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ABSTRACT.

The a-am ino acids with long alkyl side chains, the lipidic amino acids and
their homo-oligomers, the lipidic peptides, represent a class o f compounds which
combine the structural properties of lipids with those o f amino acids and peptides, such
that they should possess a high degree o f membrane-like character. One aim o f this
thesis was to evaluate the potential of lipidic a-am ino acids and their peptides as drug
and peptide delivery systems. It was envisaged that conjugation to selected compounds
would result in increased lipophilic character for the latter, thereby assisting membrane
penetration or translocation.

Lipidic amino acids were synthesized and conjugated to baclofen, alanylglycine, lipid-core-peptide (LCP) system, luteinizing hormone-releasing hormone, and
representative p-lactam antibiotics, by solution, and automated or manual solid phase
methods, to give the lipidic conjugates of these compounds (baclofen was synthesized
by the adaptation of a literature method). Biological evaluation of alanyl-glycine, LCP
and p-lactam conjugates indicated that the lipidic moiety acted as a drug delivery
system by penetrating membranes, to either anchor the active species to the
membrane, or to translocate membranes.

A further aim was to synthesize peptide fragments of the IgE receptor, as part
of a long term project, in order to begin to understand the structure-function
relationship. IgE receptor peptide fragments were synthesized for receptor topography
studies, and for conformational studies.

CHAPTER 1.

INTRODUCTION

CHAPTER 1. INTRODUCTION.

Modern synthetic drugs, designed to possess high biological activity, often
display a low therapeutic effect due to inability to reach the target site because o f
inactivation or clearance from the body following administration, and poor absorption
by membranes. Whilst research into new medicinal compounds continues vigorously,
effort is increasingly concentrated towards improving the delivery and absorption o f
existing drugs. The design o f novel systems capable o f delivering therapeutic amounts
o f an active agent involves a fundamental knowledge o f membrane structure,
mechanisms o f drug absorption, and an awareness o f biochemical inactivation
processes. These considerations are presented briefly below, together with a description
o f established methods to improve drug delivery.

1.1 Membrane structure.

The medicinal chemist requires an accurate "biochemical picture" o f the
structure o f cell membranes, the site o f drug absorption, to achieve an improved
delivery o f medicinal compounds. Progress in membrane biology has largely depended
on the development o f theoretical models o f structure, based on evidence available at
the time. The introduction of new techniques for studying actual membranes updated
these models.
Seventy years ago Gorter and Grendel (1925) extracted lipids from erythrocytes
and found they occupied twice the area than when arranged in red blood cells. They
concluded that lipids in membrane were self associated as a bilayer, with hydrophobic
fatty acid chains sandwiched between two layers o f polar head groups. The first
proposal for lipid-protein organization in membranes (Davson and Danielli 1935)
suggested that protein was adsorbed onto the surface o f a lipid bilayer.
With the advance of microscope technology, the ubiquity o f the membrane
trilaminar image around the cell, consisting o f two dark regions enclosing an area
lighter in shade (i.e. two lines of protein/lipid head groups surrounding lipid chains)
prompted Robertson ( 1960) to formulate a "unit membrane" hypothesis, in that all cell
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membranes have a particular basic unit structure centred on a continuous lipid film.
Singer and Nicholson (1972) proposed a fluid mosaic model o f cell membrane
structure, where amphiphilic proteins have a hydrophobic moiety embedded in the
interior o f an amphipathic lipid bilayer, with the hydrophilic entity projecting onto the
membrane surface: the structure would appear as if protein "icebergs" were floating
in a lipid "sea", resulting in a mosaic of protein and lipid (larger proteins would span
the width o f the membrane with hydrophilic parts on each surface). This model is
consistent with current knowledge o f membrane structure, in that it consists o f a
tightly packed, but fluid, glycerolipid (mainly phospholipids)/sphingolipid bilayer
interspersed with intrinsic and extrinsic proteins.
Both the structure of a cell membrane and its function has been ascertained.
The function of a membrane is to provide discrete environments in the form o f cells,
and separate micro-environments (for example, mitochondria, endoplasmic reticulum)
within cells where diverse reactions proceed without interference from extracellular
surroundings or adjacent reactions. However, raw materials and biosynthetic products
have access both to cell and its external environment, and drugs are increasingly
designed to utilize this facility, through enhanced knowledge o f membrane structure.
The definition of a biological membrane has therefore been established as a boundary
providing a mechanical barrier but serving as a selectively permeable partition to water
and certain solutes, including soluble drugs. It is to this barrier that medicinal chemists
direct their efforts in the design and modification o f drug and their delivery systems
to improve absorption.

1.2 Drug absorption.

Knowledge o f the mechanisms of drug absorption aid a researcher towards
selecting more favourable physicochemical properties o f a drug or its delivery system
to enhance absorption. For example, drugs encounter environments o f different pH
(administration site to target site) particularly via the oral route, therefore the presence
of ionizable groups on candidate drugs must be evaluated to assess molecular necessity
and therapeutic benefit.
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In determining the gastric secretion o f drugs administered intravenously, Shore
(1957) found that the extent o f gastric secretion o f weak organic electrolytes was
dependent on the dissociation constant o f the compound. This dependence was
explained by the concept that plasma (pH 7.4) and gastric juice (acidic pH) were
separated by a membrane with lipidic characteristics across which undissociated,
lipophilic drugs pass, but dissociated daughter species were restricted.

The

consequence o f this pH partition hypothesis was that acidic drugs would be rapidly
absorbed from the stomach, whereas the majority o f drugs should be poorly absorbed
since they were basic and would undergo ionization. Although the hypothesis explains
the fundamental aspects o f drug absorption, no allowance is taken o f the larger surface
area o f the small intestine. More elaborate descriptions o f drug absorption have since
been reported (Taylor et al 1989).
Since lipid soluble drugs cross lipid bilayers fairly readily, the extent of
lipophilicity is therefore important in assessing the ability o f a candidate drug to cross
membranes. The partition coefficient o f a drug, the constant ratio o f a solute
distributed between both layers o f two immiscible solvents, gives a measure o f
membrane lipid solubility. Hober and Hober (1937) found good agreement between
the organic/aqueous phase partition coefficient o f drugs and the corresponding
percentage absorption.
Contemporary knowledge o f drug absorption processes is based on a set of
putative models. Recognised transmembrane mechanisms for solutes, including drug
molecules, are free and facilitated diffusion (passive processes) and active transport,
an energy requiring activity operating in some cell membranes where substances are
moved against the prevailing concentration gradient by a protein pump (e.g. ion
pump). Free diffusion is the passage o f lipophilic substances through the lipid matrix,
however small amounts of water and ions may also diffuse through "leaky" bilayers,
a consequence of their fluid nature. Facilitated diffusion is the transfer o f lipophobic
substances (e.g. neutral amino acids, sugars, and inorganic ions) across a membrane,
aided by

a transport protein.

Both operations involve

solute

concentration

redistribution, from high to low regions, for example from plasma to cell interior, until
equilibrium is established. For the facilitated diffusion o f charged solutes an
electrochemical equilibrium operates, that is, the net effect o f concentration and
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electrical potential differences. The properties o f transport proteins involved in
facilitated diffusion are explained by three different mechanisms: pores, envisaged as
channels formed by proteins, which render membranes permeable to water and ions,
membrane mobile carriers, proteins which physically transport substrates from
extracellular fluid to cytoplasm, and fix e d transmembrane molecules, proteins which
span the bilayer and undergo conformational change to effect transfer. On a
macromolecular scale, peptides and high M.W. drugs may gain access to cells by
pinocytotic ingestion. Knowledge o f transmembrane routes may as yet be incomplete,
but within the confines o f current understanding, opportunities exist to improve drug
absorption.

1.3 Methods to improve drug delivery.

The need to improve drug absorption has culminated in efforts to increase the
delivery o f traditional medicinal compounds so that an intended therapeutic amount
does reach the site o f action. This rationale has captured research interest in recent
years.
Strategies for improving drug delivery are broadly divided into physical and
chemical means, although overlap may appear in both approaches. Physical methods,
predominantly applied to oral administration, strive to achieve a near constant delivery
o f the active species by entrapment devices designed to release the compound without
chemical alteration. Such devices include capsules, inflatable devices, and liposomes.
Chemical delivery systems attempt to achieve increased delivery by chemical
modification o f a drug. The intention is that the compound will be regenerated during
transit by bioreversible action, that is, a prodrug. The precise point, pre- or post
absorption, at which the active principal is regenerated is sometimes uncertain, since
drugs may pass through several biological barriers and encounter different
environments on route to the target site. Alternatively, a drug may be designed to be
bioirreversible, the intention being to produce superior action over the parent
compound (e.g. goserelin, an analogue o f luteinizing hormone-releasing hormone).
Some established physical and chemical delivery systems are briefly described

in the following text.

1.3.1 Physical methods.

1.3.1.1 Oral administration.

Treatment of illness and disease by oral administration o f medicines has
traditionally been regarded as an efficient and cost effective mode o f delivery.
Presentation in a form (drug delivery or carrier system) acceptable to the recipient, for
example tablet, suspension or liquid, also conveniently ensured prompt release o f the
active principal in the gut and its absorption by the small intestine. It has long been
recognised that to maintain a systemic drug concentration which was therapeutically
effioxciovjs required a dosage regime or set interval o f these immediate release drug
delivery systems, to limit the "zero/swamping" drug concentration effect.
Increased knowledge of gastrointestinal (GI) tract physiology and understanding
o f physicochemical and pharmacokinetic characteristics of drugs led to attempts to
optimize drug concentration within a therapeutically effective range by the introduction
o f sustained and then controlled release drug delivery systems, which in effect provide
a prolonged and continuous delivery respectively, thus ensuring a near constant, or
steady state plasma level for a predetermined period during the course o f GI transit.
Ibuprofen, flurbiprofen and ketoprofen, used in the treatment o f rheumatic disease are
all available as tablets. The first two compounds are also formulated as sustained
release capsules, while the latter as a controlled release capsule. The capsules contain
the dosage form as beads or pellets.
It should be noted that where systemic drug action is required, oral
administration may exhibit disadvantages due to drug inactivation in the GI tract, poor
absorption, or may be undesirable because o f patient disability; in these circumstances
administration by an alternative route is practised.

1.3.1.2 Controlled release gastrointestinal drug delivery systems.

1.3.1.2.1 Inflatable devices.

Several approaches to prolong the residence time o f drug delivery systems in
the stomach have been explored. Among these are inflatable devices, which rely on
a volatile liquid (e.g. ether) to vaporize at body temperature expanding an inflatable
chamber, thus preventing passage through the pyloric canal. Following oral
administration, premature inflation is prevented by the gelatin capsule surrounding the
device, which dissolves in the stomach. The inflation chamber contains a drug
reservoir with a delivery orifice to continuously release drug solutes into gastric fluid.
Many drugs can be incorporated into this system including those acting on the central
nervous system, analgesics, antiulcer agents, antimicrobials etc. (Johnson 1980). A
bioerodible polymer filament (e.g. a copolymer o f polyvinyl alcohol and polyethylene)
gradually dissolves releasing the gas, causing the chamber to collapse and freeing the
device to exit the stomach.

1.3.1.2.2 Osmotic pressure devices.

Inflatable GI delivery devices can also accomodate an osmotic pressure
controlled drug release mechanism to control the release o f a drug in the stomach
(Michaels 1974). In addition to the drug compartment, an extra chamber is inserted
which is enclosed by a semipermeable membrane, such as cellulose acetate polymer.
Water in gastric fluid is continuously absorbed and dissolves an osmotically active salt
(e.g. NaCl), creating an osmotic pressure which acts on the drug reservoir causing it
to reduce its volume by releasing drug solute from the delivery orifice.

1.3.1.3 Liposomes.

Since Bangham and collaborators (Bangham and Horne 1964) first observed
the spontaneous formation of lipid vesicles when amphipathic lipids are dispersed in
excess water, interest has grown in these liposomes as a possible drug delivery system
particularly when proposed as an enzyme carrier in the treatment o f lyosomal storage
diseases (Gregoriadis and Ryman 1972).
Liposomes are closed structures composed o f single or multilayered
bimolecular phospholipid membranes surrounding aqueous compartments into which
water-soluble drugs can be entrapped; lipophilic drugs or agents may be incorporated
into the membranes. The inclusion of sterols, fatty acids, glycolipids or even proteins
in the lipid structure affects the extent o f membrane fluidity and stability (Szoka and
Papahadjopoulos 1980). In this respect liposomes may be regarded as analagous to cell
membranes.
A variety o f liposomes are available for intravenous administration, depending
on the techniques applied to determine their size and composition. The majority o f
large unilamellar and multilamellar vesicles are rapidly cleared from blood by
endocytosis by cells o f the reticuloendothelial system (RES), especially liver and
spleen macrophages (Roerdink et al 1984). Lyosomal degradation o f the vesicles
release the encapsulated drugs (Dijkstra et al 1985). Use o f these large liposomes is
therefore limited to delivering active compounds to cells of the RES. However, the
uptake of small unilamellar vesicles, formed by soniflcation o f their larger
counterparts, is slow. Intercalation by serum proteins causes leakage from the bi layer
which may maintain a therapeutic drug level in blood and tissues (Juliano and Layton
1980). Thus liposomes may serve as a depot for a sustained drug release system.
One major use of liposomes as immunoadjuvants currently exploits the depot
release system, since adjuvants are believed to produce their effects by the creation o f
a depot (e.g. alum, oil emulsions) at the site of infection, which prolongs the release
o f antigens and their interaction with antigen presenting cells (Allison and Byars
1986). Many structurally unrelated agents can potentiate immune responses to weak
antigens, but most are toxic and only alum is licenced for use in man. Liposomes are
non-toxic and meet the criteria for safe adjuvants; they are employed for peptide and

protein antigens (Gregoriadis 1993), and oligosaccharide encapsulated liposomes have
been used successfully as vaccines to raise antibodies against Streptococcus
pneumoniae infection in mice (Snippe et al 1983).
Inadequate host defence can occur in immunocompromised recipients, or
patients treated with immunosuppressive drugs; drug toxicity can also contribute to
failure o f antimicrobial agents. Targeted liposome delivery to affected cells, with the
additional benefit of diminished toxicity, may address these problems. Liposome
carriers increased the therapeutic efficacy considerably against the free drug in
experimental Leishmania parasites (New et al 1978) and Listeria monocytogenes
(Bakker-Woudenberg et al 1987) by selectively delivering meglumine antimoniate and
ampicillin respectively, to the precise site o f infection inside lyosomes o f phagocytic
cells. Similarly successful was the liposome transport o f amphotericin B 1, an
amphipathic polyene, to murine macrophages in the treatment o f systemic candidiasis,
a secondary infection (to RES cells) by fungi (Juliano et al 1985), which caused lysis
o f the fungal cell membranes by incorporating into the membrane lipid. The toxic
antibiotic can also rupture host cell membrane, and in mice has an LD50 o f 0.8 mg/kg,
however, the drug was safely administered at ten-fold doses for several days, isolated
by entrapment in the carrier liposomes.
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Another important area of liposome research, again utilising the toxicity
shielding effect, has been directed at cancer chemotherapy, albeit delivering drugs
mainly to the liver and spleen (Gabizon 1989). However, the antitumor agent
doxorubicin 2a, encapsulated in unilamellar liposomes, has undergone initial clinical
trials in North America aimed at patients with carcinomas predominantly o f colon or
lung (Creaven et al 1990), and liver or lung (Rahman et al 1990). Preliminary results
indicate that clinical use o f liposomal doxorubicin can be extended over the free drug,
which is limited by cumulative dose-related toxicity.
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Against liver métastasés, annamycin 2b in multilamellar vesicles, significantly
prolonged survival o f the animals in studies, while doxorubicin was less potent (PerezSoler and Priebe 1990). The authors chemically modified the amphiphilic anthracycline
molecule, incorporating substituents at positions 2 ’ and 3’, and demethoxylating 4, to
increase lipophilicity and enhance the affinity for biological membranes following
liposomal delivery. Flynn (1971) determined the magnitude of lipophilicity for
functional groups of corticosteroids, and showed that lipophilicity increased or
decreased for a group when substituted at different positions. Topliss (1972) devised
a scheme to identify the most potent analogues of active lead compounds, based on
the assumption that a particular substituent may modify activity relative to the parent
compound by virtue of resulting changes in hydrophobic, electronic, and steric effects.
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Both reports are extensions o f the earlier work of Hansch (1964, 1971) who designed
a mathematical method for correlating chemical structure with biological activity.

1.3.2 Chemical methods.

It has become accepted that a different classification applies to prodrugs, and
the more recent mode o f chemical modification, involving carrier systems expressly
designed to deliver drugs, which may or may not regenerate the parent compound,
albeit that the purpose is generally equivalent. The former are represented by the
attachment of small M.W. chemical moieties to form simple, double, or triple
prodrugs, while the latter are differentiated by the coupling o f a peptide or other
macromolecule to a drug.
Chemical delivery to the brain warrants special attention due to the difficulty
o f adequate absorption by a barrier»

1.3.2.1 Prodrugs.

Prodrugs, drugs conjugated to chemical moieties via a bioreversible linker, are
viewed as an attractive solution to improving drug absorption, since they serve to
encompass all o f the demands of successful drug delivery. Prodrugs should ideally
satisfy several criteria: be readily soluble in biological milieu, non-toxic, and possess
sufficient stability in vivo, but also allied with easy conversion to the parent drug. This
apparent latter dichotomy is inherent in prodrugs by their nature.
The need to resolve this condition, to ensure that the prodrug is adequately
resistant to degradation thus enabling the parent to reach the target site, was addressed
by two main approaches, in vitro degradation studies (measuring the rate of formation
of parent from simple prodrug), and the double prodrug concept, a precursor of the
prodrug, which relied on an initial enzymic part removal of a moiety to generate the
prodrug, prior to subsequent rapid decomposition and release of the parent drug.
A brief survey of fundamental prodrugs follows, arranged according to the
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nature o f the linkage.

1.3.2.1.1 Ester prodrugs.

Esterases, enzymes which hydrolyse esters, are distributed throughout the body.
Early prodrugs were therefore conveniently synthesised by esterifying drugs containing
carboxyl or hydroxyl groups, producing for example alkyl ester derivatives o f aspirin
(simple prodrugs), or the 4-acetamidophenyl ester 3, a lipid soluble derivative with
improved absorption from the GI tract (Croft et al 1972). By appropriate choice o f
linkages, the parent drug could be endowed with lipophilic characteristics to improve
GI tract permeability (reviewed by Sinkula and Yalkowsky 1975, Bundgaard 1985).

