via a 

series of Diels-Alder and Friedel Craft reactions. They generally differ in this section 

of the synthesis and, more importantly for this work, in the method by which they 

construct the stereochemistry of the A ring and introduce the funptionality at C9, 

CIO and the sugar linkage at Cl.

OH

OH OH OR

aklavinone 55

2.1 The Broeckmann, Jr. synthesis of (± Vaklavinone 55 ^

The basic ring structure was constructed quickly over ninç steps from 1,3- 

cyclohexanedione, using two Diels-Alder steps to give the tetracyclic ketone 56 and 

over six steps to the alkene 57.

Tetracyclic ketone 56 alkene 57

Cycloadditions of nitrones (RHC=NRO ) were attempted on the alkene 57

since these can be oxidatively cleaved to give hydroxy aldehydes, which can be 

oxidised to the ester.^However no products were obtained.

m-Chloroperbenzoic acid (MCPBA) epoxidation of alkepe 57 gave an 

epoxide on the required face of the aglycone with the ethyl groqp in the desired
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equatorial position. This epoxide proved to be inert to opening by a variety of 

organometallic nucleophiles.

Attempts to modify the CIO ketone of 56 with Wittig reagents such as 

tetrabromomethane/triphenylphosphine resulted only in adducts at the C l2 position. 

This is the kinetic product and was not expected with the stabilised Wittig reagent 

used. However, this matched the results seen by Confalone.^

The final strategy involved the cleavage and reformation of the A ring as 

depicted in fig 63.

a)CH3l/Ag2C>CItCb/heat 
40h

b)AciD/H:ia(caty
CHzOz/KT

3.5h
100%

ONfc O

oycitcw
-780C/lh 

* 100%

CQMe

Arndt Eisert 
homologation

65%

COOH 
Oc

OlVfe O

/CHsCb I

0 \fe o

EhN/CHzĈ /KT

CQMeCQMe

ONfc O OH ONfc O OH

ACbyCHaQs
RF

40h ,
97%

CQMe CQMe

n M T J
B /̂COU/AIBN'heat 

--------- ► L JL X I^  J 85%
'OH

OH O OH OH O OH OH

fig 63 The successful synthetic route of Broeckmann, Jr.
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The most interesting aspect of this synthesis is the stereoselective aldol 

condensation to reform the A ring. The initial cyclisation formed a 4:1 mixture of the 

desired and undesired products. However it was found that the wrong isomer was 

able to equilibrate to that required, merely by stirring in triethylamine. It was found 

that in aprotic media the undesired isomer predominated, and to get the correct 

stereochemistry it was necessary to use protic media, low temperature and short 

reaction times. Extended reaction times tended to result in an equilibration between 

the two compounds. Protection of the phenolic groups was also found to be crucial. 

It was postulated that, in aprotic media, the cyclisation proceeded by way of a 

transition state involving strong chelation to facilitate transfer of the metal ion in the 

poorly solvating medium. In protic media, on the other hand, cyclisation proceeded 

under kinetic control through a transition state which is non-chelated and activated 

by carbonyl protonation by the protic media (Triton B has PhCH2N(CH3 )3  ̂ as a 

counterion and this is non-chelating). The products are prone to equilibration and 

this necessitates the low temperatures and short reaction times (fig 64).

O""
OH

APROTIC M ED IA  
W ITH C O U NTER  ION

CH.

PROTIC M ED IA OH

fig 64 Proposed mechanism for the cyclisation aldol reaction

2.2 The Kishi synthesis of (+ )-aklavinone 55 ^

Kishi’s asymmetric synthesis of aklavinone involves a final cyclisation step 

very similar to that depicted above in fig 64. However, the stereochemistry has 

already been introduced at C7 prior to that step and the A ring is not broken and



Chapter 4 175

reformed, instead it is created in the cyclisation step. It was furthçr hoped that the 

stereochemistry at C7 could be dictated to give both stereoisomers. Overall the 

synthesis from bromojuglone was carried out in seven steps with a 23% yield as 

shown in fig 65.

OH 74%

OHOH

a)03/CH2Cl2 
DMS

b)D-(-)-2,3 Butanediol 
PPTS

92%

1-(trimethylsilyl)-
2-butanone/SnCl4 

MeCN

75%

OH OH OH OH OH

MeMê Me Me

53%

Trifluroacetic acid 
-78-1 (PC over 3b 

RT 1.7hOH OH

84%
OH OH OH OHOH ÔH

Me Me

fig 65 The Kishi synthesis

The advantage is that the stereochemistry at C7 is governed by the 

Lewis acid catalysed aldol reaction of l-(trimethylsilyl)-2-butanone with the cyclic 

acetal. A variety of conditions were tried, but the reaction with stannic chloride in 

anhydrous acetonitrile at -23 °C to -10 proved the cleanest with a 10:1 ratio of the 

desired to undesired product. These were separable by preparative TLC. This
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stereocentre proved to be stable in the trifluoroacetic acid cieavagQ of the acetal, to 

the extent that only 4% épimérisation was observed during the reaction.

2.3 The Kende synthesis of aklavinone ^

The Kende synthesis goes via a different route tp introduce the 

stereochemistry at positions CIO and C9. Initial experiments wçre performed to 

synthesise the ketone 56 made successfully by Broeckmann, Jr.  ̂ Î ut by a different 

route. It was hoped to form it by the electrophilic cyclisation of the acid 58 and 

subsequent Jones oxidation. However, it was found that the Ç10 ketone was 

sufficient to deactivate the B ring such that no reaction occurred- Reduction and 

elimination gave an alkene which readily cyclised into a precursor which was 

essentially a variant of the alkene 57 without the C5 ketone group (fig 6 6 ).

COOH

fig 6 6  Ring closure reactions

A second route was attempted trying to introduce the functionality at CIO at 

an earlier stage. The acid 58 was converted with trimethylsilyl cyanide to its 

cyanohydrin which was eliminated with ^-toluenesulfbnic acid. The resulting 

compound was reacted with basic hydrogen peroxide in methanol to give a epoxy 

amide 59 (fig 67).

However, the hydrolysis of the amide functionality was not as facile as 

expected, which ties in with the results obtained for the hydrolysis of aclacinomycin 

14. Treating with trimethyloxonium fluoroborate gave the iminoether smoothly as
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expected. However, hydrolysis of the iminoether gave only the epoxy amide 59 as 

product. This result was obtained in terms of steric crowding at the CIO position and 

correlates with results observed by Confalone.^ In order to get the desired CIO 

methyl ester, a tetrahedral intermediate must be formed. However, because of the 

steric crowding about the C ll  due to the C9 ethyl group, such ap intermediate is 

unfavourable. On the other hand, hydrolysis of the iminoether back to the 

epoxyamide 59 does not need a tetrahedral intermediate, and is therefore favoured. 

Also, attempts to hydrolyse the amide 59 to a carboxylic acid by a variety of acid or 

base reagents only resulted in starting material or break-down products. This is in 

accordance with the results obtained for aclacinomycin 14.

COOH

OMe OMe

OH O OH

72%

a)T M SC N
b)P T SA

84%

a)Jones
reagent
76%

b)AlCl3
94%

CONH

COOH

OM e OMe

1 ^ 2 8 0 4

OM e OMe

Anthrone ^tage

fig 67 The Kende synthesis



Chapter 4 178

An alternative approach was tried which had a hydroxymethyl group at the 

position which would become CIO. This was continued through as in fig 67, above, 

except the ring oxidation was carried out by passing oxygen gas thrqugh a solution of 

the anthrone in methanol and Triton B.

It is interesting to note that there was increased difficulty in forming the ring 

and, more importantly, the protection of the phenolic groups. In th|s case the allylic 

alcohol had a tendency to form the aromatised product and only lithium iodide in 

pyridine/collidine proved successful. Epoxidation and oxidation up to the ester were 

facile. The epoxide ring was then opened by stereospecifc hydrogenolysis with 

palladium/barium sulphate in 1 : 1  ethanol;triethanolamine, giving thç desired product 

55 as only one stereoisomer.*® The stereoselectivity is not typical for cyclohexane 

epoxides** and was postulated to come from a reduction of the C-fing quinone to a 

hydroquinone. Triethanolamine, then acting as a base, opens the epoxide yielding a 

quinone methide-like intermediate. This can then either be reduce^ from the alpha 

face followed by air oxidation or, more likely, a proton can be delivered from the 

alpha face with assistance from a neighbouring hydroxyl group (fig #8 ) The absence 

of triethanolamine leads to no reaction and may support this hypothesis.^

COOMe

OH 0

COOMe

COOMe COOMe

OH O

fig 6 8  Postulated mechanism for ring opening of the epoxide ester by 

palladium/barium sulphate.
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COOMe

OH

OMe

Model compound 60

The above compound 60 was chosen to tie in with the synthesis of 

Broeckmann, Jr. and K i s h i . I t  was envisaged that the stereoçhemistry at the 

positions corresponding to C9 and CIO in aclacinomycin 14 could; be controlled by 

the ring cyclisation under protic conditions, as described in section ^ .1 .

The initial reaction is the a-ethylation of 5-methoxy-a-tetralone 61 via 

enolate chemistry, to give compound 62. Reaction involved the deprotonation with 

lithium di/5 opropylamide (LDA), and the stabilisation of the enolate formed with 

triethanolamine borate. This was then poured onto iodoethane to give only the mono

alkylated product.^ This reaction is known to be a step in the synthesis of the 

aglycone precursor 58 in the Kende synthesis.^ Initial experiments proved to have a 

very low yield of the desired product and a high recovery of starting material. This 

was either because of an incomplete deprotonation with the LDA or because of the 

presence of triethanolamine borate. Increased reaction times had no effect on the 

yield so the triethanolamine borate was removed from the reaction. It was found that 

there was, in fact, an increase in reaction yield, indicating that it was the 

triethanolamine borate which was causing problems. However, the increase was only 

from 54% to 64%, but the exclusion of the borate step saved 2 h duping the reaction. 

Increased reaction times led to the formation of a diethylated produçt, so the amount 

of LDA was kept to a 1.1 fold excess to prevent the second deprotonation from 

occurring. Any diethylated compound, however, could be rempved by column 

chromatography, at this stage or after the next step, since there is no a-proton 

available in this compound. It is interesting to note from the reactiop that the ratio of 

isomers, as judged by the 5=1.04 and 0.85 ppm in the nmr spectpa, changed from
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7:1 to 5:3 upon the removal of the triethanolamine borate. This was not a problem 

since the énolisation which was to be subsequently carried put removes the 

stereochemistry at the C2 centre.

OMe OMe

The second stage is to carry out an énolisation of the 2-ethyl-5-methoxy-a- 

tetralone, and to trap this anion with acetic anhydride. An initial trial reaction was 

carried out with the non-hydroxylated analogue of 62 and indeed the desired 

compound 64 was formed as shown in fig 69.

OAc
Acetic anhydride 
Perchloric acid

Dichloromethane

fig 69 Enol acetate formation from 2-ethyl-a-tetralope

This was not found to be the case for 5-methoxy-a-tetralone 61. The reaction 

was carried out as for the a-tetralone reagent, but, nmr analysis indicated that one of 

the aromatic protons was no longer present. Also the infra red specfrum showed two 

carbonyl peaks. Mass spectral analysis indicated that a methyl ketope group had been 

added to the aromatic ring, and a peak at 288 was observed instead of the expected 

246 (fig 70).
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►Ac
Acetic anhydride 
Perchloric acid

Dichloromethane

OMe OMe

fig 70 Enol acetate formation from 5-methoxy-a-tetralone

A probable mechanism for the formation of this compound is given below 

(fig 71). It is likely that the methoxy group and two carbon substituents activate the 

ring sufficiently to allow the attack without Lewis acid catalysis.

OAcOAc

OMeOMe

OAc

OMe

fig 71 Proposed mechanism of reaction of 2-ethyl-5-methoxy-a-tetralone

It was assumed that since aclacinomycin 14 has a ketone group at the 

position equivalent to that where the ketone is present in compound 65 the presence 

of this group would not interfere with the validity of the model. \t may, however, 

prove to cause problems in further reactions.
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The enol acetate was then cleaved by ozone in dichloromethane at -78 °C  ̂

Ozone was passed through until a blue colouration persisted, and then the ozonide 

was reduced by dimethyl sulphide (fig 72).

OAc

■ OAc

OMe OMe

fig 72 Ozonolysis reaction

The above reaction was found to be not as clean as had been expected. It was 

found that two components were always present in the mixture, by TLC, before and 

after colunrn chromatography. One of these was uv active and abpve baseline, the 

other was a yellow coloured baseline spot. Mass spectral analysis indicated the 

presence of high molecular mass components and nmr analysis showed an increase 

in the number of peaks in the aromatic region of the spectrum. It was assumed, 

therefore, that the acid was electrophilic enough to attack the B ring and in doing so 

form polymeric species. This would explain why the above syntheses form the four 

ring aglycone structure, prior to introducing the stereochemistry at CIO and C9. 

Presumably the extra ring structure serves to deactivate the D ring fo such an extent 

that the cyclisation to form the A ring does not compete with electrophilic addition 

to the aromatic ring.

Attempts were made to take the ozonolysis product and to perform the Amdt- 

Eisert homologation on it directly as per the synthesis of Broeckmann, Jr.  ̂ The acid 

chloride 54 was formed and reacted with diazomethane to form the diazo 

intermediate 67. This was then rearranged with silver oxide in methanol in an 

attempt to produce the ester 6 8 , which, it was hoped, could be cyclised to the desired 

compound 60. This was found not to be the case. The reaction \yas found to lead 

solely to one baseline spot by TLC, which corresponded to the polymeric species 

described above. This was treated with basic Amberlyte IRA-420C tesin to see if any 

component of the mixture contained the desired compound and would cyclise, but
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analysis revealed that only the polymeric species were present. It seems likely that if 

the acid 6 6  is able to react in an intermolecular fashion, then the acid chloride 54 and 

diazo intermediate 67 will also be able to.

O OMe

4 Summary

Attempts to make the model compound 60 proved to yield only small 

quantities of intractable material. This was of no use when trying to use the material 

to optimise the hydrolysis of the CIO methyl ester in aclacinomycin 14. The 

problems mainly arose from the reactivity of a two ring system as compared to a four 

ring system in the actual compound. With hindsight it may have actually proved 

more useful to synthesise the aglycone itself, following onç of the above 

methodologies, rather than a more reactive model compound. Also, since the model 

had proven to be more reactive, there is no way of predicting if it is in fact a viable 

model. Although a method may have been available to hydrolyse a methyl ester in it, 

that does not necessarily mean that the methodology would be applicable to 

aclacinomycin 14 itself. It was, therefore, decided not to progress with the model 

compound studies, instead to use different methodology to the solid phase strategy in 

the determination of sequence selectivity.
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5 Experimental

General experimental techniques are the same as those described in Chapter 3.

5.1 Experimental procedures

a-Tetralone cyanohydrin/(±)-l-cyano-l-hydroxy-l,2,3,4-tetrahydronaphthaIene

a-Tetralone (4.6 ml, 0.034 mol) was dissolved in water (10 ml). Acetic 

anhydride (6.45 ml, 0.068 mol) and potassium cyanide (4.45 g, 0.068 mol) were 

added and the resulting solution was stirred at room temperature overnight. TLC 

analysis (25% EtOAc/hexane) showed that no reaction had occurred.

(±)-l-Hydroxy-l-vmyl-l,2,3,4-tetrahydronaphthalene 54

HO

To a solution of vinyl magnesium bromide (45 ml, 0.045 mol, 1 M in THF) 

was added dropwise a-tetralone (5.4 g, 0.37 mol) in ether (20 ml) under N2 and the 

resulting solution was refluxed for 1 h. The solution was cooled, poured onto ice 

chilled, concentrated sulphuric acid (20 ml) and stirred for 15 min. The aqueous 

layer was extracted with ether (3 x 30 ml). The combined organic layers were 

washed with water ( 2 0  ml), saturated sodium bicarbonate ( 2 0  ml), brine ( 2 0  ml), 

dried (MgS0 4 ), and the solvent was removed in vacuo to yield 54 as a yellow oil 

(5.3 g, 81%) which was used immediately.

Rf 0.65 (25% EtOAc/hexane)

0h(200 MHz; CDCI3 ) 7.0-7.6 (4H, m, aromatic), 6 . 8  (IH, dd, J=3, 9Hz, vinyl CH),

5.3 (2H, dd, J=2, 9 Hz, vinyl CH2 I  1.9-3.1 (6 H, m, CH2 )

m/z (El) 174 (100%, M*). 146 (72, eliminated), 105 (77) and 76 (30).
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2-Ethyl-5-methoxy-a-tetralone/(±)-2-ethyI-5-methoxy-l,2,3,4- 

tetrahydronaphthalene 62̂

OMe

Diisopropylamine (0.87 ml, 5 mmol) in dry THF (2 ml) was cooled to -78 °C 

under N2 . Butyl lithium (2.2 ml, 5.5. mmol, 2.5 M solution in hexane) was added and 

the solution was stirred for Ih before warming to 0°C. 5-Methoxy-a-tetralone 61 

(800 mg, 4.54 mmol) in THF (4 ml) was added and the solution was stirred 

vigorously at room temperature for 2h. The solution was transferred dropwise by 

cannula onto ethyl iodide (7 ml, 8 8  mmol, 20 fold excess) and the solution was 

stirred overnight in the dark.

The solution was poured onto water (20 ml), stirred for 5 min, and extracted 

with ether (3 x 25 ml). The combined organic layers were washed with IM HCl (2 x 

10 ml), brine (30 ml), dried (MgSO^) and the solvent was removed in vacuo. The 

resulting waxy solid was subjected to flash column chromatography (hexane to 15% 

EtOAc/hexane) to yield a waxy cream solid (590 mg, 64%) with identical spectral 

characteristics to that previously described.^

Rf 0.49 (25% EtOAc/hexane)

0h(400 MHz; CDCI3 ) 7.75 (IH, d, J= 8  Hz, C6 ), 7.35 (IH, t, J= 8  Hz, 07), 7.00 (IH, 

d, J= 8  Hz, 08), 3.89 (3H, s, OO//3 ), 3.05 (IH d t„ J=4 and lOHz, O4//), 2.75 (IH, m, 

O4//), 2.40 (IH, m, C2H), 2.34 (IH, m, O2//), 2.05-1.50 (4H, m, Og/Z^and OE/2 CH3 ),

1.04 and 0.85 (3H, t, OH2 O//5 , J=4Hz). Ratio of isomers 7:l-5;3 as judged by the

1.04 and 0.85 5 peaks

m/z (FAB) 205 (100%, M+H^), 189 (15, -Me), 176 (33, -OMe), 121 (26), and 91 

(22).
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l-Acetoxy-2-ethyI-5-methoxy-6-(l’-oxo-ethyl)-3,4-dihydronaphthalene 65

OAc

OMe

To a solution of 5-methoxy-2-ethyl-a-tetralone 62 (590 nig, 2.9 mmol) in 

DCM (30 ml) under N2 was added acetic anhydride (2.8 ml, 29 mmol, 10 fold 

excess) and perchloric acid (60%, 264 pi) and the brown solutiop was stirred for

3.5 h. The solution was diluted with DCM (30 ml), neutralise^ carefully with 

saturated sodium bicarbonate (30 ml) and the aqueous layer was extracted with 

DCM (2 X 30 ml). The combined organic layers were dried (MgS0 4 ), the solvent was 

evaporated and the resulting brown oil was subjected tp flash column 

chromatography (10-25% EtOAc/hexane) to yield the title compound as a brown oil 

(240 mg, 38%).

Rf 0.20 (25% EtOAc/hexane)

Omax/crn-1 (Nujol mull) 2900 (CH), 2850 (OMe), 1765 (C=0) and 1714 (C=0)

0h(200 MHz; CDCI3 ) 7.00 (IH, d, J= 8  Hz, Cy//), 6.78 (IH, d, J= 8  Hz, CgTT), 3.89

(3H, s, OC/A), 2.75 (2 H, m, C Æ ), 2.45-2.25 (5H, m, C3//2 and OCOCH3), 2.05-2.00

(5H, m, CH2CH3 and CCOCH3), 1.04 (3H, t, CH2CH3, J=4Hz).

m/z (El) 288 (26%, M*), 246 (63, -CHjCO), 231 (76, -CH3 CO an4 CH;), 217 (69),

and 4 3 ( 1 0 0 ,CH 3CO).

3-Methoxy-4-(l’-oxo-ethyI)-2-(3” -oxo-pentyl)-benzoic acid 6 6

OH

OMe

Ozone (flow rate 0.1 1 min'^) was bubbled through a solution of the enol 

acetate 65 (75 mg, 0.26 mmol) in dry DCM ( 8  ml) until a blue colouration persisted 

(1 h). Oxygen was bubbled through the reaction vessel for 25 n%in to purge any
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residual ozone present. Dimethylsulfide (0.2 ml) was added and the solution was 

stirred at room temperature for 2 h. TLC analysis (25% EtOAc/hexane) indicated the 

presence of two components Rf 0.27 (25% EtOAc/hexane) and a baseline spot. The 

solution was extracted with 2 M NaOH (4 x 20 ml). The solution layer was 

neutralised with concentrated HCl and the aqueous layer was extracted with EtOAc 

(3 X 30 ml). The combined organic layers were dried (MgS0 4 ), the solvent was 

evaporated to give a yellow oil which was used immediately in the next reaction. Six 

repeats gave similar results.

Rf 0.27 (25% EtOAc/hexane)

0h(200 MHz; CDCI3 ) 7.25 (IH, d, J= 8  Hz, C5//), 7.08 (IH, d, J= 8  Hz, C^//), 5.0 (br,

COOH), 3.89 (3H, s, OCH3 I  3.85 (2H, m, C2 -H2 ), 2.65 (2H, t, C r %  2.45 (2H, q, 

C4 -H 2 ), 1.80 (3H, s, CCOCH3 X 1.00 (3H, t, CH2CH3 ,).