OGOGH3
G O O — {[

))

N H G O G H 3

However, simple alkyl or aryl esters o f penicillin were found to be relatively
stable in man (species dependent), since conversion o f the inactive prodrug to yield
the free carboxyl group of the biologically active parent was very slow. It was
demonstrated that a double ester of benzylpenicillin 4 (Figure 1), an example o f a
double prodrug, underwent rapid hydrolysis in vivo to give the unstable hydroxymethyl
ester 5, which spontaneously dissociated to the parent 6 (Jansen and Russell 1965).
This lability, explained in relative terms, viewed the thiazolidine carboxyl group o f a
simple alkyl ester as being sterically hindered, thereby conferring stability, whereas the
terminal ester of the acetoxymethyl prodrug was less hindered and open to enzymic
attack.
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CHg
esterase
CH

fast

COOH

Figure 1. Enzymic hydrolysis o f the terminal ester o f a benzylpenicillin prodrug.

Acyloxymethyl ester prodrugs o f other poorly absorbed p-lactam antibiotics
have been similarly successfully employed to improve oral absorption, for example
cephalosporins (Ferres 1983), and the pivampicillin and bacampicillin (Daehne et al
1970) forms of ampicillin. The esters o f carboxyl group drugs are usually prepared
from the corresponding acid salt and an acyloxyalkyl halide.
Acyloxyalkyl derivatives have also been proposed as potentially useful prodrugs
o f phenols. The pivalyloxymethyl ethers o f phenylephrine 7 and epinephrine 8 have
been synthesized by alkylation of the protected parents with iodomethyl pivalate
(Bodor et al 1983).

7

R = H

8

R = O C E g O g C C t C E g ) ]

CH.

Lipophilic prodrugs can be obtained from NH-acidic compounds like amides,
imides, and uracils by N-acyloxymethylation. This approach has enhanced the oral
absorption of phenytoin 11 (Yamaoka et al 1983), and the dermal delivery of
theophylline (Sloan and Bodor 1982), and 5-fluorouracil (Mollgaard et al 1982)
(enzymic prodrug cleavage occurring in skin). The parent drug is released in vivo by
steps similar to that for 0 -acyloxyalkyl derivatives, that is, hydrolysis o f the acyl
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group, followed by decomposition of the N-hydroxymethyl intermediate 10 (Figure 2).

enzymic

10

+R-COOH

fasl

NH

igure 2. Bioregeneration o f phenytoin from its N-acyloxymethyl prodrug.

1.3.2.1.2 Amide prodrugs.

Amide linkages^are generally considered to be too stable in vivo (but see
Section 1.3.2.1.3), possibly because they mimic endogenous peptide/protein bonds. Nacylation o f amines and amino acids, therefore, is usually restricted to the prodrug
preparation o f selected activated amides which are chemically labile, and amino acids
liable to enzymic attack. For example, 1-acetyl allopurinol 12, susceptible to enzymic
hydrolysis in plasma, displayed both increased lipophilicity and water solubility over
the parent, and rectal administration in rabbit resulted in a higher bioavailability o f the
drug (Bundgaard and Falch 1985).

HN

G=0
I

CHo
12
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Amino acid analogues of benzocaine 13 have been prepared (Slojkowska et al 1982)
which are highly water soluble and rapidly enzymically cleaved in serum. The rate o f
hydrolysis o f the amide bond was fastest for DL-leucylbenzocaine 13a, and slowest
for N,N-dimethylglycylbenzocaine 13b.

EtOOC

N H —C —R

13

a, R =

— Ç H —NHg
ÇH2

b, R =

— Ç H —N — (CHg)g
H

CH
I

1.3.2.1.3 N-Mannich base prodrugs.

NH-acidic compounds such as imides, carbamates, hydantoins, and particularly
amides have been employed as N-Mannich base prodrugs (Bundgaard 1987). The
amide is reacted with formaldehyde and the salt o f a primary or secondary amine, to
give N-substituted or N,N-disubstituted a-am ino amides respectively. N-Mannich bases
can decompose non-enzymically, but by careful choice of the amine reactant, the
extent o f in vivo lability can be modified, together with the degree o f water solubility
and lipophilicty, and the rate of dissolution. Thus, the dipropylamino N-Mannich base
o f carbamazepine 14 demonstrated far higher and more rapidly appearing plasma
levels of the parent, following parenteral administration of an aqueous solution, than
did an aqueous suspension of the parent (Bundgaard et al 1982). The pyrrolidine NMannich base of tetracycline similarly gave increased water solubility over its parent,
together with a quantitative decomposition rate (Vej-Hansen and Bundgaard 1979).
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Since N-Mannich bases are liable to cleavage on route to the target site,
Kingsbury (1984) prepared the glycylalanine derivative o f 5-fluorouracil (Figure 3),
to increase stability in serum, where the prodrug is cleaved very slowly, and assist
microbial membrane penetration. After facilitated diffusion into microbial cells
compound 15 was enzymically hydrolyzed to its N-Mannich base 16, which
spontaneously decomposed to the parent 17.

peptidase

HN

HN —C H — COOH

H « N — CH — C O O H

C O — CH — N H

16

CH

fast

15

HN
+CHO
COOH
17

Figure 3. Regeneration of 5-fluorouracil in microbial cells.
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1.3.2.2. Peptides as delivery systems.

Access to cell interior is enhanced for poorly absorbed drugs or therapeutic
peptides due to the affinity of a carrier peptide (e.g. transferrin, polylysine) for cell
membrane transport mechanisms, particularly receptor-mediated endocytosis. The fear
that chemical compounds which structurally mimic biological counterparts may induce
disastrous side effects has always rightly pervaded their design. A carrier-drug system
containing a peptide, administered orally, transits destructive environments of pH
extremes and enzymic attack. Initially encountering the highly acidic pH of the
stomach, the delivery system is also subjected to stomach proteolytic enzymes,
membrane bound enzymes of the small intestine brush border, and colonic bacterial
enzymes, which may conspire to produce peptide fragments of varying adverse
activity, therefore due attention must be exercised before their usage.

1.3.2.2.1. Svnthetic carriers.

The use o f macromolecules as carrier systems to direct drugs to target sites was
first proposed by Ringsdorff (1975). Polylysine has advantages as a carrier for cancer
chemotherapeutic drugs since it binds with specific tumour cells, possesses intrinsic
antineoplastic activity, and is readily cleaved by cell proteases, however, it is toxic at
elevated doses. Arnold and coworkers (1978) covalently coupled both daunomycin 18
and 6-aminonicotinamide 19 to poly(L-lysine) via a succinate spacer, and also attached
the 8-amino group of the carrier directly to the glutamate residue of methotrexate 20.
Independently, Ryser and Shen (1978) showed that poly(L-lysine) was a useful carrier
for methotrexate.
To limit carrier cytotoxicity to animals, Arnold et al (1983) reduced the M.W.
o f polylysine from around 35000 to 3000, and found marked inhibition o f Ehrlich
ascites tumour growth in mice with the 6-aminonicotinamide conjugate.
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Based on the degradation products o f macromolecular carriers like polylysine,
polyglutamic

acid,

poly[N-(2-hydroxypropyl)-methacrylamide],

and

poly[N-(2-

hydroxyethyl)-glutamine], Krinick and Kopecek (1991) concluded that such carriers,
whether natural or synthetic, produce low M.W. oligopeptide fragments which may
possess deleterious biological activity, and consequently, peptide carriers in particular
should be used only in applications which aim to kill the cell viz cancer chemotherapy,
since after cell death the fragments would proceed from lysosome to blood and thence
be eliminated.
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1.3,2.2.2 Natural carriers.

Providing a drug (or peptide) has a free amino or carboxyl group, it can be
coupled to a natural carrier peptide by an amide linkage. If both components possess
either an amino or sulphydryl group, they can be linked via a thioether bond (Youle
and Neville 1979).
Native peptides such as insulin and transferrin have been successfully used as
carriers. Insulin was conjugated to diphtheria toxin fragment A to target fibroblasts
(Miskimins and Shimizu 1979), and transferrin transported ricin toxin A chain to
leukemia cells (Raso and Basala 1984). Elegant chemistry has been used in the
formation o f these drug-carrier conjugates linked by the less biologically stable
disulphide bond. The carrier peptide 21 is activated by N-succinimidyl 3-(2pyridyldithio)prop ionate 22 (Carlsson et al 1978), then coupled to the peptide drug
24 via a thiol-disulphide exchange (Figure 4). If the drug lacks a free thiol but has an
amino group, it can be coupled to the carrier after reduction by dithiothreitol
(intermediate 26 in Figure 5), to give conjugate 29.

C A R R IER -N H

21

22

D R U G -SH

2 4
2 3

2 5

Figure 4. Disulphide linkage between carrier and drug.
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=
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Figure 5. Conjugation o f a drug lacking a thiol group to a carrier.

1.3.2.3 Strategies for drug delivery through the blood-brain barrier.

The blood-brain barrier (BBB) is intriguing because it presents an almost
impenetrable barrier to drugs which are in general water soluble. Consequently,
cerebral disease is made more difficult to treat. Vigorous research has therefore been
directed towards establishing chemical systems able to transport drugs and penetrate
this membrane.
The BBB is a specialized population o f endothelia, comprising a single layer
o f closely apposed squamous epithelial cells, with mechanisms for tightly controlling
the movement of substances between the blood and the brain. Circulating substances
may gain access to brain interstitium by four known mechanisms: (a) lipid-mediation
(free diffusion o f lipid soluble species such as steroid hormones or lipid soluble drugs,
and by facilitated diffusion, (b) pore-mediation (water transport), (c) carrier-mediated
transport systems embedded in the membrane (water soluble nutrients), and (d)
receptor-mediated internalization (peptides, such as insulin (Rosenfeld et al 1987) and
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transferrin (Newton and Raub 1988), which have receptor sites on BBB endothelia).
However, understanding o f BBB mechanisms is far from complete.
Strategies for delivering drugs to brain CNS involve intrathecal administration
o f pharmaceuticals, which results in distribution to the brain surface only (e.g.
methotrexate injection against CNS leukemia) (Freeman et al 1983), potential receptormediated delivery, that is coupling o f the agent to insulin or other peptide which
normally penetrates the BBB by a peptide-specific transport system (Pardridge 1991),
and reversible conversion (prodrug formation) o f water-soluble to lipid-soluble drugs.
For example, diacetylation o f the two hydroxyl groups o f morphine- BBB permeability
is increased by two log orders of magnitude to the lipophilic product heroin 30a
(Oldendorf et al 1972); in brain, heroin is rapidly metabolized to the parent compound
30b (Inturussi et al 1984). Transendothelial passage o f the essential nutrient glucose
and neutral amino acids is facilitated by carrier-mediation. Thus access can be
exploited by water soluble neuropharmaceuticals which are also neutral amino acids,
such as L-dopa 31a (Lloyd et al 1975) and L-methyldopa-L-phenylalanine 32a (Hu
et al 1989), prodrugs of dopamine 31b and L-methyldopa 32b respectively.
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The rationale behind these methodologies may as yet be incomplete. Although
meningeal leukemia was considerably reduced following intrathecal injection, access
to tumours deep within the brain is limited. Transport-directed delivery relies on endoand exocytosis o f an unmetabolized peptide to avoid unwanted side-effects (unless a
similar or greater potency is exhibited). Thus receptors specific to the candidate
peptide must first be identified/available, and it should be ascertained that the proposed
carrier system delivers a therapeutic level o f the drug; ideally the carrier should also
limit, if possible, deactivation by peptidases in extra- and intracerebral blood vessels.
A useful approach employs nicotinic acid or derivative as a non-peptidyl
lipophilic delivery system (Bodor and Brewster 1991) for gamma-aminobutanoic acid
(GABA), an inhibitory neurotransmitter, azidothymidine (AZT), and acyclovir, which
poorly penetrate the BBB. The literature reveals that most GABA derivatives have
either been designed as antagonists, and used as molecular probes for receptors, or
agonists, in attempts to find therapeutic agents. Thus agonists such as pyridazinylGABA (Wermuth and Biziere 1986) and antagonists trans-aminocycloalkane carboxylic
acid (Johnston and Allan 1984) have retained much o f the zwitterionic structure o f the
parent, and would be poorly absorbed by the BBB. Baclofen (Section 2.1) can
penetrate the BBB but is metabolically stable and does not degrade to GABA.
Woodward et al (1990) masked both GABA termini: a benzyl ester 33 with an
amide linkage to the delivery system, and an ethyl ester 34 with nitrogen incorporated
into the pyridine moiety of the delivery system. The brain penetration index was
calculated at 86% for compound 33 compared to 1% for GABA.
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Similarly, the nicotinic acid delivery system o f AZT 35b (an antiretroviral
drug) was found to be 34-fold more lipophilic than the parent 35a. Brain
concentrations o f the pyridinium salt 35c (converted from 35b in vivo) exceeded that
o f the free drug. Stabilty studies in enzymic media showed that 35b rapidly oxidized
to the salt form, which acted as a depot, slowly releasing the parent compound.
Acyclovir, used in brain against herpes simplex (Rose et al 1992) and herpes
zoster virus (Snow and Simcock 1988), converts to its active form, the triphosphate,
only in virally infected cells, and is therefore relatively non-toxic to the host (Elion
et al 1977). Intravenous injection in rat tail demonstrated that the carrier system 36b
significantly penetrated the BBB, again generating a depot form 36c which released
the parent 36a.
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Finally, despite the success in modifying small water soluble drugs to
derivatives possessing lipid solubility, tests demonstrated that only two per cent o f
radiolabelled cyclosporin A, a lipophilic 11-mer cyclic peptide, was passed through
brain capillary (Cefalu and Pardridge 1985). Hence further elucidation o f BBB
pathways for drugs, and the challenge o f defining delivery systems to meet this need
remains.
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1.4 Lipidic amino acid based drug and peptide delivery systems.

The alpha-amino acids with long alkyl side chains, the lipidic amino acids 37
(X=H, Y^OH, n=5-13, m = l) and their homo-oligomers, the lipidic peptides (37, m > l),
represent a class o f compounds which combine the structural properties o f lipids with
those o f amino acids and peptides. This lipidic system can be conjugated to, or
incorporated into poorly absorbed peptides and drugs (Gibbons et al 1990).

X

[h N

CH —C O ]

Y

37

The bifunctional terminal groups confer the advantage of linkage to drugs with
a wide variety of functional groups. Since both the length of the alkyl chain (n) and
backbone residues (m) may be varied, the lipophilic nature of the system can be
controlled to the extent that a series of compounds with increasing lipophilicity may
be prepared. This series has a range of physicochemical parameters, including the
polar and conformational features associated with amino acids and proteins, and those
conferred by the lipidic moiety. In addition, covalent bonding may sufficiently
increase the stability of biologically labile drugs, enabling them to reach the target
site, since the long alkyl chains may physically protect the parent drug from enzymic
degradation. Hence conjugation to a particular drug may be used to modify uptake to
ultimately achieve the maximum biological activity, and therefore help to improve
therapeutic efficacy.
It was envisaged that the lipidic amino acids (LAA) and oligomers would
impart increased lipophilic character to drugs and peptides following conjugation,
since they possess an inherent lipid-like quality, thus assisting the passage of
pharmacologically active compounds across different biological membranes. Toth and
coworkers have reported that lipidic y-aminobutanoic acid (GABA) conjugates
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displayed enhanced uptake through the blood-brain barrier (Hussain et al 1991), whilst
the activity of an elastase inhibitory peptide conjugate was dramatically increased
(Christodoulou et al 1990), suggesting that this kind o f conjugation may be an
effective means of improving the transmembrane passage o f peptides and drugs with
low absorption, thus permitting the use o f LAA’s as a drug and peptide delivery
system.

1.5 Established deliverv/carrier svstems.

Established delivery/carrier systems, o f particular interest to this study, are
described in the two following sections.

1.5.1 Svnthetic peptides as immunomodulating agents.

The term "immunomodulating agents" describes in general, substances which
can pharmacologically modify immunological reactions, and includes synthetic
peptides prepared as analogues of native peptides from bacterial cell outer membranes.
Significant immunomodulating activities have been shown by synthetic lipopeptides
derived from the N-terminus of lipoprotein from the outer cell membrane o f E. Coli.
The tripalmitoyl-peptides, for example, (Pamj^-Cys-Ala-Gly and (Pamj^-Cys-Ser-SerAsn-Ala are potent murine macrophage activators and polyclonal B-lymphocyte
stimulants (Hoffmann et al 1989; Bosca et al 1991). Conjugates in which these
lipopeptides are covalently coupled to, or admixed with, antigens induce antigenspecific antibodies in vivo without the need for Freund’s complete adjuvant
(Reitermann et al 1989). It is postulated that a lipopeptide acts as a membrane anchor,
permitting the antigen to be expressed on the surface o f cells.
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Tripalmitoyl peptides.

The cysteine moiety, however, is not essential for immunomodulation. Elemental
sulphur has been substituted by a methylene group (Table 1) without significant loss
o f biological activity (Metzger, Jung et al 1991); this may also be advantageous for
the stability o f adjuvants and vaccines during storage. These results demonstrate that
specific synthetic lipidic peptide conjugates may prove to be an important tool for the
elucidation o f the early events of the immune response.

Table 1. Trinalmitovl-pentides.

X

Y

s
s

Ala-Gly

S or CH2

Ser-Ser-Asn-Ala

S or CH2

Ser-Lys-Lys-Lys-Lys

Ser
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1.5.2 Immunogenic peptides and carrier svstems.