Methyl-(2-(3-methoxy-4-(l’-oxo-ethyI)-2-(3” -oxo-pentyI))-phenyl)- 
ethananoate 68

OMe

OMe

To a solution of the keto acid 6 6  (50 mg, 0.242 mmol) in dry DCM (2 ml) 

under N2 was added pyridine 1 pi and thionyl chloride (28 pi, 0.38 mmol) and the 

solution was stirred for 4h. The solvent was removed in vacuo to yield a yellow oil 

which was dissolved immediately in THF (1 ml) at Ô C under N2 . Diazomethane in 

ether solution’̂  (10 ml) was added and the solution was stirred for 2h under N2 . The 

solvent was evaporated and the residue dissolved in methanol (3 ml). Silver oxide 

(50 mg, ) was added and the solution was refluxed for Ih. An identical aliquot of 

silver oxide was added and the reaction was stirred for a further Ih. The solution was 

filtered through celite, the solvent evaporated and the residue subjected to flash 

column chromatography (1% MeOH/CHClg). TLC analysis revealed a trace 

component at Rf = 0.30 (25% EtOAc:Hexane) which was intractable from a baseline 

spot. The compound proved to be unidentifiable spectroscopic methods. Four repeats 

gave comparable results.
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CHAPTER 5 

GEL RETARDATION METHODOLOGY IN THE 

DETERMINATION OF SEOUENCE SELECTIVITY FOR 

SMALL MOLECULE-DNA BINDING

1 Introduction

As described in Chapter 1 (section 3.5.2) an alternative methodology for the 

determination of sequence selectivity to that involving the attachment of a molecule 

to a solid support, is the use of the technique known as gel shi(t retardation. ' In 

summary, this technique relies on the fact that, when a compound is bound to a 

nucleic acid sequence, the mass of the complex is greater than that of the individual 

nucleic acid sequence, and as a result, the hydrodynamic volume is increased and the 

complex migrates slower in a polyacrylamide gel. This technique is used widely in 

the study of interactions of proteins and peptides with RNA, ssDNA and dsDNA. To 

date it has not been used to study small molecule-dsDNA interactions since the 

increase in mass when the compound under study is bound is a much lower 

percentage increase in the mass. This leads to a much smaller change in 

hydrodynamic mobility and, hence, a much smaller shift.

It was envisaged that the systems used in protein studies could be modified to 

give results that had proved to be inaccessible by more traditional techniques. This 

required the careful design of an oligonucleotide with a random insert, and the 

synthesis of a second strand to produce dsDNA without any mistakes being inserted 

into the sequence. A method was required which gave reliable shifts for the smaller 

organic molecules together with a quick and easy method of visualisation. Finally a 

PCR protocol would have to be found which gave quantities of selected and 

amplified dsDNA without introducing unnecessary mutation? in the DNA 

sequence.
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2 The design and synthesis of a randomised sequence

5’-CCCCCCCCCCCCCRRRRÏlNNNNNNNNNNNRRRRRRCCCÇCCCCCCCCC

C = Clamping region 

R = Restriction site 

N = Random section
\

fig 73 Basic design of the random DNA

Since the expected shifts of the DNA using small molepules under gel 

retardation methodology were expected to be much smaller th^n for a similar 

experiment using a protein, the design of the random sequence is of prime 

importance. In this two factors are critical.

Firstly, the DNA has to be as small as is practically manageable. This would 

lead to a maximum percentage increase in the mass difference between complexed 

and uncomplexed DNA. In a SELEX protocol this is governed by the size of the PCR 

primer and the size of the random section.

The size of the primer is determined by the stability of thp of the primer- 

ssDNA complex. In general, a primer of maximum length is preferred. This not only 

increases the binding constant between the primer and the ssDNA, but also increases 

the specificity of the binding. This is of great importance when only a small section 

of a large piece of DNA, e.g. the human genome, is to be sequencet^. In our case the 

size of the primer must be kept to a minimum. However it must be large enough to 

enable binding in a PCR protocol to occur in the region of 50 °C and, hence, make 

the PCR workable.

The primer has to be able to bind to a stretch of DNA which is constant 

across the whole library. That is to say, it must not overlap any part of the random 

sequence. The design has to be such that it incorporates the restrictipn endonuclease 

sites for subsequent cloning (R in fig 73). These are governed by the plasmid which 

is to be used in the cloning. It was decided to use a standard pUC 18/19 type system 

(fig 7 4 ) . These plasmids are a 2686 bp system containing the pBR322-derived 

ampicillin resistance gene and origin of replication, along with a porfion of the E.coli 

lacZ gene {lac Z’) which contains a multiple cloning site. From the diagram below it
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lacZ  gene {lac Z ’) which contains a multiple cloning site. From the diagram below it 

can be seen that the EcoRl (5 ’-GAATTC) and l\st\ (5’-CTGCAG) sites are discrete 

and these were chosen as suitable restriction sites in the design of a random cassette. 

DNA incorporated into the multiple cloning site inactivates the lacZ' gene enabling 

blue/white selection o f  recombinants on X-gal media.^’ The Amp' gene confers 

resistance and stops the growth o f  other organisms.

B .s m D  I .“i l  
D r c i  I 9 1

a s m F i  : 2 6 S 3  

E C 0 0 1 C 9  \ 2 6 7 ^  

Aat I I  2 6 1 7

Ssp I  2 6 0 1

£ c o 5 7  I 2 3 8 1

Xmn I  2 2 9 4

Beg 1 2 2 1 5

t’t'u I 2 0 6 6

iL -u  II 2 0 5 9

D s r O  I 1 9 3 5
F s p l  1 9 1 9

,V d e  1 I 8 3  Narl/Kas I  2 3 5  Sul I 2 4 3  
■ F .SÜ  1 2 5 6  

1 2 7 6  
■ Pvii II 3 0 6

A-"
Polylinker cloning s t i e s

- 3 9 6 - 4 5 4

Pvu 1) 6 2 8  

■T,-i 1 6 1 1  

S a p  I  6 8 3

/■ ra 1 781 
^  /  Afl I I I  8 0 6

.• U 'C i i :  1 8 3  
B y i  I 1 8 1 3  

B p m  I  1 7 8 4  

B s r F  I  1 7 7 9  
B s a  I  1 7 6 6  
B s r D  I 1 7 5 3

AhdI  1 6 9 4

^co B a n  II 
£ c I1 3 6  n  

S a c  I

Ufd I 9 0 8

E c o 5 7  ; 1 3 3 3

.lt»a I ‘‘20 
X m a  I
S m a I .Vba I

. 4 i u t N  1 1 2 1 7

Sse8387 I 
P s t  I H in d  m

agtgaaibG A G C TC G G TA CC C G G GG;^TCC-CTAGAGTCGACC -gC A aG C A T 3C A A G C T T 3G c;iaa icdU j9tca.

EcoR I Kpn I BantH I *Apol A C C 6 5  1

_ B sg M

fig 74 pUC 18 and pUC 19 cloning vectors 

Both the palindromic restriction sites are 6 bp in size. Therefore, an extra 

piece o f  DNA is required to enable PCR primers o f  a workable size to be used 

(designated C in fig 73). In practice, alternating guanines and cytosines are used in 

what is known as a GC clamp region.^ This confers maximum stability because o f  

the three hydrogen bonds associated with the GC base pairing compared to the two 

for a AT pairing, and hçnçe the melting and annçaling temperatures for PCR are
. , . . 1 ,  . t . .  . J • J . . . ■ I . . . .

higher.



Chapter 5 192

The second factor is the size of the random section in the middle of the DNA 

strand. Preliminary evidence from footprinting studies had suggested that 

anthracycline antibiotics bind to sequences which are three base pairs in length. 

However these results are not consistent across a range of experiments, as discussed 

in chapter t _*'9,io,n,i2j 3 assumed that for aclacinomycin, because of its increased 

number of sugars, this may, in fact, cover a larger number. If effects of flanking 

sequences are also included a figure of about six to seven base pairs is required. To 

cover all possibilities it was decided to opt for a random section çf ten base pairs 

length. Not only does this ensure that the binding sequence and any flanking effects 

are covered, it also increases the number of sequences that will he selected. As a 

result, it was envisaged that the amount of recovered DNA frojn the selection 

procedure would be increased and the protocol would be easier to n^anage.

Therefore the following oligonucleotides were synthesised:

Librarv (OLIGONUCLEOTIDE 1)

li u
5’- GCG CGC GCG AAT TCN NNN NNN NNN CTG CAG GCG CGC GC - 3’

[—£^coRI“] [—P  ̂ rl— ]

Primer 5^-3’ (PRIMER 1):

5’ - GCG CGC GCC TGC AG

Primer 3'-5' (PRIMER 2):

5’ - GCG CGC GCG AAT TC

All three sequences were purified by reverse phase HPLC, with the 

randomised nature being seen as a bell shaped distribution in thp elution profile 

(fig 75). The solutions were desalted on a NAP 10 column, and optical densities 

taken to judge the concentration (an even spread of bases for the random region was 

used to approximate the mass of OLIGONUCLEOTIDE 1). The final samples were 

aliquoted and freeze dried to give powdered samples which were stored at 4 °C.
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fig 75 The HPLC purification o f  the library OLIGONUCLEOTIDE I (below) and

non-random primer above
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3 Generation of a second strand of DNA

3.1 PCR methods2,3

It was thought that a PCR protocol could be used to generate large quantities 

of dsDNA from the library template OLIGONUCLEOTIDE ]. The standard 

annealing temperature for a primer is approximated by the formula:

where the

Annealing temperature 

Melting temperature, Tm

Tm -5 "C 

2(A+T) + 4(C+Çj)

Applying the above formula to the primers PRIMER 2 an(;l PRIMER 1 the 

annealing temperatures are found to be 43 °C and 47 °C respectively. This is 

somewhat lower than for commonly used protocols. It was décidée} therefore to use 

an annealing temperature of 50 °C in the first instance.The singje stranded DNA 

was subjected to the following protocol (fig 76):

1 Dénaturation 94 °C 5 min

2 Dénaturation 92 °C 1 min ]

Annealing 50 ‘̂ C 1 min ]
Polymerisation 72 °C 2  min ]

3 Hold 4°C

?^30

100 J
a

90 -
80
70 -

y 60
a
E 50 -

40 -
30 -
20 -
10 -
0 -

0

-x30

10 12

Tim e/m ins

fig 76 Schematic o f the PCR cycle
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The resulting solution was then analysed by polyacrylamide gel 

electrophoresis. Due to the small size of the DNA under study (38 bp) it was 

necessary to use a high concentration gel. A 15% polyacrylamide gel was considered 

to be adequate. The gel was visualised by ethidium bromide staining and uv 

illumination. It was found that only high concentrations of the PÇR mixture (one 

tenth the total volume) showed any appreciable DNA content. Crush and soak 

recovery^"* in acetate buffer of the DNA from the polyacrylamide gel gave no 

significant quantities of DNA for further use.

Agarose gel electrophoresis was attempted to purify the PCI^ mixture. As for 

polyacrylamide electrophoresis, high density gels were required and experiments 

showed a 3% gel to be the most suitable. Again visualisation vyas via ethidium 

bromide intercalation, this time, however, internally within the gel itself. It was 

found that the dsDNA, and indeed the ssDNA, migrated at a very similar rate to the 

bromophenol blue marker used to indicate the progress of the gel, However it was 

possible to use only loading buffer in the samples, and to run ^ lane containing 

nothing but indicator dye separately. The required band was excised and the DNA 

extracted by a phenol/chloroform extraction. It was found that largp amounts of gel 

were coming through the extraction procedure. Attempts were made to rectify this by 

including a Sephadex G75 filter column, but to no avail.

It is possible to increase the amount of recovery from an agarose gel by using 

a protocol known as the Freeze-Squeeze method.*^ This involves thy excision of the 

required band followed by freezing it at -70 °C. This has the effect of expanding the 

gel matrix, and allows the DNA to be removed by centrifugation. The drawback is 

that as the percentage of agarose goes up, so the matrix density goçs up, and hence, 

this method is more applicable to lower concentration gels. The frqzen gel is placed 

in a 0.5 ml Eppendorf with a hole in the bottom and a silanised glass wool plug 

inserted in it. This is then placed in a larger 1.5 ml Eppendorf tubç which acts as a 

collection reservoir as the set up is spun at 10,000 rpm for 10 minutes. It was found 

that, because a 3% gel had been used, large quantities of agarose ajso came through 

the recovery procedure. This was rectified by redissolving the sample and recovering 

it by an ethanol precipitation, and recentrifugation. DNA wa^ recovered but.
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unfortunately, the yield was only 1.9 |Lig (130 pmol) which was ipuch lower than 

expected and not enough to act as a stock supply.

An alternative system uses a commercially available prptocol called the 

MERmaid® method (BIO 101) which is specific for the purification of DNA 

between 10 and 200 bp. This procedure uses a low melting point gel (BIOGEL®) 

and recovery of the DNA from the gel by binding it in high salt buffer to glass beads 

(GLASS FOG®). To conserve the high grade gel, it was possible to §et a 1% gel with 

standard agarose, to excise a section of the gel and to place an ipsert of the high 

grade 3% agarose gel within it (fig 77).

After electrophoresis, the desired band was excised, mixed yvith the high salt 

solution and glass beads and vortexed for 10 minutes. The gel ‘‘melts” under the 

vortexing and the DNA binds to the beads. The mixture is then placyd in a spin filter 

and the supernatant is removed (alternatively the sample can be cejitrifuged and the 

supernatant removed by pipetting). The glass beads are washed with high salt 

binding buffer and ethanol to remove traces of agarose, and the DNA is recovered 

either by centrifugation with water in a spin filter, or by incubatipn at 45-55 °C in 

water for 5 minutes, centrifugation and removal of the supernatant.

BIOGEL Insert

Standard
Agarose

Wells

fig 77 An agarose gel with BIOGEL® insert
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Recoveries were found to be much improved by this method^ and trials with a 

known amount of DNA gave 6 8 % of the sample back. Attempts vyere made to use 

the system to recover from polyacrylamide gels. A gel was rup and the bands 

visualised as normal. The desired band was excised, and the polyaci^ylamide piece is 

placed in a slit in a BIOGEL® gel. The sample was then electropjioresed onto the 

agarose which can then be extracted as for an agarose experiment. It was found, 

however, that this had a very low recovery yield when gels of 15% afe used. The low 

quantity of DNA coming out of the PCR reaction was found not t a  be visible on the 

agarose gel, which meant that purification at this stage had to bç carried out by 

agarose electrophoresis.

Although PCR was giving the desired product, reaction \vere only being 

carried out on a 20 ng scale (1.76 pmol). A variety of PCR conditions were tried, and 

these will be explained fully in subsequent sections. It was found tjiat the quantities 

being recovered were not sufficient to carry forward to more thpn one labelling 

experiment and hence another method for strand generation was sopght. a variety of 

PCR conditions were tried and these will be explained fully in subsequent sections.

3.2 Klenow methodology for second strand generation

The Klenow fragment is the large Subtilisin digest of E.coli DNA 

polymerase I. It retains the polymerisation fidelity of the holoenzyrqe, but has had its 

5’-3’ exonuclease activity removed, and, hence, 5’-termini remain updegraded. It can 

be used in a variety of buffers and is used in second strand synthesis at lower 

temperatures to minimise the effect of its 3’-5’ exonuclease activity/^

A typical reaction involves the addition of excess 5’̂ 3’ primer, and 

incubation at 4 °C for 3 hours. Heating to 65 °C for five minutes is sufficient to 

deactivate the enzyme. The reaction, therefore, progressed as below (fig 78);
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S' - GCG CGC GCG A AT TCN  N N N  N N N  N N N  CTG C AG  GCG CGC GC -3' 

G A  CGT CCG CGC G C G  - S'

KLENOW FRAGMENT

4 0 c

S' - GCG CGC G CG  A A T  TC N  N N N  N N N  N N N  CTG C A G  GCG CGC GC -

^ ------------ GAC GTC CGC GCG CG - S'

S' - GCG CGC GCG A A T  TCN N N N  N N N  N N N  CTG CAG  GCG CGC GC - 3' 

3' - CGC G CG  CGC TTA  A G N  N N N  N N N  N N N  GAC GTC CGC GCG CG  - S'

fig 78 Klenow reaction

The library (OLIGONUCLEOTIDE I) and primer (PRIMER I) were 

typically mixed in a 1:3 ratio with dNTPs in 3 fold excess, and the resulting solution 

was run out on a 3% agarose gel. This had been prepared with a BIOGEL® insert 

and purification was as described above. An aliquot of the recovered DNA was then 

run out on a 3% agarose gel against a known size ladder ((j)XI74 RF DNA HaelM 

digest ex. Pharmacia). This was found to be more reliable than O.p. measurements 

in the estimation of DNA concentration. An example of a Klenow fragment gel is 

shown below (fig 79).
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Single stranded

Primeri

# # T
Double stranded

fig 79 A Klenow fragment gel

From the size ladder, typical productions o f dsDNA were estimated to be in 

the range o f  60-91%. These varied dramatically depending on the tepiplate DNA and 

enzyme integrity. Often it was found that heating the template to 75 followed by 

rapid cooling lead to improved yields, presumably as a result o f  the break-up o f any 

catenation products within the template mixture.

4 End-labelling

To carry out gel shift experiments a reliable method o f  defection is needed 

for the dsDNA. The most sensitive method available for this is to uŝ e radio labelling 

with either ’"P or ’'S . O f these, the p-emitter '’"P leads to higher levels o f radiation 

and quicker visualisation time by gel autoradiography.

The phosphatase enzyme, T4 polynucleotide kinase (T4 PNK), is often used 

as the reagent o f choice for the 5’-radiolabelling o f ssDNA and d sD N A .'* T h is  can 

be achieved in one o f two ways; firstly, by the direct transfer o f  a phpsphate group to 

a free 5’ hydroxyl group from y-^'P ATP in a kinase reaction, known as the forward 

reaction; alternatively, with an excess o f y-'‘P ADP a 5’-phosphqte group can be 

transferred, known as the exchange r e a c t i o n . T h e  reactions can be carried out 

in a variety o f buffers, the prime requisite o f which is that they must contain M g“ .̂ 

The kinase reaction is normally carried out at 37 '’C, at pH 7.6, with ATP 

concentration o f at least 1 pM. Reactions are stopped either by heaf deactivation, or
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by the addition of EDTA which removes the required from thç enzyme. EDTA 

was chosen as it was feared that heat deactivation may lead to metting of the DNA 

duplex. Unlabelled ATP was included at a 10 fold excess. This \vas necessary to 

ensure that all the strands were phosphorylated. If some were not it ^as possible that 

with only small shifts being expected there would be a merging of b^nds which were 

bound with those which were uncomplexed, with migration differences being 

accountable to whether the 5’-phosphate group was present in one and not the other.

With the double stranded library, a variety of conditions ^nd purifications 

were tried to get reliable labelling. Initial reactions involved the intubation of a 1:1 

mixture of DNA to unlabelled ATP, with 3% addition of ATP in a total 

reaction volume of 50 pi. These reaction were incubated at 37 f^r two h o u rs .I t  

was found that the level of labelling was not very high and a befter method was 

sought.

If the DNA stock solution was more concentrated (see later for description of 

Microcon® preparation), a total sample volume of 10 pi could bp used. This, in 

effect, multiplied the concentration of ATP five fold and it was found that the 

labelling was much more efficient and reaction times could be reduced to as little as 

1 0  min.

Attempts were made to increase the efficiency by end-fraying the DNA. For 

much larger systems, heating for 5 min at 50 separates the ends of the DNA, and 

this hot start improves the efficiency of the reaction. However, np increase in the 

amount of labelling was observed, instead more ssDNA was seen, indicating that at 

50 some degree of melting occurs.

Initially binding experiments were run without purificatiop. However two 

factors prevented this being a useful protocol. Firstly, the amount of y-^^P ATP that 

was not incorporated was high, and the activity of the gel was, therefore, 

correspondingly high. This was not acceptable from a safety viewpoint. Secondly, 

and more importantly, it is feasible that aclacinomycin 14 could interact with the 

deactivated enzyme, or the enzyme could interfere with the bindipg reaction. This 

would prevent any type of binding constant being estimated. TJierefore, it was 

necessary to purify the radio-labelling reaction mixture.
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Initial reactions were purified as described above using the MERmaid kit®. 

Purification involved the addition of the glass beads and vortexii^g. However, for 

radioactive samples, Labelblock® is added to the mixture. This solution has the 

effect of preventing ATP from binding to the glass beads and aids tf̂ e purification. It 

was found, however, that the protocol involves 15 min of vortexing. The safest way 

to carry this out with radioactive samples was found to involve the taping of the 

reaction vial to the vortexer, which negates the need to hold the sample in position 

for the necessary time. However, the removal of the tape was prone to spilling the 

sample and this was deemed to be unsatisfactory.

An alternative system available for the purification of small DNA is the 

Microcon Microconcentrator methodology. This involves the binding of the required 

DNA to a filter under centrifugation conditions. The buffer passes t|irough the filter, 

and the DNA can then be washed whilst on the filter. Inversion of the filter and 

centrifugation at a lower speed (2,900 g (6,000 rpm) compared to 15,800 g (14,000 

rpm)) leads to recovery of the DNA. For the DNA, being used a Miçrocon-10 posses 

the right size cut-off characteristics. This can be used in coi^unction with a 

Micropure-EZ filter which has the effect of removing enzymes from the purification 

mixture (for the set-up see fig 80). By using this method samples m^y be purified or 

a sample buffer may be exchanged. The resultant solution can be left in volumes of 

as little as 1 0  pi.

Nebuliser

Microcon

Enzyme
Filter

fig 80 Set-up for a Microcon purification system
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The system can also be used to purify DNA from agarosp gels. The gel, 

however, cannot be more than 1.5%. By modifying the gel insert methodology, it was 

possible to devise a system which enabled separation to be achieved whilst also 

allowing purification. The dsDNA is separated from its parent ssDNA by 

electrophoresis in a 3% agarose gel. A 1% insert is placed in the ge) perpendicular to 

the current flow (fig 81).

1% A garose Insert

3% A garose  
Gel

W ells

fig 81 Agarose gel set-up for a Microcon purificatiop

By careful monitoring, it turned out to be possible to get ()oth ssDNA and 

dsDNA on the insert simultaneously. The dsDNA band can thep be excised and 

purified. Extraction from the 1% gel involves the insertion of a Millipore .22 gel 

nebuliser. The gel is placed in the nebuliser, and centrifugation has the effect of 

converting it into a fine spray from which the DNA can be eluted as for a solution 

purification. The buffer can be removed simply by including a wasjh with deionized 

water.