Synthetic peptides have been used extensively in recent years to define antigenantibody interactions (e.g. Lemer 1982; DiMarchi et al 1986; Wang et al 1986).
Recent advances in recombinant DNA technology now make many proteins easily
accessible. Synthetic peptides may be needed to map their epitopes and to prepare anti
peptide antibodies and vaccines.
Immunogenic peptides have been assembled on a resin consisting o f a
polydimethylacrylamide gel polymerised within a rigid support matrix based on
inorganic kieselguhr. Following protecting group removal, the peptidyl-resin has been
ground up and, unusually, a suspension used directly in immunisation (Fischer et al
1989). The more elegant multiple antigen peptide system (MAP) o f Tam (1988)
represents a novel approach to anti-peptide antibody elicitation, which has been
reported to give higher antibody titres than with peptides conjugated to carrier proteins
or ground peptidyl-resins (McLean et al 1991), but it requires Freund’s adjuvant.
The MAP system utilizes the a - and e-amino groups o f seven lysine amino
acids to form an oligomeric branching lysine core supporting eight dendritic arms o f
peptides containing antigenic epitopes. Since each peptide arm may consist o f ten to
greater than twenty amino acids, the overall appearance o f the MAP system is o f a
macromolecule with a high density o f surface peptide antigen and a molecular weight
exceeding 10,000 daltons, surrounding a lysine scaffolding core o f less than 800
daltons.
In immunological studies, MAPs have been valuable in experimental vaccine
development (Posnett et al 1988; Tam et al 1990). They provide enhanced
reproducibility not possible with linear, monomeric peptide antigens (Tam and Zavala
1989). The system also offers the flexibility o f synthesizing di-epitopes for vaccine
development and multiple immunoassays. Diepitope MAPs can be synthesized by
coupling two heterologous MAPs through disulphide linkages via a cysteine amino
acid in the core. Figure 6 shows monomer MAPs A,C and E with alanine as a spacer
residue linking the resin; C is a tandem repeat sequence and E a di-epitope.
Dimerization of A or C gives a MAP presenting 16 copies o f the epitope, whereas F
possesses multiple copies of two epitopes. Conjugation o f A and C gives a discrete
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diepitope MAP (not shown) (Tam and Lu 1989).
These macromolecules were designed as models for a synthetic hepatitis B
vaccine. They contained the relevant B- and T-cell epitopes incorporated as either
mono or diepitope MAPs. Immunization o f rabbits by monoepitopes containing the Bcell determinant produced a poor immune response, but those with the T-cell epitope,
and diepitopes composed of both B- and T-cell epitopes, resulted in high titre
antibodies; virtually all MAPs achieved a response greater than that o f the
corresponding monomeric peptide. One conclusion was clear, that the diepitope
eliminated the need for a protein carrier, which should be avoided since serum
albumen is highly immunogenic, and may stimulate a vigorous antibody response
(Benacerraf and McDevitt 1972).
Good results were also obtained using MAPs containing both B- and T-cell
epitopes; recent examples include the P. falcipahum circumsporozoite protein
(Munesinghe et al 1991) and the HIV-1 coat protein (Nardelli et al 1992). The work
with HIV-1 has been further developed in the design o f a synthetic model AIDS
vaccine by incorporating tripalmitoyl-S-glycerylcysteine into a 4-branch MAP (Defoort
et al 1992). The lipoamino acid amplifies the immune response removing the need for
Freund’s complete adjuvant, which is too toxic for human use.
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Figure 6. Multiple antigen peptide system.
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The merits o f employing a 4 instead o f an 8-branch MAP for immunological
studies have not been wholly proved. Steric hindrance may cause problems during
synthesis with relatively long peptides (greater than 10-15 residues) on the original 8branch MAP. Tam and coworkers (1990) have shown that for certain sequences o f the
malaria circumsporozoite protein, 4-branch MAPs give higher antibody titres than 8branch, whilst others (Francis et al 1991) working with foot-and-mouth disease virus
found the reverse.
Inspection o f Figure 6 suggests that if E were added to another comprised o f
diffent epitopes then the maximum number o f epitopes possible for this vaccine model
is four. MAPs have inspired variations, a hapta lysine oligomer G (Figure 7) carrying
8 copies o f the peptide immunogen (Chang et al 1988) but systems with more than
two different epitopes, or a multiepitope, have not been reported. Such structures, H,
I and J, represent alternative tetra, hexa, and octomeric antigen homologous or
primarily heterologous MAP designs, with possible applications as a general purpose
multivaccine or as a specific multivaccine (e.g. malaria) directed at specified global
regions, with the benefit o f a possible single injection to the recipient. This suggestion
is further explored in Chapter 2. The synthetic protocol for these new MAPs although
complex is readily achievable, but the fundamental strategy relies on the acid/base
lability of lysine protecting groups used by Tam in his vaccine models.
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1.6 Solution phase peptide synthesis.

1.6.1 Introduction.

Peptides are polymers o f amino acids linked by peptide (amide) bonds. A
peptide is formed by the condensation o f a-carboxyl and a-am ino terminal groups
between two reacting amino acids. Because all amino acids possess these dissimilar
groups, the synthesis of a peptide with a distinct sequence requires that at every
condensation, the carboxyl group of one amino acid, and the amine group o f the other
reacting amino acid, be chemically blocked or protected, to avoid an unwanted
polymer mixture. Subsequent removal o f one protecting group o f the growing peptide
chain, and coupling o f a further suitably-protected amino acid can be repeated in this
controlled, stepwise manner until a peptide o f the desired sequence and length is
achieved.

1.6.2 Protection of the amine group.

In the years since Fischer et al (1915) first prepared peptides, a multitude o f
protecting groups for the amine function have been devised. Implicit in the choice o f
a suitable masking moiety are the conditions that it can be introduced with ease and
in high yield, and is selectively removable under conditions that neither cause
racemization nor destruction of the labile peptide molecule. Among the protecting
groups exhibiting properties which meet these criteria are p-toluenesulphonyl
(CH3C6H4SO2-), carbobenzoxy (C6H5CH2OCO-), benzyl (Q H 5CH2-), trityl [(Q H 5)3C-],
chloroacetyl (CICH2CO-), formyl (HCO-), phthalyl [(Q H 4(CO)2], trifluoroacetyl
(CF3CO-), tert-butyloxycarbonyl (Hoc) [(CH3)3COCO-)] (Carpino 1957; Anderson and
McGregor 1957) and more recently 9-fluorenylmethyloxycarbonyl (Fmoc) 43 (Carpino
and Han 1972). Latterly, amino-protecting group research has been directed towards
use in solid phase peptide synthesis aimed particularly at orthogonal groups for lysine,
for example, l-(4,4-dimethyl-2,6-dioxocyclohexylidine)-ethyl (Dde) 44 (Bycroft et al
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1993) which is stable to reagents which remove Fmoc (and Boc) but is cleanly
removed by hydrazine (2%), thus allowing selective removal o f Fmoc.

C-CH ,
CH
CH,

43

44

In this dissertation the Boc group was used to protect the amine group o f
amino acids (and LAA’s) 45, during peptide synthesis since it satisfied the above
criteria. It was introduced by the symmetrical anhydride di-tert-butyl-dicarbonate
[(Boc)20] 46 (Tarbell et al 1972; Moroder et al 1976). The mechanism may be
nucleophilic attack by the primary amine on a carbonyl group o f (Boc)20 to produce
the N-protected amino acid 47 (Figure 8). The lability o f the Boc group to mineral
acids was avoided by using citric acid in acidification and wash procedures.
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Figure 8. Protection of the amino function by Boc.
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1.6.3 Protection of the carboxylic acid group.

Carboxylic acid protection of an amino acid presents less difficulty in choice
than that for an amino function, and is effected by the formation o f the alkali salt for
peptide synthesis in an aqueous medium, or the ester derivative (methyl, ethyl or
benzyl) if non-aqueous media are employed. The classical method o f estérification
with methanol or ethanol requires dry HCl gas (Curtius 1883; Fischer 1901), however,
this requires a neutralization step (with base) which can remove some o f the newly
introduced methoxy group. In this dissertation amino acids (and LA A ’s) 48 were
treated with thionyl chloride in methanol (Brenner and Huber 1953) to yield the amino
acid methyl ester HCl salt 49 (Figure 9).
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Figure 9. Estérification o f the carboxyl group.

1.6.4 Preparation of a dineptide fpeptide bond formation).

Synthetic peptide bond formation usually involves the generation and
aminolysis of reactive carboxy derivatives.. Activation, the attachment o f a good
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leaving group to the acyl carbon o f the carboxy component, to increase its
susceptibility to nucleophilic attack by the amine o f the amino component, is necessary
since carboxylic acids simply form salts with amines at room temperature. However,
amides can be produced at ambient temperature with the use o f coupling agents, such
as

dicyclohexylcarbodiimide

(DCC)

and

l-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDAC) 50 which capture the elements o f water lost in forming a
peptide bond. DCC activation (Sheehan and Hess 1955) is rapid in dichloromethane
(DCM) which also precipitates the insoluble coproduct dicyclohexylurea (DCU), which
is conveniently filtered off from the reaction mixture, but is slow in the dipolar aprotic
solvent DMF, often needed due to insufficient peptide solubility. EDAC forms a water
soluble urea 51 (Sheehan and Hlavka 1956), an advantage in initial purification o f a
peptide by simple aqueous extraction.

(CSgig-N—(CS2)3-N=C = N-CH2CEg

(CH3)2-N —(CH2)3—NH-C-NH-CH2CH3
. MCI

•HCl
50

51

The reaction mechanism is complex. It appears that in a mixture o f the
protected amino acids 47 and 49, together with DCC, EDAC or another carbodiimide
in an inert medium, an 0-acylisourea like 52 will be generated (Figure 10). Smith et
al (1955) postulated a mechanism for the estérification o f an acid by an alcohol in the
presence o f DCC. Evidence for this mechanism appeared from the preparation o f Oacylisoureas similar to 52, and the finding that when catalyzed by acids they react with
alcohols to give esters (Doleschall and Lempert 1963). The postulated mechanism,
shown in Figure 10, is probably the same up to the formation o f 53. This intermediate
is then attacked by an unreacted molecule o f deprotonated 47 to give the symmetrical
anhydride 54, the species that reacts with the amine 49 giving the dipeptide 55. The
anhydride has been isolated from a reaction mixture and then used to acylate an amine
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(Rebek and Feitler 1974).

R —COOH

N= C= N

47

DCC

R - C - O —C = N
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R -C -N -R '

R —COOH
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igure 10. Peptide bond formation via a coupling agent.
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0 -acylisoureas can follow a second productive path where direct coupling with
protected amino acid 49 forms a peptide bond (in practice the hydrochloride salt is
neutralized first) (Figure 11).

R — C - 0 - C = îï

N H -C -N H

NH

N — R'

49

52

DCU

55

fig u r e 11. Peptide bond formation- direct amine coupling to 0-acylisourea.

O-acylisourea is highly reactive and side reactions, such as intramolecular acyltransfer, can compete with the desired attack by both external nucleophiles. The
unreactive N-acylurea 56 produced (Figure 12) diminishes the yield and causes
purification problems.

o

c=o

N H — C — N

5 2

5 6

Figure 12. O-acylisourea rearrangement to N-acylurea.

A refinement of the above procedure is to perform the coupling in the presence
of the alcohol 1-hydroxybenzotriazole (HOBt) 57 (Konig and Geiger 1973) which
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rapidly reacts with the 0-acylisourea 52 before side reactions can intervene
significantly. The resulting activated ester 58 is attacked by the amine 49, regenerating
the HOBt catalyst, and furnishing the dipeptide 55. The availability o f this auxiliary
nucleophile thus decreases oxygen to nitrogen acyl migration, and provides another
effective route to peptide bond formation (Figure 13).

OH

R -C -Q -C =N
NH

NH

N-R'

R —C ~ N “ R‘

HOBt

DCU

Figure 13. Peptide bond formation via DCC and a secondary nucleophile HOBt.
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A schematic summary o f these coupling reaction paths to a dimer is shown in Figure
14.

R — COOH

R —c o o n

HOBt

R —C = 0

R — C —N —R'

Figure 14. Peptide bond formation- summary of reaction routes.
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1.7 Solid phase peptide synthesis.

1.7.1 Introduction.

Solution phase synthesis o f peptides using classical methodology (Bodansky
1955) suffers solubility problems as the chain length increases. The introduction by
Merrifield (1963) o f solid phase synthesis presented the possibility o f long chain
peptides with the additional advantages o f increased speed o f synthesis and simplicity
o f operation. Automation o f the procedure (Merrifield et al 1966; Kent et al 1984)
overcame practical operator problems allowing overnight synthesis, thus permitting
total synthesis with limited operator supervision (Clark-Lewis 1989).
The underlying concept in solid phase synthesis (Figures 15 and 16) is the
coupling of the first and subsequent amino acids (blocked by protecting moieties at
both the amine group and at the reactive side chain groups) to a solid resin support by
a covalent bond. After removal of the amine protecting group the synthesis proceeds
by the stepwise addition of protected amino acids to the growing peptide chain, by the
repetitive cycle o f deprotection, neutralization, and coupling by an activated amino
acid until the entire peptide has been assembled. The major advantage o f this
procedure is that since the growing chain is attached to an insoluble solid, it is in a
convenient form to be filtered and washed free of reagents and by-products. Hence,
at each addition, purification is achieved by dissolving away impurities, thus avoiding
recrystallization, which in turn simplifies and speeds up the overall synthesis. Finally,
the bond linking the chain to the solid support is cleaved concommitantly with side
chain protecting groups to yield the crude peptide.
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Figure 15. General protocol for solid phase peptide synthesis.
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R
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F igure 16. Key for Figure 15.

1.7.2 The solid support.

The insoluble support to which the peptide chains are assembled is a crosslinked polymeric resin consisting o f styrene-divinylbenzene (1% w/w) (Figure 17) in
the form o f spherical beads approximately 50 microns in diameter. The beads swell
in organic solvents such as dichloromethane, and peptide synthesis occurs within the
swollen polymer (Merrifield and Littau 1968). The extent o f swelling is determined
by the elastic restraining force arising from the cross-linked resin, and maximum
expansion has been calculated to be about 200-fold. This property o f swelling permits
unhindered diffusion of species between the inside and outside o f the beads, and
allows efficient washing of the peptidyl-resin.
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Figure 17. Copoly (styrene-1% divinylbenzene) resin.
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The growing peptide chains and lightly cross-linked polymer chains become
intimately mixed and exert a mutual solvating effect on one another. It becomes
thermodynamically less favourable for the peptides to self-aggregate. The origin o f this
solubilizing effect lies in the thermodynamics o f linear peptides covalently attached
by one end only to an interpenetrating polymer network (Sarin et al 1980). The
growing peptide chains are effectively in solution within the insoluble swollen support.
This has been directly comfîrmed by NMR measurements that show rotational and
diffusional mobilities typical of peptides in free solution (Live and Kent 1982). The
chains are maintained in this highly solvated state during the amino acid additions to
maximize reaction yields.
The stable covalent bond which anchors the growing peptide to the supporting
resin is a benzyl ester linkage. However, the support oxymethylcopoly (styrene-1%
divinylbenzene) introduced in the original paper on solid state synthesis (Merrifield
1963) lost some of the bound peptide chains by acidolysis o f the benzyl ester bond
during removal of an amino acid protecting group (Gutte and Merrifield 1971). This
gave a complex mixture o f products, purification difficulties, and lead to a reduction
in yield.

Z —H N —C H —G —O —CH

MERRIFIELD RE SIR

Z= ( (

( p j = POLYMER

))— C H g - O - G —

O

A less acid labile benzyl ester linkage was achieved by the attachment o f
electron withdrawing substituents to the benzene ring (Mitchell et al 1976) such that
the benzyl ester bond of tert-butoxycarbonylaminoacyl-4-phenylacetamidomethyl
(PAM) resin is 100 times more stable during deprotection, than the original resin due
to the inductive effect o f the PAM linker (phenylacetamidomethyl group).
Currently, the two commercially available resins of choice are the PAM resins.
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with the first amino acid attached, and 4-methylbenzhydrylamine (MBHA) resin
(Matseuda and Stewart 1981). Both employ styrene-1% divinylbenzene as the
polymeric support. Final cleavage of the peptide from the resin, by strong acid, results
in a peptide with a free alpha-carboxyl group for the former, while the MBHA resin
gives an alpha-carboxamide group.

O

o
II

II

Boc— H N —C H - ~ C ~ 0 ~ C H r

CHg — C — NH —CHg

R
P A H

L I N K E R

PAM RESIN

P

= P O L Y M E R

CH,

M B H A RESIN

1.7.3 Protecting group stratesv.

The assembly of peptide chains by chemical means necessitates the protection
o f amino acid side chain reactive groups that are not involved in peptide bond
formation, and protection for alpha-amino groups that are. Such protection must be
reversible without damage to the peptide chain.
For stepwise synthesis, the standard chemistry used is based on the principle
of graduated acid lability for selective deprotection o f the alpha-amino group in the
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presence of protected side chain functionalities (Kent 1988). Hence two types o f
protection are required: temporary protection o f the alpha-amino group, removable
after formation o f each peptide bond, and side chain protection, removable after
assembly o f the complete peptide chain.
Much work has been devoted to the development o f protecting groups for
peptide chemistry, including identifying side reactions and minimizing their effects
(e.g. Carpino 1957; McKay and Albertson 1957; Carpino and Han 1972; Erickson and
Merrifield 1976).
Currently, there are two distinct sets o f side chain protecting groups whose use
is dictated

by the N-alpha protecting

group

strategy

employed:

the

tert-

Butyloxycarbonyl (Boc), or the 9-Fluorenylmethyloxycarbonyl (Fmoc) strategy (which
will not be further expanded on). The Boc protected amino acid approach requires in
general, benzyl based side chain protection to employ the principle o f graduated acid
lability, whereby the Boc group is cleanly removed from the amine by trifluoroacetic
acid (TFA), but the side chains are deprotected by a stronger acid. Certain amino
acids, with side chain functional groups that are non reactive with a carboxyl group
require no protection, for example, the aliphatic moieties o f alanine, glycine,
isoleucine, leucine, and valine, the aromatic moiety o f phenylalanine, and also
methionine and proline. The side chain amides o f asparagine and glutamine are also
unprotected. Aspartic acid is often protected as its cyclohexyl ester derivative to
minimize base catalysed imide formation during repetitive base neutralisation steps
(Tam et al 1979). A list of the protecting groups utilized in this project is shown in
Section 2.3.1.

1.7.4 Automated svnthesis.

In collaboration with Applied Biosystems, Foster City, U.S.A., Stephen Kent
and coworkers designed a fully automated instrument with optimized synthetic
procedures (Kent et al 1984). The Model 430A uses three separate vessels for
synthesis, so that optimal conditions for amino acid activation, which depend both on
the rate o f formation of the activated species and the individual solvent stabilities o f

46
the activated amino acid, solvent exchange and coupling are achieved. In addition, the
reaction vessel includes a vortexer to facilitate resin-liquid interaction and prevent
resin agglomeration; both o f which ensure effective deprotection, washing, and
coupling.
The synthesizer assembles a protected peptide chain in a fully automated
fashion at the rate o f about 15 amino acid residues per day, before reagents and
solvents need replenishing. Resin is placed in the reaction vessel and protected amino
acids in amounts sufficient for a single coupling are loaded into an autodelivery
system as dry powders in individual cartridges in the order in which they will be used.
Each amino acid in turn is converted to a symmetric anhydride by
dicyclohexylcarbodiimide (DCC) (Khorana 1955; Sheehan and Hess 1955), This
activated (acylating) species (Figure 18A) can form a peptide bond without
racemization (Kent et al 1978). Side reactions which can occur with arginine,
asparagine and glutamine are minimized by coupling as active 1-hydroxybenzotriazole
(HOBt) esters (Figure 18B) since the symmetric anhydride o f all three are unstable
(Mojsov et al 1980). This method also negates dehydration of asparagine and
glutamine side chains to their corresponding nitriles in the presence o f DCC (Stewart
and Young 1969).