Purification using this methodology resulted in up to a twenty fold increase in 

the amount of DNA being recovered from the initial Klenow reactiop. The advantage 

over the MERmaid system, in the labelling reaction is that, during the spin 

procedure, the tube may be left, and does not require holding for a 15 min vortex



Chapter 5 203 1---------------------------------

period. All incorporated ATP is removed in the initial spin, and the DNA can finally 

be recovered in a much smaller volume of any required buffer. was found that 

using this purification technique, not only was the procedure advantageous from a 

safety viewpoint, but also the yields were considerably higher (as estimated from the 

cpm of the recovered sample).

5 Gel shift experiments

Gel shift experiments were carried out on 15% polyacrylaipide gels. It was 

known that, for resolution of dsDNA in the order of 50 bp in length, this was the 

strength of gel that was going to be necessary. Previous work in this field had been 

carried out on protein-dsDNA systems using 6 -8 % gels."^’̂"* The lower mass change 

in these systems, however, would mean that a higher resolution gel would be 

necessary. Recovery from the gel at the higher strength would be n%ore difficult, but 

it was assumed that this was a surmountable practical problem.

Aclacinomycin 14 stock solution was initially made up to ImM to in 10% 

DMSO; water. This was in accordance with the stock solution of Dervan in his 

footprinting studies on daunomycin 9.̂ - Later, the stock solution was modified to be 

made up in 5% methanol;water solution at concentrations varying from 0.5-1 mM. 

This not only gave increased solubility of the drug, but also increased the lifespan of 

the sample produced, which was found to slowly degrade in DMSQ solution. This 

solution was used successfully in footprinting studies on aclacinomycin 14 by 

Harding.^ All stock solutions were kept frozen to preserve their integrity.

For a binding constant in the range of 10  ̂M'% approximately 1 pi of the 

stock solution should be required. From the following equation this should equate to 

1 % of the DNA being bound.

K
D N A  + D rug ^  ■ — Com plex

Æ=[Complex]/([DNA] [drug]) = nComplex/(nDNA x nDjtug) 

where n = number of moles
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If nDNA»nComplex we can assume at equilibrium that nDNA»sta^ing value 

Therefore, for 10 pmol DNA and 1 pi of Drug (1 mJVI solution)

» nComplex/(10'^\ 10'^)

10  ̂ » nComplex/10'^^

10'^  ̂ « nComplex 

Percentage Complex « (10'*^/10’^̂ ) x 100 

« 1 %

At this value, five rounds of selection selects 1 in 10’° oligonucleotides. With 

a random insert of 1 0  bp this corresponds to 1 x 1 0  ̂ sequences so pnly three rounds 

would be needed to select one sequence. However, from a gel sh\ft methodology, 

with a small shift occurring, it is likely that the selection event may not be as precise 

as for a protein binding system, and, hence, more rounds may be needed.

The binding buffer used by Dervan to study daunomycin wa? chosen (10 mM 

Tris.HCl and 50 mM NaCl).^^ It was assumed that since bromopheqol blue indicator 

dye is aromatic this may interfere with the binding process. Thi^ however made 

loading difficult since the samples were colourless. It was found that if  the gel was 

illuminated by a torch, refraction caused by the higher density of the loading solution 

could be used as a guide.

The samples were incubated at room temperature for 30 min to allow the 

samples to equilibrate. Since it was hoped that the binding reactions would model 

reactions which occur in vivo, it was considered more applicable (o find sequences 

which bind at room temperature rather than at 4 "C.

A 15% polyacrylamide gel was pre-electrophoresed for 1 h at 200 V 

(20 V cm ') to ensure that the gel was cooled to the right temperature, and any 

impurities within the gel were removed.

Samples were loaded as described above and initially ejectrophoresed at 

350 V (35 V cm ’) at 4 for 10 min to ensure proper loading on the gel. The low 

temperature ensures lower heating within the gel, and minimises apy smiling of the 

gel. With small shifts expected this could possibly negate any effect^ seen.

The gel was run at 175V (17.5 V cm ') overnight (approxinjately 15 h). The 

voltage was then stepped up to 350 V (35 V cm '), and the gel run until the
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The gel was run at 175V (17.5 V cm ') overnight (approximately 15 h). The 

voltage was then stepped up to 350 V (35 V cm ''), and the gel run until the 

bromophenol blue was approximately two thirds the way down the gel. Alternatively 

the gel could be electrophoresed at 200 V (20 V cm '') for approximately 20 h. The 

gel was then wrapped in Saran wrap and autoradiography was carried out.

Two main problems were apparent from the films obtained;

(1) Several bands were seen on the gels obtained (fig 82) which migrated 

faster through the gel than the random library. These were assumed to consist o f 

lighter DNA fragments.

SEV E R A L  B A N D S  SEE N IN THE GEL

tig 82 Gel shift on DNA from OLIGONUCLEOTIDE I . Concentration o f the drug 

increases from A to C. The amount o f DNA in each lane is constant ( 1.6 pmol) in A,

B and C.
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There are three possible explanations for these.

Firstly, it may be that local heating during the labelling reaction leads to a 

melting of the DNA duplex. However, the melting temperature of 

dsOLIGONUCLEOTIDE 1 is in the region of 100“C and, since, the reaction is 

incubated at 37°C , this seems unlikely.

Secondly, they may result from 3’-5’ exonuclease activity of the Klenow 

fragment enzyme. If some 3’ GC bases are removed, it is still possible that priming 

can occur with a degree of overhang. This would form duplexes suçh as that below. 

The amount should be limited by the low temperature of the reaction and, hence, 

would presumably only be to the extent of one or two base pairs.

5’- GCGCGCGC [£’coRl]NNNNNNNNNN[F’5fr]GCGCGC-3’
3’- CGCGCGCG [EcoRl]NNNNNNNNNN[fM]CGCGCGCG-5=

A final explanation could involve the GC-clamp self priming and leading to 

dimers with overhangs as above in the Klenow reaction. The low temperature (4^C) 

of the Klenow reaction makes this more feasible. The mode of fopnation is shown 

below (fig 83). The diagram is shown for maximum GC overlap which would lead to 

maximum ssDNA;ssDNA stability.

5'-GCGCGCGC[£coRI]NNNNNNNNNNN[ A^rtJGCGCGCGC-S' 
3'-CGCGCGCG[P5rf]NWJNNNNNNNN[ Eco^I]GCGCGCGC-5"

Primers

5'-GCGCGCGC[M]  5'-GCGCGCGC[£coRI]NNNNNNNNNNN(P^rI]GCGCGCGC-3'
3'-CGCGCGCG[/’.srI]NNNNNNNNNNN[£coRr|GCGCGCGC-5"   [Pstl]CGCGCGCG-5'

5'-GCGCGCGC[£coRI]NNNNNNNNNN[P5rI]GCGCGCGC-3'
3'-[£coRI]NNNNNNNNNN[P5rI]CGCGCGCG-5'

where Nio represents the lObp random section

fig 83 Proposed mechanism for GC self priming
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All of the above reasons could explain the existence of the two lower bands 

seen in the experiments. Their presence causes a problem in the drpg concentrations 

actually interacting with OLIGONUCLEOTIDE 1. However, both will act as 

substrates for the drug, and, hence, can interfere in the concentrations being used. 

But, if the drug is binding in the random section there is an equa] possibility of it 

binding in the overhang DNA as there is in the intact dimer. Therefore, all 

concentrations will remain proportional and their presence does not in feet alter the 

binding reaction.

(2) As can be seen from fig 82, shifts were observed jn the DNA. As 

expected these were found to be much smaller than for proteiniD^A systems and 

involved a “smearing” of the band. However, it was worrying that there appeared to 

be no stratification of the bands. That is to say, there was an equal shift at the lowest 

point of the band as there was at the top. This would suggest that no selection 

between the sequences was being observed, solely a concentration threshold above 

which binding occurred. This could mean that a 5’-GCG sequençe was the most 

preferred binding sequence, or, more likely the binding sequence w^s to be found in 

one of the two restriction endonuclease sites.

During the course of this work, evidence became available for the potential 

binding site of daunomycin 9 from work on hairpin structures.It w^s suggested that 

the anthracycline exhibited a preference for 5’-(A/T)GC and, tp a lesser extent, 

5’-(A/T)CG. This sequence is present in the Pstl restriction site (5’-CTGCAG). 

Therefore, if  the binding sequence for aclacinomycin 14 is similar, whatever the 

concentration was reduced to, there would be an equal chance of ^ 1 1  the sequences 

showing some degree of shift (5’-(A/T)CG is present in EcoRi apd the GC clamp 

(5’-GAATTCGCGCGCGC)).

The smearing seen would indicate that the sequence was a|so present in the 

random section of some sequences, and, as a result, more than one binding event had 

taken place. These sequences would have a greater change in rpass and, hence, 

would have a larger shift, and would be the slowest migrating band. These sequences 

could, therefore, be excised and cycled, as they should contain the sequence within 

their random section.
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It was hoped that flanking sequences would play an important role in the 

binding sequence, and, since no firm evidence for the sequençe selectivity of 

aclacinomycin 14 had yet been published, a sequence was redesigned to remove the 

Pstl restriction site.

Librarv ^OLIGONUCLEOTIDE 21

U li
5 ’ - GCG CGC GCG AAT TCN NNN NNN NNN TCT AGA GGG CGC GC - 3 ’

[—£^coRJ“] [—Xbo\ — ]

Primer 5’-3’ (PRIMER 3):

5’ - GCG CGC CCT CTA AGA

dsDNA was produced and gels were run as previously described. Results 

were seen to be similar as for OLIGONUCLEOTIDE 1. Vacations in drug 

concentration were carried out. The stock aclacinomycin 14 was djluted 25, 30, 50 

and 100 fold and experiments carried out as previously described (qmount of DNA= 

2 pmol, aclacinomycin 1 pi of diluted 1 mM solution). The results are shown below 

in fig 84. As can be seen the problem of the Avhole band shifting was circumvented 

by either the dilution or the changing of the Pstl restriction site. Approximately the 

top 1 mm of the shifted band was excised from the wet gel (recoveries from a dried 

gel proved to be somewhat lower). This would contain those sequences which 

contained the binding sequence within its random region.

Although the Microcon system allows recovery from polyacrylamide gels, 

there is a limit at 1.25%. The strength of the gels being used was qbove this cut-off 

value. A method of recovery had to be devised.

A combination method of Crush and Soak and Microcon proved to be the 

most effective. The excised gel was crushed, and incubated overnight at 37 °C. The 

solution was then subjected to a Microcon protocol, as for recovery from agarose. 

This methodology proved to give measurable quantities of DNA ffopi cpm counting, 

with recovery from the gel slice being as high as 60%.
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C' I I D , , E

m

'SHIFT

ST A R T IN G  B A N D  POSITION

UNDESIRED BANDS

DNA Aclacinomycin Total volume

Lane A 1.6 pmol - (Opl

Lane B 1.6 pmol 10 pmol (1 pM ) 10 pi

Lane C 1.6 pmol 20 pmol (2 pM ) 10 pi

Lane D 1.6 pmol 50 pmol (5 pM ) 10 pi

Lane E 0.4 pmol 200 pmol (20 pM ) 10 pi

fig 84 Results o f dilution experiments.

Since recover}' o f  DNA would prove to be easier for low percentage gels 

experiments were carried out using an 8% polyacrylamide gel. These were run at 125 

V (12.5 V cm '') overnight at 4 °C. It was found that no loss o f  resplution occurred 

and this was considered to be the standard for further experim ents (fig 85).
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DESIRED BAND WITH SHIFT

UNDESIRED BAND

DRUG CONCENTRATION

1 hiM
2 hM 
5 )liM

10 |tM 
20 laM

* Lane A has twice as much DNA 
as lanes B-G

Lane A*
Lane B
Lane C
Lane D
Lane E
Lane F
Lane G

fig 85 Results on an 8% polyacr>'lamide gel. Several bands were seen with a shift in

the upper band

6  PCR of recovered DNA

Once recovery methodology had been optimised a method o f effective 

PCR was required. This was necessary to produce measurable quantities o f  dsDNA 

for which the aclacinomycin concentration could be adjusted to give shifts as 

previously seen. It was hoped that shifts in subsequent rounds would become more 

distinct as the library becomes more separated between sequences which are actual 

aptamers and those which are artefacts o f the excision procedure.

Initial reactions were carried out as per  the protocol previously described in 

section 3.1. In order to have the template DNA in the right concentration it was 

assumed that 10% had in total been excised. This was dissolved in 500 pi to give a 

concentration o f  10 nM DNA solution (20 nM in template ssDNA). High 

concentrations o f primers were used, as these are said to improve the yield when 

carrying out PCR on random libraries."^ This is to minimise the formation o f
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iioiïiüdiiïieis wiihiii the GC uminp and lu minimise pfoblenis as depicted in ng 83. 

Upon analysis, though, it was found that only primers were seen in the resulting gel. 

Tins could mean that the amount of DNA was considerably lowçr than had been 

estimated, and any dsDNA produced was not seen due to the large amounts of 

primer. Reduction in the concentration had no effect and this was not thought to be 

the cause of the poor yield. Various changes of conditions were, thct^fore, tried.

The annealing temperature was lowered to 40 with an extension 

temperature of 50 An increased time at this temperature ensures completion of 

the reaction, and the effectiveness of the enzyme is only marginally reduced. 

Because of the very small size of the DNA this would not causes a problem. The 

following protocol was used:

1 94 X  (3 min)

2  [94 X  ( 1  min) 40 ( 2  min) 50 X  ( 2  min)] x 30

3 94 °C ( 1  min) 40 X  ( 2  min) 50 X  (5 min)

4 4 X  (Hold)

Results for the above protocol were not improved on those obtained earlier. 

In order to test whether not heating to 72 °C had an effect the fbllo\ying protocol was 

used. It is known that an intermediate hold at 50 X  allows extension of the primers 

so that the duplex is stable at 72 °C and the extension can proceed tp com pletion.A  

gentle cool down was also included in this experiment to ensure that dsDNA was 

recovered, but no improvement was observed.

1 94 "C (1 min)

2  [94 ( 1  min) 40 X  ( 2  min) 50 ‘’C ( 2  min) 72 X  (I min)] x 30

3 94 °C ( 1  min) 40 "C ( 2  min) 50 (5 min) 72 X  (I min)

4 4"C (Hold)

Although initial analysis by agarose electrophoresis showed small amounts of 

dsDNA in the mixture, the concentration was very small and was npt sufficient to be 

run out the full length of the gel and recovered.
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Previous work had suggested that a gentle ramp up of tepiperature led to 

improved result in the extension phase. Also, a reduced annealing temperature of 37

°C had been found to improve yields in protein;DNA work.^°

1 93 °C (30 s)

2 [37 °C (2 min) 40 ‘’C (30 s) 45 (30 s) 50 °C (30 s) 55 °C (30 s)

60 X  (30 s) 67 (2 min) 93 "C (30 s)] x30

3 37 ""C ( 1 0  min) 40 ""C ( 2  min) 45 X  ( 2  min) 50 X  (2 min)

55 X  ( 2  min) 60 X  ( 2  min) 67 X  (lOmin)

4 4 T  (Hold)

Electrophoresis showed that only primers and, to a lessor extent, some 

ssDNA, were present. To test whether the 67 X  step was causing any problems in 

duplex melting, the protocol was repeated excluding the 67 X  step. This proved to 

have no effect. Unfortunately, with the above protocol, the time takçn was somewhat 

longer than for a standard experiment. A higher rate of heating \yas tried with no 

effect on the results.

1 94 X  ( 2  min)

2  [94 X  ( 2  min) 37 X  (30 s) 40 X  (30 s) 45 X  (30 s) 55 X  (30 s)

72 "C (1 min)] x30

3 94 ( 2  min) 37 X  ( 2  min) 40 ""C ( 2  min) 45 X  ( 2  min) 5^ X  ( 2  min)

72 "C (5 min)

4 4 X  (Hold)

Further experiments involved the use of pre-treatment with p.4 M NaOH and 

0.4 mM EDTA to ensure initial strand separation, but this did improve the yield.

The most plausible explanation for the poor PCR yields is t}ie use of the GC 

clamp. As successive rounds are carried out, the concentration of ssDNA increases 

with respect to primer concentration. For short DNA such as that being used, the 

length of the GC clamp is only 6  bp shorter than the primer lengtl%. Therefore, it is 

likely that homodimer formation occurs to a considerable extent. Apy polymerisation
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would then produce fragments of DNA which are unable to anneal î n the next cycle. 

This would lead to an exponential decrease in the yield. Experiments were carried 

out without diluting the recovered DNA. In these cases it was found that only single 

stranded DNA was seen along with the primers. This would tend tq indicate that the 

increased concentration of template DNA leads to reduced yields. This backs up the 

hypothesis that the GC-clamp is responsible for the very low yield.

Alternatively, it is possible that the drug has undergone a reduction process 

mediated by light. This would result in a process occurring similar tq fig 14, with re

oxidation occurring by oxygen dissolved within the buffer. As a result, it is possible 

that a drug:DNA adduct could have been formed. This would prevept any PCR from 

occurring in the sequences in which this has occured. Instead, only small fragments 

of DNA would be produced, which would be indistinguishable fropi the primers by 

agarose electrophoresis. This, however, is highly speculative, and nq direct evidence 

is available to support this claim.

The band corresponding to dsDNA was excised and purified by the Microcon 

method. The amount of the DNA recovered was so small that it was unable to be 

quantified by agarose electrophoresis. The DNA was labelled, and a gel shift 

experiment carried out. In all cases it was found that the samplç still contained 

primer DNA. This ssDNA was found to radiolabel to a much higher extent than the 

dsDNA and polyacrylamide electrophoresis showed only very low concentrations of 

dsDNA.'"

7 Summary

A successful methodology has been developed, which gives observable shifts 

for the binding of aclacinomycin 14 to a random dsDNA library in a SELEX 

protocol, on either an 8 % or 15 % polyacrylamide gel. A method has been found to 

give high recovery yields of DNA from the gel. However, the recovered DNA gives 

only low yields amplification is attempted using PCR . Several temperature cycles 

have been used, together with several variations on the basic experiment. The 

temperature cycles are summarised below (fig 8 6 ).
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fig 86 Schematic summary o f the PCR temperature protocols used
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More recent work by Harding has suggested that, for aclacjnomycin 14, the 

binding site is only 3 bp long and the process is governed by intercalation.'^ This 

would suggest that a 1 0  bp random section is too long for a study op anthracyclines, 

and perhaps a section of 7 bp may be better. Also this would suggest that a different 

drug, which has groove interaction as the main stabilising influence in complex 

formation, would be a better choice. The methodology has been shown to generate 

shifts. However, no proof of the validity in the form of a consensus sequence has as 

yet been generated.
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8 Materials and methods

Aclacinomycin was supplied as a yellow powder by Lundbeck with glucose. 

The glucose was removed by dissolving the mixture into distilled water, extracting 

using chloroform, rotary evaporating the chloroform and resuspçnding into 1:19 

methanol water mix. The stock solution of aclacinomycin was usually ImM.

NH4 OAC, MgOAc, MgCl2 , Ficol, low molecular weight mineral oil and 

glycerol were purchased from Sigma. EDTA, NaCl, boric acid and ethidium bromide 

were purchased from BDH. Tris was purchased from Gibco. Solutions were made up 

according to standard protocols given in Molecular Cloning, a laboratory manual, 

2nd edn.. Cold Spring Harbor Laboratory Press. Acrylamide was purchased from 

Aldrich. Bisacrylamide, ammonium persulfate and TEMED were purchased from 

Fluka.

Klenow fragment of DNA polymerase I and T4 PNK were purchased from 

New England Biolabs. dNTPs nad agarose were purchased from Pharmacia. Taq 

polymerase was purchased from Promega.

8.1 Buffers, media and solutions used 

Crush and soak buffer

0.165 MNH4OAC 

0.33 mM MgOAc 

0.33 mM EDTA (pH 8.0)

Klenow buffer (lOx)

0.5 M Tris.HCl (pH 7.6)

0.1 M MgCl%

Klenow Buffer (lOx) New England Biolabs

0.5 M Tris. HCl (pH 7.6)

0 . 5 M M g C l 2  

0 . 1  MDTT
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Loading Buffer (agarose)

15% Ficol in deionised water

Loading Buffer (polyacrylamide)

30% glycerol in deionised water

5 xTBE

0.45 mM Tris.HCl 

0.45 M Boric acid 

10 mM EDTA (pH 8.0)

Kinase Buffer (lOx) ex. New England Biolabs

0.7 M Tris.HCl (pH 7.6)

0.1 M MgCl^

30 mM DTT

Binding buffer (5x)

50 mM Tris.HCl (pH 7.6)

0.25 M NaCl

Ethidium bromide

1 0  mg ml'* in deionised water

Bromophenol blue

0.25% bromophenol blue 

30% glycerol 

deionised water

30% acrylamide stock solution

29 g acrylamide and 1 g bisacrylamide made up to 1 0 0  ml with deiopised water
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15% acrylamide gel

In a conical flask the following were mixed:

18 ml stock 30% acrylamide solution 

18 ml deionised water 

9 ml 5x TBE

315 |al ammonium persulfate solution (10%)

The resulting mixture was degassed under vacuum, 45 pi TEMED v^as added and the 

solution was poured into an Anachem Vertical Gel Caster and allowed to set.

8% acrylamide gel

In a conical flask the following were mixed:

12 ml stock 30% acrylamide solution 

23 ml deionised water 

9 ml 5x TBE

315 pi ammonium persulfate solution (10%)

The resulting mixture was degassed under vacuum, 45 pi TEMED \yas added and the 

solution was poured into an Anachem Vertical Gel Caster and allowed to set.

8.2 Generation of the dsDNA librarv from a ssDNA template

8.2.1 dsDNA library made from OLIGONUCLEOTIDE

The single stranded template, OLIGONUCLEOTIDE 1 (5’- GCG CGC GCG 

AAT TCN NNN NNN NNN CTG CAG GCG CGC GC - 3’), and th^ forward primer 

5 ' -GCGCGCGCCT GC AG, were a kind gift from Oswel, Edinburgh. 343 pmol of the 

template was mixed along with 617 pmol of the primer, dNTPs, to a final 

concentration of 5 pM and 10 units of the Klenow fragment of DN>V polymerase I in 

a reaction mixture of 26 pi (this included 2.6 pi of lOx Klenow buffer, to a final 

concentration 50 mM Tris.HCl (pH 7.6), 50 mM MgCh, 1 mM PTT, from New 

England Biolabs). This mix was incubated at 4 °C for 4 h, and thep heated to 70 °C 

for 5 min (to denature the enzyme). The dsDNA library was thep purified, eluted, 

and concentrated as outlined below.