R-COOH

C= 0

9"

R -C -O

R—

R — C O O H = B o c pr ot ec t e d a mi n o acid

Figure 18. A Formation of an activated amino acid, and B, o f an
activated HOBt ester.
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Symmetric anhydrides are extremely effective activated forms o f amino acids
(Hagenmeier and Frank 1972) and are formed rapidly using DCC in dichloromethane
(DCM), but are not formed to any appreciable extent in dipolar aprotic solvents such
as dimethylformamide (DMF). The activated species is formed in the activator o f the
instrument, with conditions optimized for each amino acid. Dicyclohexylurea (DCU)
produced in the reaction readily precipitates out in DCM, whilst the symmetric
anhydride solution is filtered off to the concentrator for solvent exchange. The DCU
remaining in the activator is dissolved in a methanol/DCM mixture and washed to
waste. DCM is now replaced by DMF in the concentrator for optimal coupling (Kent
et al 1984). During solvent exchange, DCM is evaporated by gaseous nitrogen, and
the rapid cooling produced is compensated by gentle heating. The temperature and
solvent exchange protocol is automatically adjusted according to the different thermal
and DMF stabilities o f each amino acid symmetric anhydride.
The resin is now treated to a series o f DMF washes to aid swelling, and the
Boc group o f a PAM resin is removed. Deprotection is accomplished with 65% TFA
in DCM and the resulting trifluoroacetate salt neutralized with diisopropylethylamine
(DIEA). The resin is again washed with DMF, and the activated species transferred
from the concentrator for coupling. The coupling reaction results in the covalent
bonding o f the activated carboxyl of a protected amino acid to the deprotected alphaamino group o f the resin bound peptide to form a peptide bond.
The Synthesizer provides a dry resin bound protected peptide as the final
product. Prior to cleavage from the resin, the peptidyl-resin may be stored in DMF at
minus 70°C.

1.7.5 Deprotection and cleavage from the resin.

The final step in the production o f the crude peptide is removal o f the side
chain protecting groups and cleavage from the resin support. The bonds o f the side
chain protecting groups and the peptide-resin bond are labile to anhydrous hydrogen
fluoride (HF) and both reactions are therefore carried out simultaneously.
Sakakibara and Yasutsuga (1965) originally used HF as a deprotection and
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cleavage reagent, however, this strong acid can induce modification products due to
side reactions (Erickson and Merrifield 1973; Noble et al 1976; Wunsch et al 1977;
Masiu et al 1980). The strong acidity o f HF promotes and stabilizes carbocations,
benzyl and tert-butyl carbonium ions, which may alkylate cysteine, methionine,
tryptophan and tyrosine.
Scavengers, usually anisole, are added to "mop up" the reactive carbocations
(Sakakibara 1971), but HF can protonate and dehydrate the benzyl ester side chains
o f glutamic or aspartic acid with the formation o f the very reactive acylium ion, which
may acylate anisole to produce anisylated glutamic acid (Sano and Kawanishi 1975).
Further, the side chain ester o f aspartic acid can be protonated to form a succinimide
ring which subsequently opens to give P-aspartyl residues (Baba et al 1973). These
undesired side reactions result from an S^l mechanism o f the cleavage reaction when
performed at 0°C for 60 minutes employing 90% HF/10% anisole.
Tam et al (1983) reported an HF cleavage procedure termed the low-high
method, which involved two distinct deprotection steps, but for practical purposes was
carried out as a one-pot reaction. The first step employed dimethyl sulphide (DMS)
both as a weak base to reduce the acidity o f the HF, so that the S^l reaction is not
favoured, and as a nucleophile, so that a 8^2 mechanism will dominate thus reducing
unwanted side reactions, since the carbocation is converted to a relatively inert
byproduct which is non-alkylating (Figure 19). The deduction o f these reaction
mechanisms also showed that the 8^2 mechanism prevailed below 50 percent HF, and
the undesired 8^1 mechanism dominated at high HF concentrations (Merrifield 1986).
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Figure 19. The S^l and 8^2 acidolysis mechanisms.

The peptide-resin is first treated with a 1 to 1 molar complex o f HF and DMS
(in volume, a mixture of about 25% HF/75% DMS) together with cresol and thiocresol
as scavengers for 2 hours at 0°C. The low HF conditions remove most o f the
protecting groups by the 8^2 mechanism whereby the benzyl moieties are cleaved as
stable sulphonium salts, thus avoiding alkylation side reactions. In the presence o f
thiol, DMS was found to be effective in removing the formyl protecting group from
the indole nitrogen of tryptophan. Evaporation o f most of the HF and DMS is then
followed by HF addition until a ratio of HF to scavengers is 9:1 and cleavage from
the resin is completed at 0°C for a further hour. In this second step, the high HF
concentration promotes a 8^1 mechanism thus removing the tosyl protecting group o f
arginine, which is not easily cleaved by the milder low HF conditions. Since most o f
the benzyl cations have been removed previously, this subsequent high HF treatment
is less destructive to the peptide chain.

1.7.6 Problems during svnthesis.

Swelling o f the insoluble support in DCM or DMF permits the diffusion o f
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reagents for coupling, deprotection, and neutralization into the interior o f the resin
beads to react with the amine functional groups, that is primary amine, protected
amine, and trifluoroacetate salt respectively. However, at any given time, a small
amount o f these functional groups may not react with the incoming reagent, and thus
remain unchanged. When a coupling reagent (activated amino acid) or deblocking or
neutralization agents fail to react in one instance, the peptide is deficient in one amino
acid residue in the sequence. The presence o f several such deletion peptides in the
crude material creates difficulties in purification, since the properties o f these
byproducts are usually similar to those o f the target peptide (Kent 1988).
Peptides deficient in one or more residues may occur with increasing chain
length, since the volume available to the expanding resin is constrained by the
dimensions o f the reaction vessel, thus there is less chance o f complete reaction. Steps
to reduce the occurrence of deletion peptides include scaling down the amount o f
starting resin (to accomodate expansion), using an excess of purified reagents, and a
recoupling regime. A correction of non-coupling may be achieved by an additional
acylation step using acetic anhydride, so that unreacted amino groups are "capped" or
blocked to further reaction (Barany and Merrifield 1980).
Another byproduct can arise from the termination of the length o f the growing
peptide chain. These truncated peptides are formed when incoming activated amino
acids are physically prevented from reacting with amine groups. This is a result o f the
sequence-dependent tendency of the resin-bound peptide to form intermolecular
aggregates, rather than remain in the solvated state, despite the favourable physico
chemical properties o f a solvated peptidyl-resin (Atherton and Sheppard 1985). In a
definitive experiment (Live and Kent 1984), it was shown that difficult coupling was
due to the internal sequence of the peptide, rather than the identity o f both amino acids
involved in peptide bond formation. That is, peptide conformation, or the folding o f
a chain due to a specific amino acid sequence can mask the amino terminus. The use
o f high resin loadings exaggerates the problem (Kent and Merrifield 1981).
Based on a study of 750 Boc-chemistry coupling reactions (Meister and Kent
1984), it was concluded that difficult sequences had the following characteristics:
several poor couplings in a row, maximum occurrence at 5-18 residues from the resin,
sequence dependent, loading dependent, and- no correlation with the terminal residue
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o f the peptidyl-resin. A more recent report (Young et al 1990) monitoring the coupling
efficiency in over 500 peptides, synthesized using Boc-benzyl strategy, found that
there was a greater difficulty in coupling in the range o f 15-16 than in peptide-resins
o f 17-19 residues in length. Their data also indicated that difficulty o f coupling
increased as the peptide length increased, and suggested that difficult regions may
coincide with beta-sheet formation, however, difficult couplings could not be
predicted. They also concluded that no coupling could be considered complete with
a single coupling reaction. Fortunately, the occurrence o f deletion and o f truncated
peptides is limited to approximately 2-15% and 0.5-2% respectively (Kent 1985).

1.8 Aim o f Dissertation.

One aim of this thesis is to evaluate lipidic a-am ino acids as drug and peptide
delivery systems in their ability to assist the membrane penetration or translocation o f
compounds. The compounds selected for this study are baclofen, alanyl-glycine, the
lipid-core-peptide (TCP) system, LHRH (luteinizing hormone-releasing hormone), and
some representative p-lactam antibiotics. A further aim, as part o f a long-term project,
is to study some aspects of the IgE receptor, the resident immunoglobulin o f which
is the recipient of allergenic drugs. In order to begin to understand the process o f cell
response to drug delivery, determination o f receptor structure is essential, which
requires its synthesis as peptide fragments. An additional interest will be to synthesise
fragments o f p2-microglobulin for immunohistochemical experiments.
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CHAPTER 2. CHEMISTRY - RESULTS AND DISCUSSION.

2.1 Baclofen-lipidic amino acid conjugates.

Gamma-aminobutanoic acid (GABA) is a major inhibitory neurotransmitter in
mammalian CNS. Its possible complicity in neurological disorders has promoted
research into increasing GABAergic action using ligands such as baclofen, 4-amino-3(4-chlorophenyl)-butanoic acid, a GABAg receptor agonist (Bowery et al 1985).
Baclofen 38 is the drug o f choice in the treatment o f spasticity (Saito et al 1975), but
has limited ability to cross the blood-brain barrier (Faigle and Keberle 1972; Brogden
et al 1974).
Cl

COOH

38

Analogues of baclofen have undergone trials in an attempt to find a G ABA
derivative with superior uptake and activity, for example, substitutions at the amino
group: N-methyl, N-dimethyl, and guanidino (Keberle and Faigle 1972), and baclofen
but-2-enoic acid (Allan and Tran 1981). More recently, phaclofen and saclofen, the
phosphonic and sulphonic acid derivatives of baclofen, were found to be antagonists
and unable to penetrate the BBB (Kerr et al 1987; 1988). The GABA analogue 39
which can cross the BBB, is however, another antagonist (Gemignani et al 1994).
These structure-activity studies imply that a compound with enhanced agonist activity
remains to be devised, or an existing analogue with increased brain uptake capacity
is desirable. To this purpose, baclofen was synthesized and LAA’s conjugated to it to
try to confer lipophilicity and improve membrane transfer, thereby increasing uptake.
It was envisaged that amidases and esterases abundant in cerebral microvascular
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endothelium (Turner et al 1989) would degrade the lipid carrier liberating the drug.

39

2.1.2 Svnthesis o f Baclofen.

Baclofen

[4-am ino-3-(4-chlorophenyl)-butanoic

acid;

y-am ino-p-(p-

chlorophenyl)-butyric acid] and its preparation was patented by Ciba Ltd. in
Switzerland 1963. Baclofen was synthesized by adapting the literature method o f Kung
and coworkers (1983) for radiolabelled baclofen, although they reported no physico
chemical data. The synthetic route is shown in Scheme 1.
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COOEt
KCN

CH
COOEt
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CH
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EtOOC

6 0

COOEt
6 1

C l

C l

C l

P t O

COOEt

COOEt

6 2

hn—

c=o

66

6 5

H C l

NaO H
C l

COOH

3 8

Scheme 1. Synthesis of Baclofen.

Variance from the published procedure occurred in the second and third steps
o f the synthetic scheme. The first step, a Knoevenagel condensation between 4chlorobenzaldehyde 59 and diethyl malonate 60, catalysed by piperidine, was
monitored by the volume of water byproduct formed, and the reaction terminated when
water production ceased (its volume roughly agreed with that calculated from a
literature yield; Pratt and Werble 1950). The pure product 61 was distilled in good
yield.
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In the second step, yields o f the cyano compound 62 decreased dramatically
on scale-up, with the formation of the cyano-acid 63 and many byproducts. The
hydrocyanation reaction (Bredt and Kallen 1896) is believed to form a p-cyano-ketone
intermediate 64 which is unstable in base. The strongly alkaline reaction mediumhydroxide ions are liberated as cyanide is consumed, promotes hydrolysis and
subsequent decarboxylation (Nagata and Yoshioka 1985) to give product 62. It was
assumed that prolonged reaction at elevated temperature permitted additional attack by
hydroxide on species 62, resulting in the free acid 63 (after work-up), and promoted
possible hydrolysis o f the newly introduced nitrile group to yield byproducts.
Therefore, the temperature was reduced by 10°C, and the reaction progress carefully
monitored by thin layer chromatography to observe when compound 63 and
byproducts began to form, and followed by IR spectrofcoj>y. Periodically, aliquots of
the reaction mixture were extracted into ether and spectra obtained. The course o f the
reaction was thus followed by comparing the increase in peak area o f the nitrile group
to the decrease in area o f the carbonyl group, and terminating the reaction when a
favourable ratio was reached.
'OH
COOEt
I

Cl

la

I b

CN

H

.

■c =
I

OEt

COOH

63

64

By varying the reaction conditions a yield o f 80% was obtained, which
compares favourably with the literature yield o f 72%, and with 40-50% for the same
compound (Allen and Johnson 1963).
In the third step it was found that catalytic hydrogenation at atmospheric
pressure of cyano intermediate 62 produced the hydrochlorides o f three compounds,
the desired amino acid ester 65 and baclofen 38 as major products, with the lactam 4(4-chlorophenyl)-pyrrolidine-2-one 66 as a minor constituent. Scale-up o f twenty-fold
required a Parr Hydrogenator to decrease reaction times (from days to hours). This
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resulted in a higher ratio of lactam to the other two species. The reaction progress was
again followed by IR spectrometry- by observing the ratio o f decrease in peak area o f
the nitrile group with respect to peak area o f a carbonyl group at 1730 wavenumbers.
The reaction was stopped when the absorption band o f the nitrile group was very
weak. At this stage, the theoretical volume o f hydrogen taken up had been exceeded.
The synthesis was continued using the lactam (the amino acid ester being stored for
use as a precursor for lipidic amino acid derivatives). The long reaction period (33
hours) may have enabled acidolysis o f the ester group o f 65 to form baclofen, which
may then have undergone dehydration due to high pressure (30psi) to give the lactam.
Kung et al (1983) obtained the corresponding lactam o f 4-amino-3-(3-bromo-4chlorophenyl)-butanoic acid by repeated sublimation in a bulb tube under reduced
pressure and elevated temperature, whilst Blade-Font (1980) cyclodehydrated baclofen
using an alumina support in boiling toluene. With hindsight and knowledge o f the
results of the third step, it may have been possible to alter the conditions o f the second
step so that compound 63 was formed without too many byproducts. Then following
hydrogenation, baclofen (as the major product) and lactam, may have been formed
exclusively.
In the final step, acid hydrolysis of a sample o f the ester intermediate 65
produced baclofen, however, the amide bond o f the lactam 66 resisted boiling aqueous
HCl, but was easily converted to the title compound by saponification with refluxing
sodium hydroxide.

2.1.3 Svnthesis o f baclofen-lipidic amino acid analogues.

Baclofen was protected as its Boc derivative or its ethyl ester hydrochloride,
then LAA’s were reacted with one or both terminal groups, using amide or ester
(giving a modified peptide bond) linkages, to furnish dimeric or trimeric peptides 71,
72, 75, 77, 79 (Table 2) and intermediates 74 and 78. It was envisaged that enzymic
hydrolysis would release the parent compound, following peptidase activity in brain
vasculature, hence the conjugates may act as pro-drugs.
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O
II

X — (HÏT—ÇH—CO)p —HN

C —Y — (CH—C )— Z
Il

I

O

^CHg)^

GHa

r

CH3

71, 72, 74, 75, 77, 78, 79

Table 2. Baclofen conjugates.
Cpd.

X

P

Y

r

n

Z

71a

Boc

0

-0-

1

5

OCH3

71b

Boc

0

-0 -

1

11

OCH3

71c

Boc

0

-0 -

1

13

OCH3

72a

H

0

-0 -

1

5

OCH3

72b

H

0

-0 -

1

11

OCH3

72c

H

0

- 0-

1

13

OCH3

75a

H

0

-NH

1

7

OCH3

75b

H

0

-NH

1

9

OCH3

75c

H

0

-NH

1

11

OCH3

75d

H

0

-NH

1

13

OCH3

77a

Boc

1

-NH

l

7

OCH3

77b

Boc

1

-NH

1

9

OCH3

77c

Boc

1

-NH

1

11

OCH3

77d

Boc

1

-NH

1

13

OCH3

79a

Boc

1

0

0

7

OH

79b

Boc

1

0

0

9

OH

79c

Boc

1

0

0

11

OH

79d

Boc

1

0

0

13

OH
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Compounds 71a-71c (Scheme 2) were obtained by reacting the potassium
crown ether salt o f protected baclofen with the appropriate a-bromoalkanoate.
Baclofen was suspended in a mixture o f tert-butano 1/water (2:3) and sodium hydroxide
added to form the corresponding sodium salt, then reacted with ditertbutyl-dicarbonate.
After acidification o f the sodium salt with citric acid (mineral acid such as dilute
hydrochloric acid may hydrolyse the newly introduced Boc group), Boc-protected
baclofen 67 was formed in good yield. Compound 67 was dissolved in ethanol, reacted
with aqueous potassium hydroxide and crown ether (18-crown-6), then solvent was
evaporated and the residue lyophilized to give the potassium crown ether complex 68.
Bromoalkanoic

acids

(2-bromooctanoic,

2-bromotetradecanoic,

and

2-

bromohexadecanoic acid) 69a-69c were esterified using methanol/thionyl chloride to
yield their methyl esters 70a-70c, and reacted immediately with the unstable lyophilate
68 to form products 71a-71c containing an ester (modified peptide) bond at the

cl

Cl

Cl

HN

COOH

B r - C H

69a,b,c

69,70,71

— C O O C H j

7oa,b,c

Cl

dry DMF

(CH

■7la, b, c

Scheme 2. Synthesis of dimeric conjugates with an ester linkage.
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carboxyl terminal of baclofen. The cyclic ether is believed to coordinate with the
potassium cation, thereby increasing the reactivity o f the carboxylate ion.
Compounds 71a-71c were deprotected with trifluoroacetic acid (TFA) to give
derivatives 72a-72c as trifluoroacetate salts (Scheme 3). The starting compound was
dissolved in dichloromethane, TFA was added, and the mixture stirred for one hour.