Chapters 219

8.2.2 dsDNA librarv made from OLIGONUCLEOTIDE 2

The single stranded template OLIGONUCLEOTIDE 2 

(5’-GCGCGCGCGAATTCNNNNNNNNNNTCTAGAGGGCGCGC) and the 

forward primer (5’-GCGCGCCCTCTAGA) were purchased form Cruachem, 

Glasgow The same procedure was used to produce the second DMA library as was 

used to produced the OLIGONUCLEOTIDE 1 library, except that 4Q0 pmol of single 

stranded template and 1 nmol of the forward primer 

5’-GGAATTCAGCCTTTGAGCCT were used.

8.2.3 Purification using agarose gel electrophoresis

To the reaction mix was added V5  of a volume of loading buffer, and the 

mixture vortexed. The samples were then loaded onto the wells of a 3% agarose gel 

to which ethidium bromide) solution had added (I pi, final concentration 0.5 pg/ml). 

Towards the anode end of the 3% gel was a 1% insert of low meltipg point agarose. 

The DNA mix was then electrophoresed using a Bio-Rad horizontal mini subcell gel 

apparatus at 100 V (10 V cm’’) in Ix TBE (90 mM Tris , 90 mM bpric acid , 2 mM 

EDTA (pH 8.0)) buffer until the dsDNA had migrated into the 1% insert (as shown 

by visualising under uv radiation). The section of the gel containipg the DNA was 

then excised.

8.2.4 Elution and concentration of the DNA using Microcyn

MicrocoDcentrators with Millipore .22 gel nebulisers

The Microcon sample reservoir was inserted into the vial and the nebuliser 

component inserted into the sample reservoir (fig 80). Then, sectipns of the gel are 

placed into the nebuliser and the lid closed. This was then centrifuged at 14,000 rpm 

(15,800 g) for 12 min. Once completed, approximately 1 ml of deipnised water was 

centrifuged through the components at 14,000 rpm for 7-8 min (ip order to buffer 

exchange the DNA), The DNA was then recovered by inverting the sample reservoir 

into another vial and centrifuging at 6,000 rpm (2,900 g) for 4 min.
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8.3 Mobility Shift Assay

8.3.1 Radiolabelling the DNA library

5.4 |Lil (40 pmol) of the DNA library was incubated with 10 pCi of [y 

ATP (1 pi of 10 pCipT% 3.2 pmol), 50 pmol of unlabeled ATP, kinase buffer (to a 

final concentration of 70 mM Tris, 10 mM MgCl^, 3 mM DTT from New England 

Biolabs) and 2 pi of T4 PNK at 37 °C for 10 min. The enzyme was then deactivated 

by addition of 5 pi of 0.2 M EDTA (pH 7.0) solution. The DNA was then isolated 

using a Microcon Microconcentrator and a Micropure EZ enzyme filter. Once 

isolated the DNA solution was diluted with deionised water to the required volume.

8.3.2 Binding reactions

4 pi (approximately 1.6 pmol) of radiolabelled dsDNA was incubated with 

various concentrations of aclacinomycin in binding buffer (final concentration 

10 mM Tris, 50 mM NaCl) at room temperature for 30min. The final concentrations 

of aclacinomycin used were 1 pM, 2 pM, 5 pM, 10 pM and 20 pM, in a total 

reaction volume of 10 pi. Other concentrations were attempted prior to optimisation 

and the experiment was run a total of 28 times.

8.3.3 Electrophoresis

Into the above reaction mixes, V5  of a volume of 30% glycerol loading 

buffer was added. The mixes were then loaded onto an 8 % acrylamide gel which had 

been pre-electrophoresed, using a Anachem V2-D2 vertical gel, at 100 V (10 V cm'^)

for 20 min. The samples were electrophoresed at 40 V (2 V cm"^) for approximately 

20 h. After the run the dsDNA was approximately of the way down the gel. This 

was determined by running a lane of 0.25% bromophenol blue in 30% glycerol, since 

the bromophenol blue has approximately the same mobility as the 50 bp 

oligonucleotide. 15% acrylamide gels were also used, but they did not appear to 

impart improved resolution.

8.3.4 Autoradiography

The gels are autoradiographed using Kodak (X-OMAT)AR film in a light 

case at 4 °C with an intensifying screen. The length of the exposure varies between 8
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in and 20 h, depending on the level of radiolabel incorporatiop. The film was 

developed using a Fuji RG2 X-ray film processor.

8.4 Recovery and amplification

8.4.1 Recovery of selected DNA - “Crush and Soak’*

From the autoradiograph it was possible to determine where the shifted DNA 

band was. This area of the gel was excised, crushed and incubatec) with shaking at 

37 °C overnight in 0.5 M NH4 OAC, 10 mM Mg(0 Ac) 2  and 1 mM ÇDTA. The DNA 

was isolated and concentrated using a Microcon Microconcentratqr with nebuliser. 

The concentrated DNA was then freeze dried and resuspended in 50Ç pi of deionised 

water.

8.4.2 Amplification using PCR

Into a sterile 0.5 ml Eppendorf tube was placed 5 pi o f  reclaimed DNA 

(0.5 nM solution) with 100 pmol of the forward primer, 100 pmql of the reverse 

primer, 0.83 mM of dNTPs, Promega buffer (50 mM KCl, 10 mM Tris, 0.1% Triton 

X-100), 2.5 mM MgCl and 2.5 units of Taq Polymerase. This mix \yas overlaid with 

low molecular weight mineral oil cycled through temperatures, despribed in section 

6 , thirty times using a Hybaid Omn-E thermal cycler.

The reverse primer for OLIGONUCLEOTIDE 1 (PRIMER 2) was 

5’- GCGCGCGCGAATTC, supplied by Oswel, Edinburgh.

When the cycles were complete the mineral oil was extracted using

chloroform, V5 of a volume of loading buffer was added and the mjx assessed using 

3% agarose gel electrophoresis.

The basic reaction was varied in an attempt to produce results detectable by 

electrophoresis in 3% agarose. These variations included :

Altering the template DNA concentration 0.5, 8  and 10 pi

Altering the amount of primers 500 and 1000 pmol

Altering the concentration of dNTPs 4 and 8.3 mM

Altering the MgCl] concentration 1.5,2.0 and 3.0 mM

Altering the enzyme used 2 units of Pfu (New England Biolabs)

Pre-treatment with 0.4 M NaOH and 0.4 mM EDTA
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CHAPTER 6 

SUMMARY AND FUTURE WORK

Although a linker has been successfully synthesised for the ijnmobilisation of 

aclacinomycin 14 to a solid streptavidin support, as described in chapter 2, attempts 

to connect it to the drug proved fruitless. As an alternative methpdology gel shift 

experiments were carried out. Gel retardations were observed, and the shifted DNA 

was recovered. However, it was found that amplification of the resulting DNA was 

not as facile as had been expected. This was probably due to tl;ie quality of the 

recovered DNA, and may have been as a result of the drug binding ifself.

During the course of this work evidence has become available as to the 

nature of the aclacinomycin 14 binding site.^ Work by Harding hqs shown a slight 

preference for the sequence 5’-ATG although the selectivity seen was low. This 

selectivity is most likely to be as a result of the intercalation step apd the work does 

not provide any evidence as to the role the sugars are playing in the çvent. To date no 

definitive binding sequence has been found for the drug.

From this work two possibilities exist for future elaboratiop. Since a linker 

has been made for the immobilisation of the drug alternative sites of attachment may 

be investigated. As described in chapter 2, the CIO methyl ester group was chosen 

because of its orientation in the X-ray crystal structure of nogalamyçin 13. This may 

not be the case for aclacinomycin 14. Because the aim of this project was to 

elucidate the role played by the sugars attachment must be made to the aglycone. It is 

possible to do this in two alternative places. Firstly the linker coulc) be connected to 

one of the phenolic hydroxyl groups through an ether linkage. The greater acidity of 

these groups as compared to the C9 and saccharide hydroxyl groups should enhance 

specificity in the reaction. Alternatively, new immobilisation systems have recently 

become available. The Pharmalink system from Pierce uses the Mapnich reaction to 

aminoalkyate at acidic hydrogens a  to activating groups such as acids, esters, 

ketones, and phenols and also to directly onto hydroxyl, acetylenes and thiols 

(fig 87). The methodology is particularly useful for compound whicfi have no readily 

available point of attachment, or that have functional groups with low reactivity or 

that are sterically hindered. This system should enable attachment to the aglycone.
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although careful spectroscopic examination will have to be carried out to determine 

the precise point of attachment after the likely mixture of compounds has been 

separated. It is envisaged that the system may allow the alfachment to the 

cyclohexane ring at position CIO, and in doing so give minimal interference to 

binding process.

o
RNHo

NHR. 

H — C — H
I

OH

0

-  I T
H — C — H

C]Q= The C]Q position o f  aclacinonycin

R=Tmmobilised diaminodipropylamine

N H  (CH2)3 — NH ------- (CH2)3 -N H 2

NHR  

H — C — H
I
X̂)̂ 2 

= 0  

M e

CjjH2 = C — M e  

OH

M ÎR  

H — C — H

CjoHj

C = O H
I ©

M e

fig 87 Mannich chemistry for the immobilisation of ligands

Since work on aclacinomycin has not proved to be as successful as had been 

envisaged, the methodologies developed may be applied to other systems. It would 

be possible to attach a linker to the tri-thiol side chain of calicheamiçin 21. This drug 

is know to be specific for 5’-TCCT.^ When the linker is attached to the side chain 

the molecule is effectively inactivated and no radical cyclisafion is possible. 

Alternatively synthetic molecules which bind only in the minor groove could be 

studied. If there is no intercalation to govern the binding event, and hence specificity, 

both the gel shift and column immobilisation techniques could be qsed to determine 

sequence selectivity for the compounds. An example of a compound which falls into 

this class are the lexitropsins (fig 88)/ These have been designed to recognise 

specific sequences and are based on netropsin 3 and distamycin. These drugs are 

short polymers of NH-X-CO where X signifies a pyrrole or imidazple ring, and they 

have a positive charge at both ends of the molecule. The nature of ̂ hese compounds 

as linked drugs means that their binding affinity is higher than for their parent
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monomer. This makes them more suitable compounds for a SELEX, study. Work has 

shown that these molecule tend to bind to runs of AT in DbfA, and SELEX 

methodology could be used to further investigate the effects of any flanking 

sequences on the binding.

NH.

NH.

MeMe
n=2/3

/w-pyridyl

R=
trans vinyl

fig 88 An example of a lexitropsin

Using SELEX methodology it should be possible quickly qnd efficiently to 

generate binding sequences for libraries of synthetic compounc^s, based on the 

binding affinity alone. This will be able to be checked against sequence data already 

available from footprinting experiments.
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APPENDIX- the nmr spectrum at 600 MHz of aclacinomycin 14 '

As part of the work on Aclacinomycin 14, it was thought vital to have a full 

assignment of the nmr spectrum of the drug at high field, so that any future 

compounds synthesised could be quickly and easily assigned. Chloroform was 

chosen as a solvent as the compound was found to have much greater solubility in it 

than in water. All spectra were recorded on a Varian VXR 600 spectrometer 

operating at 599.9 MHz for protons and 150.9 MHz for nuclei. The assignment 

and likely solution conformation was determined using COSY, HMQC and 1-D 

ROES Y and 1-D TOCS Y techniques.^ The full spectral analysis is givçn in fig 90.

From initial inspection of the *H nmr spectrum of the drug î  was seen that 

there was considerable overlap of the resonances in the range 1.8-2.5 5 and 

coincidence of two resonances at approximately 4.1 6 (fig 91). Only the resonances 

arising from H-2, H-11, H-13 (methylene), H-21 (methyl), H-22 (methoxy), and the 

dimethylamino protons could be assigned unambiguously by inspection. To simplify 

further elaboration and discussion all other proton resonances, excepting the 

aromatic and hydroxyl protons, were assigned from A to Z, and Z' (ontitting I and O) 

from low to high field, making the methyl resonances of the three sugqrs A. B and C.

A

9 Hr
o "
I,' / \  OH 1

H,"p"K CH3
21

-He

Aclacinomycin 14
(Numbers indicate lUPAC nomenclature; Letters are used for ease of discussion)
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The 2-D HMQC C-H one-bond correlation spectrum allowed the assignment 

of the three anomeric protons X, Y, and Z' (fig 92). It also allowed the identification 

of geminal pairs of methylene protons D and H, E and F, J and L and K with one of 

M, N and P, with the other two of the three coupled to each other. A 2-D DQF- 

COSY spectrum gave cross-peak coupling patterns showing that K pairs with P 

(fig 93).

The 2-D DQF-COSY spectrum also allowed the assignment of the sugar and 

tetracycline D-ring protons. If the notation ij is used to signify the off-diagonal cross

peaks from the coupling of nuclei i and j, then the cross-peaks could be used to map 

the sugar resonances starting from the anomeric protons earlier assigned (fig 93).

From proton X it was possible to see the cross-peaks XD, DH, DU, HU, UQ, 

QW and WA. By comparison with known spectra, the peak U (H-3') at 4.1 ô was 

seen to correspond to the L-2'-deoxyfucose (I) ring (the other 7-spin system seen had 

its corresponding peak at 2.0 Ô, similar to the known value for a L-rhodosamine (II) 

residue). A 1-D TOCS Y spectrum was used to confirm the ring g^ssignment by 

irradiating Q (H-4') (fig 94). A similar method was used to assign the resonances of 

the L-rhodosamine (II) sugar. Starting with the anomeric proton Z' it was possible to 

trace the cross-peaks Z'F, FE, FG, EG, GR, RS and SB, which was again confirmed 

by a 1-D TOCS Y spectrum. The L-cinerulose (III) sugar was assigned by the cross

peaks YJ, YL, JL, JM and VC, and again confirmed by a 1-D TOÇSY spectrum 

(fig 95). It was observed that L, M and N lie too close to the diagonal to be 

distinguished, although it was already known from the 2-D HMQC spectrum that M 

and N were geminal to each other.

The remaining resonances in the aliphatic region corresponded to those in the 

D-ring in the aglycone and were confirmed by cross-peaks from Z (H-7) to P and K 

(H-8 protons). A 1-D TOCS Y spectrum showed a long-range coupling from Z (H-7) 

to T (H-10). The remaining aromatic protons H-1 and H-3 were distinguished by 

reference to a HMBC long-range C-H correlation spectrum- optimised for a coupling 

of 8 Hz (fig 96). The H-11 resonance and that at 7.8 ô both showed long-range 

coupling to a carbonyl resonance, making the resonance at 7.8 ô H-1 apd, hence, that 

at 7.3 Ô, H-3. A saturation difference spectroscopy experiment identified the C-9 and
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C-3" hydroxyl resonances, but was unable to distinguish between the two phenolic 

resonances at 12.0 ô and 12.7 6.

The non-quaternary carbon resonances were established directly from the 2-D 

HMQC C-H correlation spectrum (fig 92). The 2-D HMBC spectrum confirmed the 

assignments and connectivity of the sugar residues by showing long-range 

connections between H-1 and C-4 of adjacent sugar rings, and betweep Z' (H-T) and 

C-7 and H-7 and C-T. The unique quaternary carbon peak at 71.6 ô was assigned as 

C-9 by a long-range correlation to Z (H-7). The remaining quaternary carbons were 

assigned from the 2-D HMBC long-range C-H correlation spectrum. Several other 

correlations were observed in the spectrum which validated the assignments made, 

and they were also seen to correspond to those known for l,8-dihydroxy-9,10- 

anthraquinone.^

The coupling constants observed in the spectra obtained could also be used to 

give some idea of the solution conformation of the drug in chloroform, The coupling 

between H-3 and one H-2 of 12-13 Hz in both L-2'-deoxyfucosp (II) and L- 

rhodosamine (I) confirmed that the two sugars were in the chair conformation with 

the hydroxyl and dimethyl amino groups both in the equatorial positiop. However the 

chair conformations were seen to be slightly deviated because of near-^ero values for 

H-4/H-5, H-3/H-4 and one H-1/H-2 couplings in both rings. These plso confirmed 

that the glycosidic linkages were axial.

The size of aclacinomycin 14 meant that it had a tumbling rate which 

prevented the acquisition of a nOe spectrum. However a 1-D ROES Y spectrum was 

acquired by irradiation at fully resolved resonances (fig 97). All the sugars showed a 

H-3 to H-5 enhancement confirming the assignment of chair conformations to them. 

For the cinerulose (III) ring both H-2/H-1 couplings were similar which suggested 

that this sugar was the least distorted of the three from a perfect chair conformation.

The 1-D ROES Y spectrum was also used to assign the conformation of the 

D-ring of the aglycone (fig 89). It was found that it adopts a half-c(iair with H-7, 

H-10 and the ethyl group in pseudo-equatorial positions. Irradiation of H-7 enhanced 

H-8a and H-8P; irradiation of the methyl group (H-21) enhanced H-10, 9-OH, H-131, 

H-13h, and H-8a, but not H-8p, confirming the conformation of the ethyl group.
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Irradiation of 9-OH enhanced H-IO and H-8a. Combined these showed that the 

glycosidic link occupies a pseudoaxial position.

it is well known that there is limited rotation about glycosidic linkages for 

two pyranoses connected by a l'-4 axial linkage, and they have a minimum energy 

conformation, where H-1' on one residue is placed in space near the H-4 and H-6 of 

the other.*  ̂ The 1-D ROES Y spectrum of the drug showed similar enhancements 

between the L-cinerulose (III) and L-2'-deoxyfucose (II) sugars and sirpilarly between 

the L-2'-deoxyfucose (11) and the L-rhodosamine sugars. The 1-D ROpSY spectrum 

showed mutual enhancements between H-T and H-7, and between H-5’, H-8a and 9- 

OH showing that the glycosidic linkage to the aglycone occupies a similar 

conformation to those between the sugar residues.

HO

HO R = OCOCH

CH
OH

fig 89 Spatial orientation about the D-ring o f the aglyconp
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SITE ÔC 5h* Jhh (H z) Proton-Carbon
long-range

correlations
1 120.0 7.805 (dd) 7.7, 1.1 C-3, C-4a, 

C-12
2 137.2 7.671 (dd) 8.4, 7.5 C-12a
3 124.7 7.288 (dd) 8.4, 1.1 C-1, C-4a
4 162.4 ’
4-OH 12.014’̂ (bs)
4a 115.7
5 192.6
5a 114.5
6 162.0
6-OH 12.657 "(bs)
6a 131.3
7 Z 70.5 5.253 (dd) 4.4, 2.1 C-8, C-9, C-6, 

C-lOa, C-11,
c - r

8(P)
P

33.6 2.494 (dd) 14.8,4.0 C-9

8 (a )  K 2.290 (dt) 14.8,2x1.6 C-7, C-9, 
C-10, C-13, 

C-6a
9 71.6
9-OH 4.57 (bs)
10 T 57.0 4.094 (s) C-6a, C-8, C-9, 

C-10a,C-ll, 
C-15

10a 142.5
11 120.8 7.665 (s) C-10, C-12, 

C-5a, C-6, 
C-6a

11a 132.7 y
12 181.2
12a 133.3 y
13 (h) 32.0 1.731 (dq) 14.0, 3 X 7.3 C-8, C-9, 

C-10, C-14
13 (1) 1.488 (dq) 14.0, 3 X 7.3 C-8, C-9, 

C-10, C-14
15 171.2
21 (Me) 6.5 1.073 (t) 7.3 C-9, C-13
22 (OMe) 52.4 3.680 (s) C-15
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SITE ÔC ÔH* Jhh (Hz) Proton-Carbon
long-range

correlations
r  z ' 101.5 5.495 (bd) 4.2 C-7, C-3', C-5’
2’ E(eq) 29.1 1.808 (ddt) 12.9, 4.4, 

2 x  1.2
C-3', C-4'

F(ax) 1.873 (td) 2x12.9,4.1 C-3'
3’ G 61.4 2.046 (dd) 12.9, 4.4
4' R 73 8 3.716 (bs) C-2', C-3', C-1"
5’ S 682 3.984 (q) 6.6 C-4', C-6'
6' B 17.7 1.260 (d) 6.6 C-4', C-5'
3'-NMe2 43.2 2.146 (s) C-3'

1" X 99.3 5.018 3.4 C-3", C-5", C-4'
2" D(ax) 34.2 1.808 (td) 2 X 12.2,3.7 C-3"

H(eq) 2.090 (ddt) 12.3,4.7,
2x 1 .2

C-3", C-4"

3" U 65.2 4.807 (bm)
4" Q 82.9 3.653 (bs) C-2", C-3", 

C-T"
5" W 66.6 4.533 (bq) 6 .5 ,09 C-4", C-6 "
6" A 16.8 1.146 (d) 6.5 C-4", C-5"
3"-0H 3.66 (bd) 9.3

1"' Y 100.0 5.060 (t) 2x6 .3 C-5'", C-4"
2"' J(ax) 27.5 2.14 (cm) C-T", C-3'", 

C-4"'
L(eq) 2.42 (cm)

3’" M,N 33.4 2.4-2.5 (cm) C-2'"
4"' 209.7
5"' V 71.6 4.476 (q) 6.5 C-1 ", c-4"', 

C-6'"
6'" C 14.7 1.311(d) 6.5 C-4'", C-5'".

x,y:
*

in each of these pairs the assignments may be reversed 

b = broad, c = complex, d = doublet, m = multiplet, 

q = quartet, s = singlet, t = triplet

fig 90 and nmr spectra of aclacinomycin 14
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fig 91 1-D nmr spectrum o f aclacinomycin
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J t

fig 91 continued
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fig 91 continued
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fig 91 continued
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Used to identify anomeric protons Z \  Y and X
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E.xpansions and identification o f  the off-diagonal peaks are gi\ en oq pages 241-243
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fig 97 1-D ROESY experiments continued
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fig 97 1-D ROESY experiments continued
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fig 97 1-D ROESY experiments continued
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