TFA

HN

GOO —CH —COOCH

COO—ÇH —COOCH

c=o
CHq

CHo

7 1 a , b , c

7 2 a , b , c

7 1 , 7 2

Scheme 3. Deprotection of dimeric conjugates.

Compounds 74a-74d containing amide linkages (Scheme 4) were prepared by
conjugation of Boc-protected baclofen with methyl a-aminoalkanoates. The alkanoate
hydrochloride salts 73a-73d were first neutralized by dry N-methylmorpholine
(NMM), then coupled with compound 67 using the carbodiimide ED AC which forms
a water soluble urea derivative. HOBt was added as an auxiliary nucleophile to
provide an additional route to the product. The fully protected dimers 74 were treated
with dry HCl-MeOH (lOM) to remove the Boc group giving compounds 75a-75d (as
their hydrochloride salts), that is, baclofen with an amide linkage at the C terminal,
in excellent yield.
The Boc group was removed from compounds 71a-71c possessing ester bonds
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using TFA (90%) in dichloromethane, but from compounds 74a-74d, containing amide
linkages, with HCl in methanol, since the single bond between the butanoyl carbon
and oxygen in the former is susceptible to hydrolysis, despite fresh distillation of
methanol. Recently distilled TFA and dichloromethane reduces this risk, and the short
reaction period provides a clean product with only a trace o f starting compound when
observed by thin layer chromatography.

Cl

ED AC/HOBt
H C l . H g H — Ç H — C O O C H

fCH2)n
CHq
C O O H

H N

Boc
7 3 a , b , c , d

6 7

Cl

Cl

HCl
M e O H

C O N H —

H N

C H — C O O C H

OH—COOCH

C H

pEg)*
CH,

I

Boc

7 5 a , b , C , d

7 4 a , b , C , d

7 3 , 7 4 , 7 5

11
1 3

Scheme 4. Synthesis of dimeric conjugates with an amide linkage.
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The trimeric compounds 77a-77d (Scheme 5) were produced by reacting
dipeptides 75a-75d with Boc-protected a-aminoalkanoic acids 76a-76d in an
analogous procedure, thus furnishing disubstituted baclofen, with amide linkages at
both the N and C termini.

EDAC/H OBl
Boc — NH —C H - C O O H

DMF

CH
CO NH — C H - C O O C H

CH
76a . b, c. d

75a , b. c, d

75. 7 6 . 7 7

Boc — N H - C H - C O H N

CO NH — C H - C O O C H

CH

CH

13

77a . b. c. d

Scheme 5. Synthesis of trimeric conjugates.

The precursor to compounds 78a-78d was the ethyl ester hydrochloride o f
baclofen 65, which after neutralization by NMM, was condensed with the appropriate
Boc-protected a-aminoalkanoic acid 76a-76d, as described previously. Saponification
o f the crude residues overnight, using dichloromethane as solvent, and methanol to
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dissolve the sodium hydroxide, followed by flash chromatography gave pure
compounds 79a-79d containing the free acid (Scheme 6), that is, baclofen with an
amide linkage at its N terminal.

EDAC/HOBt
DMF
CH

65

76 a . b . C . d

NaOH

Boc — N H —C H - C O HN

COOH

CH

CH
79a. b . c . d

78a , b , c , d

76,76,79

Scheme 6. Synthesis o f dimeric conjugates possessing an unprotected acid.

2.2 Lipidic alanvl-glvcine peptide conjugates.

Lipidic homo-oligomers have a similar but distinct composition and structure
to the Tripalmitoyl lipopeptides, and may therefore promote a similar biological
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response. It was postulated that when investigated for B-lymphocyte activation, lipidic
peptide 37 (n=13, m > l) covalently linked to alanyl-glycine (i.e. without cysteine) may
doubly act as a delivery system and membrane anchor, and in addition, the long alkyl
chains may protect the parent drug from enzymic attack.

2.2.1 Svnthesis o f lipidic alanvl-glvcine peptide conjugates.

Compounds 37a-37c, the lipidic amino acids o f known chemical definition
(Gibbons et al 1990) and their homo-oligomers, lipidic peptides 37d-37e (Table 3)
were prepared as precursors to lipidic oligopeptides 80a-80k containing alanyl-glycine
residues (Table 4), which have not been previously reported.

(CH2)

13

X — [h N — C H —CO] — Y

37

Table 3. Lipidic amino acids and peptides.

Cpd.

X

Y

m

37a

H

OH

1

37b

H

OCH3

1

37c

Boc

OH

1

37d

Boc

OCH3

2

37e

Boc

OH

2
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CHq
CHq

7 = ’i 3
X

I

H N —C H —CO

J

HN —CH —CONH —CHg — C O —Y
m
80

Table 4. Lipidic alanvl-glvcine peptide conjugates.

Cpd.

X

Y

m

80a

Boc

OCH3

0

80b

H

OCH3

0

80c

Boc

OCH3

1

80d

Boc

OH

1

80e

H

OCH3

1

80f

Boc

OCH3

2

80g

Boc

OH

2

80h

H

OH

2

80:

tfa

OH

2

80j

Boc

OCH3

3

80k

Boc

OH

3
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Synthesis of compound 37a (a-aminohexadecanoic acid) was followed by
protection o f the functional groups. The resulting compounds 37b and 37c were
combined to form the fully protected LAA dimer 37d, which was hydrolysed to the
free acid 37e. Commercial Boc-protected alanine and methylated glycine were
condensed to give the intermediate 80b after acidolysis o f the fully protected alanylglycine dipeptide 80a. Precursors 37c and 80b were reacted and the product 80c
saponified to give the monomeric lipidic alanyl-glycine conjugate 80d. Precursors 37e
and 80b were treated similarly to yield the dimeric lipidic conjugate 80g Compound
80c, following Boc deprotection, reaction with 37e, and alkaline hydrolysis, produced
the trimeric lipidic alanyl-glycine peptide 80k.
Three Boc protected alanyl-glycine lipidic amino acids were selected for
biological testing. From the three Boc-protected peptides 80d, 80g, and 80k
synthesized, the alanyl-glycine monomeric LAA, and the dimer, and trimer
respectively, it was decided that one should also have a free amino terminal for
comparison in biological tests. Compound 80g was chosen since it was midway
between the monomer and trimer, and may therefore exhibit median membrane
solubility properties, compared with the former conjugates. Deprotection using gaseous
HCl dissolved in methanol also gave some o f the methylated byproduct on two
occasions, however, as the product 80h was found to be insoluble in the general
solvents required for NMR, a spectrum was obtained from the trifluoroacetate salt
derivative 80i, prepared by acidolysis of 80g in TFA-dichloromethane.
Compound 37a was prepared by reacting diethyl acetamidomalonate with
bromotetradecane using the method o f Albertson (1946). Treatment o f a portion o f this
lipidic amino acid with thionyl chloride in dry methanol gave the methyl ester
hydrochloride salt 37b. A second portion was protected with the Boc group, then the
resulting free acid 37c was condensed with neutralized 37b to yield the fully protected
LAA dimer 37d. Saponification o f compound 37d produced the lipidic Boc protected
dipeptide 37e (Scheme 7).
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37d
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R= --- (CH.).? —CH

37e

Scheme 7. Synthesis of lipidic amino acid 37a and its Boc-protected dimer 37e.

Compound 80a was synthesized from Boc protected alanine and methyl ester
protected glycine by three methods for yield comparison (Scheme 8). The
unsymmetrical (or mixed) anhydride method employed isobutyl chloroformate with dry
N-methylmorpholine (NMM) as neutralizing agent (Figure 20). Whereas compounds
73a-73d (Section 2.1.3) required one equivalent o f NMM to neutralize the
hydrochloride salt before it was added to the reaction mixture, this method needed
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two. It was believed that the first equimolar amount abstracted a proton from Boc
protected alanine, then captured the chlorine anion from isobutyl chloroformate. The
second portion o f NMM was used in a similar manner as for compounds 73a-73d,
namely, to neutralize glycine methyl ester hydrochloride. This mixture (B) was added
to A (Figure 20) after five minutes to allow time for the mixed anhydride to form. The
hydrochloride salt o f NMM was insoluble in organic solvents and was removed at
reaction termination by washing with water.

Boc — HN — CH —COOH
I
CH.,

+

Boc — HN —CH —CONH —CH., — COOCHo
I
^
^
CHo

80a

+
Cl'H^N —CH., — GOOCH.,
j
^
j

HCl
--------- ►
H eO H

various
methods

►

.
+
Cl H . N —C H — C O N H — CH^ — C O O C H 3
'
CH.,

8Gb

Scheme 8. Synthesis of the partially protected alanyl-glycine intermediate.

The second procedure (symmetrical anhydride) used DCC (Figure 10, section
1.6.4) with anhydrous triethylamine or NMM for neutralization, whilst the final
reaction utilized both DCC, and HOBt as a secondary nucleophile (Figure 13, same
section), with NMM. All methods gave an oil which could not be solidified (anecdotal
evidence suggests that many amino acid hydrochloride salts remain oils). Yields for
repeated experiments were in general reproducible, such that yield increased along the
series, mixed < symmetrical < DCC/HOBt method. The average yield for three
reactions per method was 64%, 80%, and 86% respectively. Cleavage o f the Boc
group from species 80a produced the alanyl-glycine intermediate 80b.
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CH
CH
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R-C^
+

CO,

+

iBuOH

80 a

fig u re 20. Unsymmetrical anhydride method employing N-methylmorpholine.

The fully protected heterologous trimer 80c was synthesized by conjugating
precursors 37c and neutralized 80b, using DCC and HOBt. Hydrolysis by sodium
hydroxide gave the monomeric Boc protected LAA alanyl-glycine peptide 80d
(Scheme 9). Heterologous tetramer 80g was prepared similarly from compounds 37e
and 80b and intermediate 80f; and its hydrochloride salt 80h by acidolysis o f 80g.
Compound 80i was prepared from 80g by acidolysis with TFA for characterization by
NMR spectroscopy.
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Scheme 9. Synthesis of monomeric and dimeric lipidic alanyl-glycine conjugates.
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The trimeric lipidic alanyl-glycine peptide 80k was synthesized as described
previously, but the starting compound was Boc protected 80c (Scheme 10), which after
deprotection by HCl-MeOH, gave compound 80e. This compound was conjugated with
37e to produce heterologous pentamer 80j, which was saponified to furnish the alanylglycine trimeric LAA peptide 80k.
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Scheme 10. Synthesis of the trimeric lipidic alanyl-glycine peptide.
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2.3 Solid phase peptide svnthesis.

Solid phase peptide synthesis avoids the need, necessary in solution phase
chemistry, to purify each intermediate when a growing peptide chain is increased in
length by one amino acid, by using an insoluble resin support to which the peptide is
covalently anchored. This concept also reduces the problem of solvent insolubility for
relatively large peptides. A major advantage, particularly when the synthesis is
automated, is the dramatic reduction in time required to complete a sequence.
However, as in solution state methodology, protecting groups are required to prevent
unwanted side reactions or intra-bonding.

2.3.1 Protecting group strategv.

Boc strategy was used for N-alpha amine protection, which required benzylbased side chain protecting groups, to employ the principle o f graduated acid lability.
This entailed acidolytic removal by TFA of N-alpha Boc groups, without affecting side
chain functional group protection, so that further amino acids could be added to a
growing peptide chain, and finally side chain deprotection with concomitant cleavage
o f the peptide from the resin by the stronger acid, anhydrous hydrogen fluoride. The
protecting groups employed for side chain functional groups are shown in Table 5.
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Table 5. Protecting groups for amino acid side chains.

Amino Acid.

P rotecting G roup.

Boc-Arg

Tosyl

Boc-Asp

Benzyloxy

Boc-Cys

4-Methylbenzyl

Boc-Glu

Benzyloxy

Boc-His

Benzyloxymethyl

Boc-Lys

2-Chlorobenzyloxycarbonyl

Boc-Ser

Benzyl

Boc-Thr

Benzyl

Boc-Trp

Formyl

Boc-Tyr

2-Bromobenzyloxycarbonyl

2.3.2 Scale o f the syntheses.

The scale o f the syntheses used for both automated and manual methods was
normally 0.5 millimole primary amine groups per gram o f starting resin (the loading),
which after resin sampling to assess the efficacy o f each amino acid coupling, typically
yielded 1-3 grams o f protected peptidyl-resin. Each coupling employed 2 millimole
o f Boc-protected amino acid, a four-fold excess. MBHA resins were used for most
syntheses, being less expensive than their PAM relatives; further, the terminal amide
group resulting from resin removal may help to present a more natural peptide species
to biological systems.
The automatic synthesizer had a programmable controller, and the majority o f
peptides were synthesized using a double-couple protocol- a gift from Dr. I. ClarkLewis, University of British Columbia, Canada. In this procedure two cartridges per
amino acid (2 mmol each) were used, which on average increased the coupling yield
by 0.41% per residue.
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2.3.3 Reaction efficacy.

It was clearly important to assess the efficacy o f chain assembly. After each
coupling, a sample of about 10 milligrams peptidyl-resin was automatically delivered
to a fraction collector (for manual protocol about 3 milligrams was collected). The
quantitative ninhydrin reaction of Sarin et al (1981) was performed on each sample.
The coupling yield at each step o f the synthesis was therefore determined by means
o f a ninhydrin based quantitative colorimetric assay that measured the level o f residual
unreacted alpha-amino groups remaining after the coupling. This allowed monitoring
o f the efficiency o f chain assembly and acted as a quality control for the efficacy o f
the chemistry and o f the reagents. Difficult sequences could be identified, thus
permitting corrective action (for example, additional recoupling) during a subsequent
synthesis, if necessary, or an immediate recoupling during a manual protocol). This
monitoring method was sensitive to detect about 0.05% o f the uncoupled alpha-amino
groups. In general, a coupling efficacy o f less than 99.3 percent was considered
unsuitable, since this created purification problems, however, the double-couple
protocol typically returned coupling yields o f greater than 99.5 percent.

2.3.4 Deprotection and cleavage from the resin.

Peptides were separated from the resin by liquid HF (Section 2.4.3) in
Peninsula Laboratories Model HF-001 vacuum apparatus. The low-high HF cleavage
method was used for many of the peptides synthesized, but it was found that a single
high HF procedure, utilizing 10% cresol, 10% thiocresol, as scavengers, and 80% HF
at 0®C for 1 hour gave reliable results. All side chain protecting groups (except the
formyl o f tryptophan) were removed at this concentration o f HF, and the reduced time
o f reaction may limit attack by cations. Tertiary-Boc peptides containing tryptophan
with a formyl protecting group were first deprotected with a dilute solution o f
piperidine in DMF. Prior to HF cleavage the protected peptide-resin was treated with
TFA to remove the terminal Boc groups (Section 2.4.2) thus preventing generation o f
tert-butyl cations in HF (Noble et al 1976).
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Following HF distillation, peptides were washed with ether or ethyl acetate to
remove scavengers and contaminants (generally ether for less than 20 residues, or very
lipophilic peptides, and ethyl acetate for more than 20 residues), then dissolved in
aqueous acetic acid (10-90%), with very slow filtration to allow time for dissolution,
and lyophilized. Peptides containing amino acids prone to oxidation, methionine,
cysteine and tryptophan, were dissolved in guanidine hydrochloride (6M)/Tris buffer
(O.IM) containing 2-mercaptoethanol.

2.3.5 Problems during svnthesis.

In this study, the use o f high quality reagents and a double-couple protocol,
allied with close attention to resin loading, amount o f resin used and ninhydrin
monitoring, minimized coupling problems, as demonstrated by the high coupling
percentages reflected by ninhydrin assays and reasonable yields, albeit that yield is not
dependent on these factors alone.

2.3.6 Purification.

Crude peptides were purified by gel filtration (Sephadex G-25 or G-50)
chromatography (eluant O.IM acetic acid), and reverse phase HPLC (C4 or C l 8) was
used for large scale purification. Purity was checked by analytical HPLC for both
methods.
Solubilized peptides were filtered then injected into an Applied Biosystems
HPLC instrument with a Model 400 solvent delivery system to achieve the gradient,
using eluant A (0.1% TFA, H2O) and B (65-85% acetonitrile, 0.1% TFA, H2O).
Solvents were filtered (25 pm membrane) and degassed with nitrogen prior to use.
Compounds were detected with a Holochrome UV-VIS detector at 218nm (analytical)
and 230nm (preparative). Chromatographs were recorded with a LKB 2210 single
channel chart recorder.
Preparative separation was carried out on a TSK-GEL semipreparative C,g
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column. Separation was achieved with a solvent gradient beginning with 0%
acetonitrile, increasing consistently to 60% at 180 minutes, remaining at this
concentration for 60 minutes, then decreasing steadily to 0% for 30 minutes at a
constant flow rate o f 7mL per minute. Fractions were collected then assessed by
analytical HPLC.
For analytical HPLC, a Vydac C,g 5 RAC column was employed. Separation
was effected with a solvent gradient starting at 0% acetonitrile, increasing constantly
to 60% at 30 minutes, staying at this concentration for 20 minutes, then returning
steadily to 0% over 10 minutes at a flow rate o f 0.7mL per minute. Fractions
displaying one peak, with the same retention time were combined, freeze-dried and
assessed by mass spectrometry.

2.4 Lipidic amino acid based adiuvant-carrier svstem.

Synthetic lipooligopeptides containing N-terminally the lipoamino acid Npalm itoyl-S-[2,3-bis(palm itoyloxy)-propyl]-cysteine

(Pam^Cys-OH)

(M etzger,

W iesmuller and Jung 1991) and the lauroyltripeptide, N^-[N-(N-lauroyl-L-alanyl)-Dglutamyl]-L,L-2,6-diaminopimelamic acid (Floc’h and Poirier 1988), constitute
powerful immune adjuvants, able to fully replace Freund’s adjuvant. These triple chain
lipopeptides are also efficient low molecular mass carrier systems, which can be linked
to (admixed with, for the latter) antigens to yield immunogens for antibody production
without further additives or the need for a carrier protein.
High antibody response was observed when peptides were incorporated into
polylysine to form a Multiple Antigenic Peptide system (MAP) (Tam 1988). The
system is based on a small immunogenically inert core molecule o f radially branching
lysine dendrites onto which a number of peptide antigens are attached. The result is
a large macromolecule with an unique three-dimensional configuration having a high
molar ratio o f peptide antigen to core molecule, and which does not require the use
o f a carrier protein to elicit an antibody response. To attain a greater antibody
response, the antigen must be anchored to cell membranes, however the MAP system
lacks sufficient lipophilicity to fulfil this requirement.
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We developed a novel improvement employing a lipidic moiety at the Cterminal o f this polylysine system. A novel Lipid-Core-Peptide (LCP) system 40 (Toth
et al 1993; a, b) was synthesized by attaching lipidic amino acids to the polylysine
core to enhance both lipophilicity and membrane binding effects, and metabolic
stability o f the immunogenic system. The LCP system was designed to combine the
advantages o f branched polylysine (to deliver multiple copies o f an agent) and the
postulated lipophilic a-am ino acid based anchor, and could be used as a combined
adjuvant-carrier-vaccine system, as well as a drug delivery system. It was proposed to
use the LCP system as a combined carrier-vaccine candidate.
Trachoma is an ocular infection caused by Chlamydia trachomatis (Grayston
and Wang 1975). LCP systems 40 comprising lipidic peptide 37 (n=13, m > l), a
polylysine core, and synthetic peptides derived from the variable domains o f C.
trachomatis outer membrane protein were synthesized for evaluation as potential
candidate sequences in a vaccine.

<

PEPTIDE
PEPTIDE

PEPTIDE
L ys< ^
PEPTIDE
KEg ---- [cO—CH—N h] — Lys
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PEPTIDE

(ÇHg)
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CH,

EPTIDE
PEPTIDE
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2.4.1 Svnthesis of the LCP svstem.

Boc-protected lipidic amino acid 37 was coupled to MBHA resin in a sintered
glass tube attached to a mechanical agitator, using a solid phase method with double
coupling. The sinter allowed convenient washing o f the growing peptidyl-resin and
filtering away o f excess reagents. Its use ensured that near-quantitative reactions were
attained, by recoupling if necessary. All amino acids were routinely double-coupled,
but three couplings were usually required when coupling directly to resin amino
groups, and for certain amino acids within a "difficult sequence". A single coupling
entailed shaking the resin in DCM with a lipidic amino acid and DCC (4 molar
equivalents) for thirty minutes, followed by the addition o f N-methylpyrrolidone (20%
o f volume) with further shaking for one hour. The solvent NMP has excellent
solvating properties and can improve coupling rates by reducing aggregation o f the
growing peptide chain (Bagley et al 1990). This procedure was routinely repeated for
the second coupling (an extra coupling in DCM:DMF (50:50) was applied subject to
an unsatisfactory ninhydrin test result). It was later found that good results were
equally obtained by automated protocol if the synthesizer was programmed to accept
a lipidic amino acid as if it were alanine.
After N-deprotection, two more lipidic amino acids were similarly double
coupled to form 40b (with a portion removed after two lipidic amino acids had been
attached giving 40a), followed by the sequential addition of Boc-Lys(Boc)-OH until
the polylysine core was complete. This was accomplished by Boc deprotection o f the
amino group o f the third LAA attached linearly to the resin, followed by condensation
with the carboxylic acid group of lysine. The Boc groups o f the a and e-amino groups
protecting lysine (now attached to trimeric LAA-resin) were similarly removed, and
2 lysine amino acids were coupled to the single lysine. Finally, Boc group cleavage
and the conjugation o f 4 lysines to the 2 previously joined lysines completed the
polylysine core, to give 8 Boc protected lysine amino groups. Each step o f the
poly lysine core synthesis was subjected to quality control: compounds LAA^-Lys 40c,
LAAn-Lys-Lys2 40d, and LAA3-Lys-Lys2-Lys4 40e were characterised following Boc
deprotection and resin cleavage (Table 6).
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Table 6. Summary of resin-lipid-core polvlvsine template svnthesis.

R esin-C pd.

Identity

P recu rso r

m

n

40a

LAA2

37

2

13

40b

LAA3

37

3

13

40c

LAAg-Lys

37

3

13

40d

LAAg-Lys-Lys2

37

3

13

40e

LAAg-Lys-Lys2-Lys4

37

3

13

The resin-lipid-core polylysine template was placed in an automatic synthesizer,
additionally programmed to remove the Boc groups o f this species, and amino acids
were added stepwise to polylysine termini to give the resin bonded octameric peptide
antigen system with a trimeric LAA carrier system P2 (Table 7).
The portion previously separated, consisting o f resin-LAA2 40a (dimeric 37
linearly linked to the resin), was then also placed in the synthesizer, and the same
sequence o f amino acids were attached to give PI, the resin-bound monomeric peptide
antigen linearly attached to a LAA dimeric carrier system.
Following initial biological tests, a portion o f the resin-lipid-core polylysine
template was coupled to amino acids, by automated procedure, to form the resin bound
30 residue peptide carrier system P4. The 30-mer peptide was also individually
assembled on MBHA resin to give P3.

2.4.2 Removal of Boc protecting groups.

To prevent the generation of tert-butyl cations in HF, the terminal Boc groups
o f the resin-linked peptides P1-P4 were first removed in turn in a sintered glass vessel
attached to a mechanical rocker. A peptidyl-resin was shaken with TFA (60% v/v in
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DCM) for one minute, filtered with a pump and trap, then retreated for ten minutes
to remove any remaining Boc groups. Following a further filtration, the peptidyl-resin
was washed and filtered 3 times with DCM. After these steps, the amine
trifluoroacetate salts formed were neutralized by shaking with diisopropylethylamine
(DIEA) ( 10% v/v in DCM) for one minute, washed with three volumes o f DCM, then
the neutralization process repeated for a further minute. Following five additional
DCM washes the peptidyl resin was dried at the pump. The description o f this
procedure (and that o f the following section) may fit more logically into section 2 .3,
but is presented here to show the order o f the steps involved in SPPS. All deprotection
o f Boc groups in non-automated SPPS utilized this method.

2.4.3 Resin cleavage and protecting group removal.

Separate cleavage of peptides P1-P4 from the resin and simultaneous removal
o f amino acid side chain protecting groups was achieved by stirring in anhydrous
liquid hydrogen fluoride. Hydrogen fluoride (HF) is an extremely toxic and corrosive
gas [TLV 3ppm in air compared with hydrogen cyanide 10 ppm; threshold limit values
represent conditions most workers may be continually exposed to without adverse
effect (Bretherick 1981)], therefore it was used within the constraints o f a vacuum,
which also served to preserve its anhydrous nature. The apparatus comprised a system
o f teflon tubing attached at one end to an HF cylinder, and at the other end to a
calcium oxide trap. The system was evacuated by means o f a pump connected to the
trap (Figure 21).

to m a n o m e t e r

to C a O
a n d

tra p

to H F

c y lin d e r

p u m p

th r e e w a y

v a lv e

Figure 21. Simplified line drawing of hydrogen fluoride apparatus. A. reaction
vessel; B. small scale reaction vessels.

Peptidyl-resin, scavengers and stirring bar were placed in the HF reaction
vessel and the system evacuated; a manometer was checked for fluctuations over five
minutes to ensure that there were no leaks (all valves were opened slowly to prevent
the solid from rising up the vessel above the level of HF, when introduced). The
manometer was then isolated to prevent it becoming over-pressurised. The HF vessel
was immersed in a Dewar flask of liquid nitrogen for several minutes, then both the
trap and three-way valves were closed so that the system was isolated from the
environment. The cylinder valves were then carefully opened- the gas was under no
significant pressure, and flowed through the evacuated pathway to the cold vessel
where it condensed and was frozen; collection was characterized by nitrogen
displacement. The nitrogen flask was frequently removed to observe when HF had
reached a pre-determined graduated mark on the vessel (viewed through the teflon, HF
was pale yellow). The cylinder valves were then shut-off, nitrogen replaced by an icewater bath, and the vessel allowed to warm to about 0°C. The now liquid HF was
stirred for one hour in the bath (the mixture now appeared dark red), then slowly
evaporated to the trap. The vessel contents were transferred to a sintered funnel and
scavengers and contaminants removed by washing with ether. The deprotected crude
peptide was then dissolved in aqueous acetic acid (10-90%), and filtered intermittently
over several minutes (to ensure complete dissolution) to a separate round bottomed
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flask, then lyophilized.

2.4.4 Trachoma infection.

Trachoma is caused by three serovars o f C. trachomatis (A, B/Ba, C). Two
variable domains o f the major outer membrane protein (Omp) are immunodominant,
VD I and VD IV. To summarise, a peptide sequence o f seventeen residues
(^^^SAETIFDVTTLNPTIAG^®^) from VD IV o f serovar B was synthesised by
automated solid phase methods and immunologically evaluated when conjugated to (i)
2 lipidic amino acids, and (ii) the LCP system (P1/P2 respectively. Table 7). This
sequence equated to the epitope or antigenic determinant, the portion o f the antigen
that binds to the antibody. A 30-mer peptide comprising this sequence, coupled with
a thirteen amino acid sequence from VD I o f serovar C Omp (SDVAGLQNDPTTN),
was further synthesised and also co-synthesised with the LCP system (P3/P4
repectively), then tested for immunogenicity.

Table 7. Amino acid sequences for the LCP and LAA carrier svstems.

Peptide

Sequence

Cpd

m

n

PI

SAETIFDVTTLNPTIAG

37

2

13

P2

as above

40

3

13

P3

SAETIFDVTTLNPTIAGSDVAGLQNDPTTN

-

P4

as above

40

-

3

-

13
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2.5 Lipidic amino acid based drug delivery svstem.

Penicillins irreversibly inhibit the last step in bacterial cell wall biosynthesis,
the enzyme mediated cross-linking reaction between alanine and glycine. Penicillin
preparations from fungi o f Pénicillium used by early investigators (Fleming 1929)
were an amorphous mixture of which benzylpenicillin (Chain et al 1940) is currently
used clinically. Benzylpenicillin (Penicillin G) is highly active against many Grampositive bacteria, but Gram-negative bacteria are relatively resistant due to the inability
o f the antimicrobial to penetrate the outer membrane (Suginaka et al 1975). It is
usually administered intravenously, or by intramuscular injection as its more soluble
sodium or potassium salt, due to inactivation by gastric juice and low absorption
(approximately 20 per cent) from the gut (Selwyn 1980).
Cephalosporin C, a natural antibiotic possessing low antibacterial activity, and
produced by the mould Cephalosporium acremonium, gave rise to synthetic derivatives
possessing a broad spectrum of antibiotic activity. First generation cephalosporins (e.g.
cephalothin, cephaloridine, cephalexin, and cephradine) are drugs o f first choice for
penicillin-allergic patients, and some are useful against Gram-negative bacteria. Later
derivatives (e.g. cefadroxil, cefaclor) possess greater stability against bacterial enzymic
cleavage o f the p-lactam ring, which renders the drug inactive. Absorption o f an oral
dose is greater than 95 per cent for cephalexin and cephadrine, but minimal for the
other compounds (Gower and Dash 1977).
The penicillin nucleus, 6-aminopenicillanic acid, although relatively lacking in
antibiotic activity (Batchelor et al 1959), gave rise to numerous semisynthetic
derivatives clinically in use by simple acylation o f the amino group.
Since the therapeutic benefit of P-lactam antibiotics administered orally is
diminished by poor absorption, it was envisaged that uptake may be aided by
conjugation to the lipid-polylysine core 41 (derived from adjuvant-carrier system 40).
The rationale was to improve oral drug delivery to the infected area by increasing the
lipophilicity of poorly absorbed compounds to assist membrane translocation,
combined with the advantage of branched poly lysine to conjugate multiple copies o f
the drug. The representative antimicrobial agents selected were benzylpenicillin,
cephalosporin C, and 6-aminopenicillanic acid.
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Lys
Lys

■NH,

(GHg)
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CH,

41

2.5.1 Lipidic amino acid based 6-lactam antibiotic delivery svstem-tritium labelling.

Oral administration o f beta-lactam antibiotics is characterized by poor
absorption, however, a cephalosporin derivative conjugated to a lipidic amino acid
thence to a sugar has shown increased uptake following oral dosing (Toth et al 1994).
In order to try to amplify these results, representative antimicrobial agents were
coupled to the postulated delivery system LCD (lipid-core-drug) 41. This comprised
a lipid-polylysine core with tetrameric coupling termini, and two lipidic amino acids
with tetradecanoic alkyl side chains. To assess the results o f biological tests, the LCD
systems were provided with a tritiated radiolabel; for comparison, cephalosporin C was
also tritiated to give compound 81. It was thought that 6-aminopenicillanic acid would
be poorly absorbed in the GI tract, therefore this compound was not radiolabelled for
comparison purposes.
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2.5.2 Svnthesis o f the LCD svstem.

Boc-protected lipidic amino acid 37 (n=l 1) was coupled twice to MBHA resin
as described in section 2.4.1, followed by lysine addition to give the resin-LAA2-LysLys2-Boc4 template 41. Then, P-lactam compounds and the radiolabel were
incorporated into the template by three different processes. Penicillin G was partially
coupled,

then vacant lysines were acetylated

with ^H-acetic anhydride.

6-

Aminopenicillanic acid was protected as its Boc derivative to prevent side reactions,
conjugated to the template, deprotected, then acetylated with the radiolabel. Finally,
cephalosporin C was tritiated to provide a sample for biological tests, and the
remaining sample used to couple to the template.
Penicillin G Potassium (the potassium salt o f penicillin G ) was converted to
the free acid with Amberlite highly acidic ion exchange resin, then dissolved in DMF
(being sparingly soluble in DCM), added to a sintered vessel, and shaken with DCC
and the template in a DCM/DMF (50:50) solution overnight. For the second and third
couplings, solutions o f tritiated acetic anhydride in DMF were added to the template,
in order to provide lysines not coupled to penicillin G with a radiolabel. The radiolabel
was incorporated into the LCD system 41a (Table 8) in this fashion since penicillin
G possessed no free amine groups which may be acetylated. It cannot be presumed
that 41a possessed a 50:50 penicillin G/radiolabel composition, but more likely that
a mixture was formed, that is, individual LCD’s with varying composition were
obtained. Hence the system was randomly labelled, but since the disintegrations per
minute (DPM) o f the labelled compound were measured prior to biological testing, and
related to DPM results, comparison of biological results with the two other tritiated
LCD systems was valid.
The amine group of 6-aminopenicillanic acid was protected with the Boc
group, and the resulting compound added to template 41 using a double couple
protocol. Boc groups were then removed with TFA, and tritiated acetic anhydride
diluted with "cold" acetic anhydride (to achieve maximum possible acétylation), added
to provide compound 41b.
The zinc salt o f cephalosporin C (as a zinc complex) was observed to be very
insoluble in water. Therefore, in order to convert it to the free acid, a portion was
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suspended in water and converted to the sodium salt, which was soluble in water.
Insoluble material (any unreacted organic compound and possible zinc hydroxide
formed) was filtered off, then Amberlite resin was added to pH 3 (a pH at which
cephalosporin C is reported to be stable), and the filtrate lyophilized. Cephalosporin
C was then acetylated with ^H-acetic anhydride, using perchloric acid to catalyse the
reaction. The radiolabelled compound was then coupled to the template to give
compound 41c. The actual linkage position to the template was unknown, that is,
whether the carboxylic acid on the alkyl chain, or that attached to the thiazolidine ring
formed a amide bond with a template lysine, was not investigated. This may affect the
antibiotic activity o f cephalosporin C, but in this instance, the ability o f the delivery
system to transport the drug, not its biological activity, was being assessed.

Table 8. Summary o f the LCD svstem svntheses.

Cpd.

Identity

41a

41 coupled to penicillin G and to radiolabel

41b

41 coupled to 6-aminopenicillanic acid coupled to radiolabel

41c

41 coupled to tritiated cephalosporin C

81

tritiated cephalosporin C

2.6 Luteinizing hormone-releasing hormone.

In the treatment of prostate carcinoma, the systemic bioavailability o f the
decapeptide luteinizing hormone-releasing hormone (LHRH) and analogues by oral
administration is low, due to rapid degradation by proteolytic enzymes, ineffective
gastrointestinal absorption due to high molecular weight, and first-pass elimination
(Chien 1992). The short elimination half-life (8 minutes) requires a therapeutic
regimen o f daily multiple injections when administered parentally, however, although
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subcutaneous prolonged release polymers (Walker et al 1984) as a biodegradable
delivery system are clinically successful (e.g. the potent analogue goserelin dispersed
in poly(lactide-co-glycolide), subdermal period 28 days; Hutchinson and Furr 1990),
such slow release depots may provoke an unwanted adjuvant-induced immunological
response (Langer 1981) or become coated in fibrous tissue, thus inhibiting further
release o f the drug (Anderson et al 1981).

G-lp—His— Trp—Ser— Tyr— Gly— Leu—Arg—Pro—Gly

cooH
0 = d

N H

LHRH

It was reasoned that by attaching lipidic moieties to LHRH (using glutamic
acid instead o f pyroglutamic acid), lipophilicity would be increased, and the half-life
o f the naturally occurring peptide may also be enhanced by physical shielding o f labile
bonds, thereby optimizing its therapeutic efficacy. Modified LHRH was therefore
chosen as a model system to investigate the ability o f LAA’s to assist the absorption
o f poorly absorbed drugs.

2.6.1 Svnthesis o f LHRH lipidic peptides.

Modified luteinizing hormone-releasing hormone (sequence EHWSYGLRPG)
was synthesised by automated procedure, then lipidic amino acid 37 (n = ll) was
attached via a double-coupling manual protocol. After removal o f a portion, the
coupling steps/portion removal proceeded similarly until a series o f oligomeric lipidic
peptides P5-P8 had been prepared (monomer, dimer, trimer, tetramer. Table 9). The
peptides were individually cleaved from their supporting resins then purification was
achieved by HPLC, however, the tetramer could not be purified due to poor solubility
in the eluting buffers. This was probably due to the high degree o f lipophilicity
possessed by the tetrameric conjugate.

89

HN—CH—CO — Glu—His— Trp—Ser— Tyr—Gly—Leu—Arg—Pro—Gly—CONH,
I
Jm
CH3

P5-P8

Table 9. LHRH conjugates.

Peptide

Precursor

m

n

P5

37

1

11

P6

37

2

11

P7

37

3

11

P8

37

4

11

2.7 Murine B2-microglobulin.

P2-Microglobulin (P2-M), an 11 KDa protein, occurs on the surface o f many
cells and has been found to be associated with membrane antigens including the major
histocompatability antigens of man (Vitetta and Capra 1978). It is the small subunit
o f the major histocompatability complex (MHC) class 1 molecules, however its
function remains unclear (Lancet et al 1979). It is found in small amounts in serum
and urine, and to a much larger degree in patients with kidney malfunction. p-2M is
used as an antigen for immunological studies o f tissues and organs (Williams and
Malone 1993; Tatake et al 1995), and for monitoring disease progression in human
immunodeficiency virus (HIV) infection (Chironna et al 1994; Borghi et al 1993).
Murine p2-M amino acid sequence 42 is most like that o f man (68% identity)
and displays an Ala-Asp interchange at position 85 in different mouse strains (Gates
et al 1981).
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2.7.1 Synthesis of peptide fragments o f murine B2-microglobulin.

A set o f overlapping peptides of mouse p2-M (employing Ala-85) o f about 20
residues each was synthesised by automated procedure (Table 10) then coupled to
keyhole limpet hemocyanin (KLH). It was proposed to use the fragments for HIV
immunohistochemical studies. Prior to purification, since five of the crude peptides
contained either methionine or cysteine, possible oxidation was reduced by treatment
with the reducing agent 2-mercaptoethanol (0.05M) in guanidine hydrochloride (6M)Tris (O.IM) buffer.

Table 10. Sequences of murine B2-M svnthetic peptides.

Peptide

Sequence

P9

'IQKTPQIQVYSRHPPENGKP™

PIG

'‘ENGKPNILNÇYVTQFHPPHI"

P ll

“ f h p p h i e i q m l k n g k k ip k v e '"

P12

“‘IPKVEMSDMSFSKDWSFYILA"

P13

“ FYILAHTEFTPTETDTYAÇRVK*’

P14

'' r v k h a s m a e p k t v y w d r d m ”

91
2.8 Immunoglobulin E receptor.

Allergic diseases such as hay fever, allergic dermititis and asthma are
characterized by the appearance o f inmmunoglobulin E (IgE) in serum and tissue, the
carrier o f allergic reactivity (Ishizaka et al 1966). Many such diseases involve the
high-affinity IgE receptor (Fj.8RI), found exclusively on mast cells and basophils.
When receptor-bound IgE is challenged by a multivalent allergen, the subsequent
redistribution o f F^eRI complex on the cell surface induces cellular degranulation and
the release o f metabolites responsible for allergic reactions (Morley et al 1984). A
schematic topography for the receptor, a tetrameric complex comprising non-covalently
attached a , p, and two identical disulphide-linked y subunits, has been proposed
(Blank et al 1989), but their function remains to be fully assessed (Figure 22 shows
the P-subunit). Further, detailed evidence is needed to define the exact topography o f
the receptor and its molecular mechanisms, so that understanding o f this structurefunction relationship and the process of cell response to drug delivery can be directed
towards the design of effective anti-inflammatory drugs.
Since the size o f the receptor subunits, as well as the existence o f both
lipophilic and hydrophilic domains in the same subunit, have not yet permitted a direct
experimental structural determination, a long term project to characterize the receptor
subunits by synthesizing them as smaller domains or structural units has been started.
This dissertation examines some aspects of the P-subunit o f the receptor.
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Figure 22. The proposed topography of the p-subunit of rat IgE receptor (Blank et al
1989)- the numbering system is that used in this thesis.
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2.8.1 Svnthesis o f IgE receptor B-subunit peptides: receptor topography.

In order to map functions o f the IgE receptor to the appropriate sequential
segment, the p-subunit (a 243-mer transmembrane protein chain) was synthesised as
a set o f peptide fragments P15, P16, and P17, o f 62, 25, and 46 residues respectively
(Table 11) by solid state methods. The three peptides all possessed some membrane
identity, but the majority o f membrane amino acid residues were not included. A
colleague undertook the production of polyclonal antibodies to the receptor peptide
fragments, and also conducted further immunological studies.

Table 11. Sequence O f B-subunit peptide fragments.

Segment

Sequence

Peptide

cytoplasmic domain

'MDTENKSRADLALPNPQESP
SAPDIELLEASPPAKALPEKPA
SPPPQQTWQSFLKKELEFLG"^

P15

extracellular loop

77TVVCSTLQTSDFDDEVLLLY
RAGYP’°*

P16

cytoplasmic domain

'"'LIIYRIGQEFERSKVPDDRLY
EELHVYSPIYSALEDTREASAP

P17

2.8.2 Svnthesis of IgE receptor B-subunit peptides: conformational studies.

Three extramembraneous loop peptide fragments P18, P19, and P20 of 17, 11,
and 29 residues repectively were synthesized by a solid phase protocol. Peptide P21
(Table 12) was similarly synthesized with alanine substituting the cysteine residues o f
peptide P20. The loop peptide fragments were used for conformational studies o f the
subunit, employing circular dichroism, NMR, and molecular modelling techniques. The
extensive work undertaken by colleagues is presented as an appendix, with a summary
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shown below.

Table 12. Sequence o f B-subunit loop peptides.

Segment

Sequence

Peptide

extracellular loop

^'STLQTSDFDDEVLLLYR'^

P18

cytoplasmic loop

’’^ERKNTLYLVRG'^^

P19

extracellular loop

'"'NLSNNS A YMN YCKDITEDD

P20

QCFVTSFITE'^^
extracellular loop

A substitutes C twice

P21

Prediction o f the three-dimensional structure o f the four membrane-spanning
segments o f the p-subunit was achieved using rules o f helix-helix packing
arrangements and molecular dynamics calculations. These results gave a four-helix
bundle with specific Van der Waals interactions between the helices. This four-helix
bundle was used as a framework upon which to calculate the conformation o f the psubunit, excluding the C and N terminal cytoplasmic tails, but including the three
loops that connect the four helices in the bundle. Separately, these synthetic 17, 11,
and 29 residue loop peptides (P18-P20 respectively) were examined by perturbation
circular dichroism spectroscopy, and a degree o f helical content in the loop peptides
was found. Additional molecular modelling o f the loops indicated that the central
residues of the loops were the location of the helical moieties. Finally, in the model
proposed for the p-subunit, for each pair of consecutive transmembrane helices and
its loop peptide, a helix-loop-helix-loop-helix m otif was found.
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2.9 Future work: proposed LAA carrier-vaccine candidate combining multiepitopes.

Following on from the discussion o f the MAP system (Section 1.5.2), a LAA
carrier-vaccine candidate is proposed, utilizing branched polylysine, with possible
applications as a general purpose multivaccine, or as a specific multivaccine (e.g.
against malaria). A possible benefit may be a single injection to the recipient, thereby
avoiding the deleterious effect on health o f individual vaccinations with different
antibodies. The candidate may be synthesized by manual methods, automated small
scale rapid synthesis, or possibly, multiple peptide synthesis.
The MAP system permits per se 2 and 4 different epitopes coupled to the
octomeric monomer and dimer respectively: structures E, F, and the product o f A +
C (Figure 6) equate to a di-epitope. Also, structure E, synthesized with 2 different
epitopes, then re-synthesized with a further 2 different epitopes, and conjugated, would
produce a tetra-epitope. The octomeric MAP (structure J, Figure 7) allows for up to
8 different epitopes. The synthetic strategy for J relies on capping o f peptide terminal
amine groups by acetic anhydride as they are assembled, to prevent further amino acid
additions, and the stability of the acetamido group to HF during resin cleavage.
The TCP system itself could be adapted following Hoc group removal o f the
core poly lysine: attaching preformed peptides (capped amine group) in equimolar
amounts would achieve a "random" multivaccine, or by careful choice o f lysine
protecting groups Boc, Fmoc, and say, Dde (Section 1.6.2), a multivaccine comprising
4* different antigens may be prepared.
The polylysine-LAA system 82 proposed for the candidate vaccine will be
synthesized by the stepwise addition of lysine to a LAA delivery system to give the
polylysine core, with further lysines added to provide coupling points for an infinite
number o f different capped peptide antigens.
The polylysine core would be constructed using Boc-Lys(Boc)-OH, and the
additional polylysine framework using Boc-Lys(Fmoc)-OH, so that individual lysines
would be linked by their s-termini to provide more space between peptides than would
lysines separated by p-termini.
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Many problems have to be overcome, for example, choice o f protecting groups
for certain amino acids, however, initial results are encouraging. One simple
preliminary act was to reprogramme the automated synthesizer to reduce reaction times
for basic reagents, since both the acetamido (for capping) and Fmoc protecting groups
were base labile, A test compound comprising commercial Boc/Fmoc protected lysine
was then conjugated to MB HA resin by automated protocol, the Boc group was
removed, and the resulting free amine acetylated with acetic anhydride. This test
(Figure 23A) was to assess whether the Fmoc group was still present after the
deprotection neutralization step using a base, and the acétylation reaction using the
same base. Following HF treatment and purification, spectral evidence and the yield
indicated that the test was successful.
A second experiment on a sample of the test compound (separated before HF
cleavage) removed the Fmoc group with piperidine by automated procedure, to assess
if the acetamido group was still present (Figure 23B). After resin cleavage, this test
was also successful.
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Figure 23. Initial experiment for proposed vaccine candidate.

This preliminary experiment was then repeated using a manual protocol, under
different reaction conditions, to both check that a manual synthesis would be
successful, and for the purpose o f adapting the automated synthesizer to perform a
complete sequence coupling. Again, the results were encouraging.
Other aspects of a malarial multiepitope carrier-vaccine synthesis have been
planned, using the simple, but key feature of the proposed candidate, that is, the ability
o f branched lysine to provide termini for an infinite number o f antigens.
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CHAPTER 3. BIOLOGY - RESULTS AND DISCUSSION.

In order to evaluate the potential o f lipidic amino acids and their peptides as
drug and peptide delivery systems, biological tests to assess the membrane penetration
or translocation o f some o f the selected lipidic conjugates were conducted. A n attempt
was made to categorise the degree o f membrane penetration, that is, whether these
conjugates were surface bound to cell membranes presumably by attractive forces,
incorporated into cell membranes by anchoring o f the lipidic moiety, or crossed
membranes to be internalized into the cell compartment. It was envisaged that the long
alkyl chains o f LAA’s would increase the stability o f metabolically labile compounds,
by physical hindrance o f degradative species, but by contrast, the parent drug would
be liberated in areas o f high enzyme activity (e.g. brain). Other biological aspects o f
the peptide fragments o f the IgE receptor were examined.

3.1 Attempted biological testing of baclofen-LAA conjugates.

To assess if baclofen conjugated to lipidic amino acids was better able to
penetrate the blood-brain barrier than baclofen itself, the derivatives 71a-71c, 72a-72c,
75a-75d, 77a-77d, and 79a-79d were synthesized for testing. The intention was to
inject mice (tail injection) o f a distinct strain (at three mice per compound) with the
analogues suspended in water, together with a control group injected with baclofen,
for a ROTA-ROD for mice (Ugo Basle) test. This entailed groups o f mice (for each
set o f compounds) running on the surface o f revolving drums, trying to maintain a
horizontal position before they fell off due to temporary involuntary muscle relaxation.
Simple timing of the period required for collapse, compared with that for baclofen
recipients would determine qualitatively the ability o f a derivative to penetrate the
EBB more easily or less easily than baclofen (it was envisaged that enzymes present
in brain would liberate baclofen from the conjugate). Previous baclofen injections o f
mice had shown this to be a reliable control model, with hind leg collapse within 2
minutes, depending on exact physiological dose.
Attempts to train mice to run on the revolving drums were consistently
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thwarted by ROTA-ROD apparatus malfunction, therefore, it was decided to abandon
the experiment.
The lack o f results was extremely disappointing, since due to a recent study
establishing that certain GABA-LAA derivatives were able to cross this barrier
(Hussain et al 1991), it was hoped that baclofen-LAA analogues would be similarly
successful.

3.2 Mitogenicitv o f lipidic alanvl-glvcine peptide conjugates.

Alanyl-glycine peptide dimers were synthesized and conjugated to LA A ’s to
produce compounds 80a-80k. O f these, three Boc-protected peptides 80d, 80g, and
80k, the alanyl-glycine monomeric, dimeric, and trimeric LAA’s respectively, were
tested for mitogenicity, that is, the property to induce proliferation o f lymphocytes.
Another dimer (80h) possessing a free amino group (or more correctly, the
hydrochloride salt o f the compound, to reduce the possibility o f oxidation o f the amino
group) was also tested in vitro for comparison.

3.2.1 Lvmphocvtes.

Spleen lymphocytes were obtained from 6-10 week old Balb/c mice, which
were sacrificed by cervical dislocation. The spleens were removed aseptically, placed
in minimal essential medium, and macerated gently in a loose-fitting glass tissue
grinder. After washing twice, the cells were suspended in a medium supplemented
with heat inactivated Freund’s complete adjuvant (3.3%), fresh glutamine (2mM),
penicillin (lOOU/mL), streptomycin (lOGpg/mL), and 2-mercaptoethanol (SxlO'^M).
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3.2.2 Proliferation assays.

Experiments were carried out in flat-bottomed microtitre plates. The
lymphocytes were cultured for 48 hours (cell density 3.3x10^ cells per mL in 0.1 SmL
aliquots) in a serum-free medium. Before harvesting, cultures were pulsed for 24 hours
by the addition o f ^H-thymidine (5Ci/mol specific activity, 0.625pCi per well). The
cells were collected on glass fibre filters with an automated cell harvester, and
incorporated radioactivity was determined by liquid scintillation counting.

3.2.3 Results.

In a duplicate B-lymphocyte proliferation assay, together with a Pam^Cys
lipopeptide, namely Pam^-Cys-Ser-Ser-Asn-Ala, a known potent polyclonal Blymphocyte stimulant for Balb/c splenocytes (Reitermann et al 1989), it was found that
the most active compound was 80k at a concentration o f 137 pg/mL (Graph 1). This
activity was similar to other triple-chain lipopeptides that were prepared for this assay
(Dr. G. Jung, personal communication). Interestingly, compound SOh displayed similar
activity to its Boc-protected dimeric sister SOg (Graph lA ; less activity. Graph IB),
but was not as active as Boc-trimer 80k. Monomeric LAA 80d diplayed the least
activity o f all the compounds (zero activity. Graph IB). All four compounds possessed
less activity than the potent control Pam^Cys-SSNA; Pam^Cys-Ala-Gly as a control
was not tested.
Since Pam^Cys lipopeptides are mitogenic in more physiological dosages and
to avoid toxic effects on cells in vitro, the compounds were assayed at a concentration
o f 0.13 pg/mL (Graph 2). At this dose, compound 80h was a superior mitogen to the
Boc-protected compounds.
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Graphs 1-2. Dose-response for [^H] thymidine incorporation in splenocytes cultured
for 48 hours in the presence o f compounds SOd, 80g, SOh, 80k and control Pam^CysSSNA. Stimulation index: lA and 1 ^ 137pg/mL; 2, 0.13pg/mL.
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3.2.4 Discussion.

The overall pattern for compound mitogenicity at a successful cell yield
appeared to be that B-lymphocyte stimulation increased along the series alanyl-glycine
LAA monomer < dimer < trimer < Pam^Cys-Ser-Ser-Asn-Ala. Pam^Cys lipopeptides
are derived from the N-terminal region o f bacterial lipoprotein, which constitutes the
biologically active portion of lipoprotein, and Pam^Cys-SSNA in particular, is identical
to the N-terminus o f the native molecule with respect to its amino acid composition,
and also exhibits a stimulatory activity comparable to native lipoprotein (Bessler et al
1985). The trimer 80k was most like Pam^Cys lipopeptides in composition, having
the alanine-glycine cross-linker of bacterial cell walls, and a similar but distinct lipidic
moiety, so would be expected to exhibit similar stimulant properties. However, at a
more physiological dosage, the overall pattern shows approximately equal activity for
the three Boc-compounds, with greater activity for compound SOh, the free amine.
This cannot be explained by the free amine presenting a more biologically natural
species, and therefore better able to penetrate splenocyte membrane, since the Boccompounds displayed better mitogenic activity in the previous assays. Pam^Cys-SSNA
was again superior in mitogenic activity at this dosage.
Unfortunately, Pam^Cys-Ala-Gly was not tested with the LAA compounds,
particularly since it had been shown to be the most active stimulant o f the Pam^Cys
compounds (Reitermann et al 1989; Hoffmann et al 1989), and would therefore be a
useful control. It would also be interesting to compare the activity o f an alanyl-glycine
trimer with free amine under similar conditions, since compound 80h gave reasonable
results.
The three fatty acids of Pam^Cys lipopeptides insert into biological membranes,
including lymphocytes, and thus act as an anchor for the generally more polar
substituents attached (Metzger et al 1991), therefore it seems reasonable to assume that
LA A ’s acted similarly to display relatively good mitogenic properties. Thus, LA A ’s
acted as a delivery system to penetrate splenocyte membrane, anchoring the alanylglycine moiety, however, further work is required (for example, with trimeric LA A ’s
possessing free amine groups) to assess their use as a tool for elucidating the early
events o f the immune system, since Pam^Cys lipopeptides have been established
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as a successful group of compounds constituting potent B-lymphocyte activators, and
potent immunoadjuvants when covalently bound to antigens.

3.3

Immunological evaluation o f a lipidic amino acid based carrier-vaccine for

Chlamydia trachomatis.

The ocular infection trachoma is caused by three serovars (A, B/Ba, C) o f C.
trachomatis. Two o f the four variable domains (VD I and VD IV) o f the major Omp
are immunodominant and surface exposed on the trachoma causing serovars (Zhong
and Brunham 1991). In an attempt to develop an effective trachoma vaccine, LAA
(P I) and TCP (P2, P4) systems were evaluated as potential carrier-vaccines, using
monomer P3 for comparison with P4.

3.3.1 Production o f antibodies.

Antisera were raised to serovar B and C elementary bodies (EB) by injection
o f C trachomatis EB. Anti-peptide antisera were raised in groups o f 4-6 mice from
different strains (C57BL/10 (H-2"), BIO (H-2^), BIO.A (H-2"), BI0.D2 (H-2‘*), BIO.BR
(H-2''), SJL (H-2"), Balb/c (H-2"^) and CBA (H-2'')) injected with various peptide
preparations (P1-P4) emulsified in Freund’s complete adjuvant (FCA). Sera from each
group were collected and pooled 14 days after the final injection. BIO mice were also
injected with P4 and the adjuvant neuramidase/galactose oxidase (NAGO).

3.3.2 Immunogenicitv of PI and P2 peptides.

A previous study (Toye et al 1990) determined that peptide sequence PI
(“^^SEATIFDVTTLNPTIAG^°^) contained both B cell epitopes and T helper sites. In
this preliminary experiment, the peptide sequence PI was one o f five partially
overlapping peptides o f a 61-mer sequence (from position 273 to 333) covering the
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entire VD IV region of serovar B Omp. The 61 amino acid peptide was found to recall
an antigen-specific proliferation response o f T cells primed in vivo with chlamydial
EB in BALB/c (H-2"^) mice. Fragment PI stimulated significant proliferation responses
in both CBA (H-2") and C57BL/10 (H-2^) but not BALB/c (H-2‘*) mice.
Since the PI sequence contained both B cell epitopes and T helper sites, the
effects o f polymerization on immunogenicity o f the synthetic peptides PI and P2 were
evaluated. Previously, success was found in inducing high antibody response to
polymerized synthetic peptides by incorporation into a polylysine core (Tam 1988;
Tam et al 1990; Wang et al 1991). A refinement o f this was to conjugate three lipidic
amino acids to the polylysine core to give the TCP system P2. The immunogenicity
o f this peptide was compared with the same sequence coupled to two lipidic amino
acids to give the LAA system PI.
Peptides PI and P2 were used to immunize four congenic strains o f mice. The
antisera were assayed against serovar B EB whole organisms in an enzyme-linked
immunosorbent assay (ELISA) (Graph 3). PI elicited anti-EB antibodies with
relatively low titres, whereas P2 was able to raise antibodies with high titres in B 10.A
(H-2“) and BIO.BR (H-2'"), and intermediate titres in BIO (H-2^). B10.D2 (H-2"^) was
a nonresponder to both PI and P2, which was consistent with the 11-2^* restriction o f
T cell immune response with the PI sequence observed in the preliminary experiment.
In a pepscan assay (Graph 4), antisera (1:500 dilution) raised with P2 in the
two high responder strains H-2^ and H -2 \ displayed similar epitope specificities as
antisera (1:1200 dilution) raised with whole serovar B EB, except that more epitopes
were mapped with the P2 antisera.
These results suggest that the PI peptide sequence is a potential candidate
sequence for providing a T helper cell site and a B cell sites covering B serogroup
serovars, and that the LCP preparation P2 significantly enhanced the immunogenicity
o f the PI sequence.
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G ra p h 3. Titration o f IgG antibodies raised with P I or P2 in four different mouse
strains. The antibody titres were assayed against serovar B EB in an ELISA.
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3.3.3 Immunogenicitv o f chimeric peptides P3 and P4.

The preliminary experiment also found that monoclonal antibodies to a serovar
C Omp VD I sequence were able to bind to native organisms o f various strains in the
C serogroup, and neutralize chlamydial infectivity in an in vitro neutralization assay.
Therefore, a 30-mer chimeric peptide containing the P2 sequence and a 13 amino acid
sequence from VD I o f C Omp was synthesized as a monomer P3 and as LCP system
P4, and used to immunize five strains of mice.
The ELISA results (Table 13) show that both P3 and P4 induced peptide
reactive and EB reactive antibodies. B10.D2 (H-2^) strain displayed the lowest
antibody response to the P3 sequence consistent with the H-2^ haplotype restriction o f
immune responses to PI peptide sequence found previously. The anti-peptide antibody
titers in sera raised with P4 are 10-3200 fold higher than those raised with the P3
monomer. Antisera were able to bind to whole EB o f serovar A, B, and C coated on
ELISA plates. All three serovars were equally well recognized by each sera. The antiEB antibody titres were 20-40 fold lower than the anti-peptide antibody titres.

Table 13. IgG antibodv titres in mouse antisera raised with P3 and P4.
Im m u n o g en
A n tig e n

P3 + FC A

P4 + FC A

BIO
(H -2 b )

BIO . A
(H -2a)

B IO .B R (H 2k )

B 10 .D 2 (H -

SJL

2d )

(H -2 s)

P3

1:160

1:160

1:320

1:80

A EB

1:160

1:160

1:160

1:80

B EB

1:80

1:160

1:160

1:80

C EB

1:160

1:320

1:320

1:80

P4

1 :512,000

1:128,000

1:64,000

1:800

1:
1,024,000

P4 + N A G O

A EB

1:25,600

1:3,200

1:3,200

< 1:1 0 0

1:51,200

B EB

1:12,800

1:3,200

1:1,600

< 1 :1 0 0

1:25,600

C EB

1:25,600

1:12,800

1:1,600

< 1:1 0 0

1:25,600

P4

1:2 5 6 ,0 0 0

A EB

1:12,800

B EB

1:12,800

C EB

1:25,600

T h e E L IS A litre w as e x p re sse d as th e h ig h e st d ilu tio n o f an tisera w hich g a v e an 0 0 v alu e fou rfo ld ab o v e b a c k g ro u n d . T he
titratio n w as c o n d u cted in d u p lic a te in tw o sep arate e x p erim ents.
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3.3.4 Discussion.

Serovar B and C peptide sequences induce antibodies capable o f binding to the
major trachoma causing serovars (A, B, and C). The T helper site/s found in the P3
sequence was capable o f presentation by four out o f five H-2 variants. Polymerization
o f peptide by incorporation into the LCP system P4 significantly enhanced
immunogenicity (approximately 100-fold) in comparison to monomeric peptide P3
alone. Also, noninflammatory NAGO adjuvant could be substituted for FCA and result
in comparable peptide immunogenicity. This may be a significant advantage since the
intense inflammatory reaction elicited by FCA prevents its use in man. Therefore, LCP
system P4 in NAGO adjuvant is probably a useful first generation peptide vaccine for
C. trachomatis immunological evaluation.
The above results suggest that the LCP system 40 could be used as a combined
carrier-vaccine candidate. The additional function as an adjuvant was not explored in
the above experiments, since the derivative P4 was administered together with the
adjuvants FCA or NAGO.
LCP system 40 combines two features which confer the following advantages
as a carrier-vaccine system:

1) the branched polylysine core enables attachment and delivery o f multiple copies o f
an antigen (polymerization), and thereby increases the size o f the molecule such that
it is recognised as an being immunogenic, as originally determined by Tam (1988).

2) the LAA moiety confers the property o f lipophilicity thereby assisting membrane
binding or anchoring o f antigens to surface exposed receptors. The LAA moiety may
also be modified:
i) the length o f the peptide chain (m) could be varied to establish an appropriate
degree o f lipophilicity for the membrane under investigation,
ii) the length of the alkyl side chains (n) could also be varied to achieve a similar
result,
iii) the carboxyl terminus could be attached to an auxilliary substituent, such as a sugar
to increase hydrophilicity (and then to the resin via a bridging compound or spacer.
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if necessary).
iv) different, or various complete amino-protected peptides (as an equimolar mixture),
or radiolabels or the dye fluorescein for tracer studies, could be attached, via the
amino termini.

A further advantage is that the LCP system can be synthesized using an automated
procedure, without isolation o f intermediates.

3.4 Oral absorption o f B-lactam antibiotics.

The three tritium labelled LCD delivery systems conjugated to P-lactam
antibiotics, penicillin G, 6-aminopenicillanic acid, and cephalosporin C (compounds
41a, 41b, and 41c respectively), and tritium labelled cephalosporin C (compound 81)
were administered by gavage to male Wistar rats in water (Img/mL). DMF (2%) was
added initially to aid dissolution, however, the compounds were presented as a fine
suspension.
The 4 samples (lOpL in 4mL scintillation liquid) were first counted by a liquid
scintillation counter to determine the amount o f tritium (in dpm) present in each dose.
Duplicate readings were averaged, and the dpm extrapolated for a ImL dose (count
per dose. Table 14). The other data (approximations) in the table were calculated given
that the specific activity of the acetylating reagent ^H-acetic anhydride was
500mCi/mmol, and that ImCi was equivalent to 2.2x1 O^dpm. As a control, a count
was taken o f 1OpL water/DMF (2%) in scintillant (4mL), to establish the background
level o f tritium disintegration, and this background count subtracted from the values
obtained.

Ill

Table 14. Count and amount o f radiolabel per dose.

count per dose

amount of

amount of

(dpm)

radiolabel (fiCi)

radiolabel (nmol)

41a

758943

0.345

0.690

41b

396833

0.180

0.361

41c

534252

0.243

0.486

81

832420

0.378

0.757

Compound

Dosing and sacrifice were timed to provide a transit period for one o f the compounds
o f one, three, six, or twelve hours for each o f the twelve rats. Compound 81 was
administered to only one rat, to avoid unnecessary usage o f animals, which was
sacrificed after 6 hours. Further, the control was contrived to negate the use o f an
animal.
Following

sacrifice, blood and organs were removed and the latter

homogenized with water to aid tissue breakdown. Tissue solubilizer was added to these
samples, then they were shaken for three days to achieve dissolution.
The samples were vortexed to ensure a solution, then aliquots were added to
scintillation vials. Blood and spleen samples (dark brown) were decolourized with
hydrogen peroxide to prevent colourquenching. Liquid scintillant was added to the
samples, vortexed to mix, and the vials inserted into the scintillation counter to
determine the organ count. The count was adjusted by a dilution factor (OF) for blood
and individual organs, to establish the total count (equation 1):
total count (dpm) = organ count (dpm) x DF

(1)

The total count was then related to the original count per dose, adjusted for the
background tritium level, to calculate uptake o f the radiolabel (equation 2):
% uptake = [total count / (count per dose - background count)] x 100

(2)

Percentage uptake per organ and total percentage uptake for the compounds are shown
in Tables 15-18. A plot of total percentage uptake against time in shown in Graph 5.
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Table 15. Percentage uptake o f tritiated LCD-penicillin G M la l

Organ

1 hour

3 hours

6 hours

12 hours

blood

16.83

17.14

23.65

11.93

liver

8.36

5.16

7.90

4.79

kidney

5.25

1.55

1.43

0.69

spleen

1.68

0.37

1.11

0.84

stomach

4.59

2.52

1.25

0.54

S.L

11.93

5.11

8.69

3.73

L.I.

:L36

1.75

2.17

2.18

Total % uptake

51.00

33.60

46.20

24.70

Table 16. Pecentage uptake of tritiated LCD-6-aniinopenicillanic acid (41bT

Organ

1 hour

3 hours

6 hours

12 hours

blood

31.28

30.22

13.29

14.27

liver

2.13

1.81

1.06

1.11

kidney

1.03

0.85

0.35

0.12

spleen

0.63

0.92

0.81

0.27

stomach

1.49

1.35

0.43

0.2

S.L

2.41

:L35

1.77

0.84

L.I.

0.43

1.00

1.40

1.09

Total % uptake

39.40

38.50

19.20

17.90
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Table 17. Percentage uptake of tritiated LCD-cephalosporin C ('41c).

Organ

1 hour

3 hours

6 hours

12 hours

blood

15.87

20.54

29.58

13.81

liver

4.18

3.79

3.49

3.29

kidney

3.06

2.38

2.58

0.64

spleen

0.51

0.79

1.04

0.36

stomach

2.58

1.37

1.31

0.31

ST.

5.99

5.99

4.17

2.24

L I.

2.61

1.24

3.13

1.55

Total % uptake

34.80

36.10

45.30

22.20

Table 18. Percentage uptake of tritiated cephalosporin C (81).

Organ

6 hours

blood

1.22

liver

0.23

kidney

0.11

spleen

0.08

stomach

0.56

ST.

0.87

L.l.

0.13

Total % uptake

3.20
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G ra p h 5. Total percentage uptake versus time for compounds 41a-41b.
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3.4.1 Discussion.

Three representative p-lactam antibiotics were conjugated to a proposed lipidcore-drug (LCD) delivery system incorporating a tritium radiolabel, with the aim o f
utilizing the lipophilic characteristics o f lipidic amino acids to enhance absorption,
following oral administration of these poorly absorbed drugs in rat. The tissue uptake
o f the radiolabel was determined in blood, kidney, liver, spleen, stomach, small (S.I.)
and large intestine (L.I.).
The parent compounds penicillin G and 6-aminopenicillanic acid were not
provided with the radiolabel, and were therefore not assessed. It was not possible to
acetylate penicillin 0 , and it was thought that 6-aminopenicillanic acid would be
poorly absorbed. Detectable radioactivity in blood and organs o f parent compound 81
(tritiated cephalosporin C) was just marginally greater than that calculated for the
background level. By contrast, LCD compounds 41a, 41b, and 41c demonstrated
significant oral uptake (Graph 5). However, approximately 50% o f the available
radioactivity initially administered was undetectable for all 3 compounds.
Distribution of all 3 compounds to the blood supply was higher than that to the
other organs (Tables 17-20), implying that the compounds had passed through
intestinal membrane. The percentage o f the 3 compounds present in the small intestine
was also relatively high, and decreased with time, possibly indicating that absorption
had occurred, since the percentage present in the large intestine was low, and therefore
the passage o f unabsorbed compounds to the large intestine was limited. Radioactivity
was also detected in liver, kidney, and spleen, suggesting delivery by the blood supply
and again implying intestinal absorption of the 3 compounds.
Total uptake o f all compounds (Graph 5) was relatively high for up to 6 hours
following dosing (although 41b decreased after 3 hours), then at 12 hours the level o f
radiolabel detected dropped to 24.7%, 17.9%, and 22.2% respectively for compounds
41a, 41b, and 41c. It is possible that after 6 hours the compounds were distributed to
sites not selected for analysis. Compound 41b displayed a different uptake profile to
that of 41a and 41c, possibly indicating a different transport process. Both free and
facilitated diffusion processes have been proposed for the absorption o f p-lactam
antibiotics (Kimura et al 1980). However, presumably the transmembrane mechanism
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operating here concerns the uptake o f the lipidic amino acid-lysine moiety o f the LCD
system, or the free diffusion o f its lipidic moiety, with the drug playing little or no
part in the absorption process- absorption being a consequence o f its attachment to the
system. It appears unlikely that the system 41b was cleaved by amidases thus releasing
the drug, because an amide bond is relatively biologically stable, and the percentage
uptake was too high to explain absorbance by the free drug. Therefore, since there
were different uptake profiles, the implication is that there may be one or more
transport processes involved.
The results show that oral uptake o f LCD compounds was increased over one
parent drug, suggesting that conjugation to the LCD delivery system is a useful
approach to improving the uptake o f poorly absorbed p-lactam antibiotics, providing
biological activity is retained. This property was not assessed.

3.5 LHRH lipidic peptides.

Since LHRH suffers low GI tract absorption and also degradation by enzymes,
the compound was chosen as a model system to study the ability o f LA A ’s to assist
absorption and also possible enhancement o f biological stability. Peptides P5-P8 have
been prepared for biological testing.

3.6 Murine B2 microglobulin nentide fragments.

A set o f overlapping peptides P9-P14 encompassing the complete sequence of
murine p-2M was synthesized and coupled to KLH for immunohistochemical studies
o f the HIV virus. The results are eagerly awaited.

1 17
3.7 IgE receptor 6-subunit peptides: receptor topography.

3.7.1 Sequence-specific antibodies: production and characterization.

To map functions o f the IgE receptor to its sequential parts, a series o f peptide
fragments P15-P17 were synthesized, and antibodies produced to them. The
topography and function o f the receptor were investigated using these sequencespecific peptide fragments and anti-peptide antibodies.
Carrier

proteins

were

conjugated

to

the

peptides

to

increase

their

immunogenicity, and satisfy the requirements for ELISA assays. KLH was used as the
immunogen carrier, and bovine serum albumen for ELISA experiments. The
glutaraldehyde method was utilized for coupling, with unused coupling reagent
removed by column chromatography (Sephadex G-25). After lyophilization, conjugated
peptides were stored at -18°C.
Polyclonal antibodies were produced by rabbits, using an immunization
protocol o f four intramuscular injections o f KLH-conjugated peptides at day 1, 21, 35,
and 60. Freund’s complete adjuvant was used in the initial injection, with Freund’s
incomplete adjuvant for the second. Later injections were boosters with only common
antigen. ELISA and Western-blotting methods were adopted to characterize the
antibodies. Indirect ELISA tests were completed with the microtitre plate coated with
either the synthesized peptides or with rat basophilic leukaemia (RBL-2H3) cells (from
which the complimentary DNA o f the FcsRI receptor was derived).
Antibodies to different subunits were investigated in Western-blotting assays
to check whether the antibody specifically recognised the appropriate subunit
appearing on SDS-PAGE gel. The RBL-2H3 cells were lysed in Hank’s balanced salt
solution containing 30mM CHAPS, to release the protein. The proteins from the lysed
cells were separated on 12.5% SDS-PAGE and protein bands were transferred onto
nitrocellulose membrane by standard methods. The nitrocellulose membrane strips
were incubated with the sequence-specific antibodies, then with second antibody
labelled with horseradish peroxidase, and developed by enhanced chemiluminescence
(Thorpe et al 1985).
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3.7.2 Topography o f the receptor.

Immunofluorescence techniques with sequence-specific antibodies were used
to probe the topography o f the IgE receptor. Intact and permeabilised cells were
incubated with fluorescein-labelled secondary antibodies, then observed with flow
cytometry and digital-image microscopy respectively.

3.7.3 Discussion.

The ELISA results (Graph 6) showed that the sequence-specific antibodies not
only bound to the peptide antigens, but also reacted with the native receptor on RBL2H3 cells. The majority of higher-titre antibodies bound strongly to the native protein
on the cell membrane. Interestingly, antibody to peptide P I 6, corresponding to a
putative intracellular sequence, almost failed to react with the peptide, but was very
active against RBL-2H3 cells. These results demonstrated that the same antibody
exhibited different binding characteristics to synthetic linear peptides and to the threedimensional native receptors on the cells, the latter reflecting receptor topography with
respect to the membrane.
The Western-blotting results (not shown) revealed that all three (3-subunit anti
peptide antibodies (to P15, P16, and P17) recognised the 33kDa protein band on the
gel (Holowka and Metzger 1983), and also recognised proteins o f 45, 67, and 100
kDa, however, affinity-chromatography-purified anti-P15 recognised only the 33 kDa
band. This band corresponded to the p-subunit.
The immunofluorescence results comfirmed that peptide P16 was located
outside o f the cell, and that peptide P17 was a cytoplasmic fragment. Antibodies to
P15 bound to both extracellular and cytoplasmic domains of the receptor, in apparent
contradiction to the schematic model (Kinet 1990). A possible explanation is that the
flexibilty o f the receptor may allow the antibody to reach a hidden epitope o f the
receptor, or alternatively, that a part o f the P15 peptide was both extra- and
intracellular. Similar results have been reported o f a monoclonal antibody to the
putative cytoplasmic fragment o f the p-subunit binding to intact RBL-2H3 cells
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(Rivera et al 1988).
These initiai results provide encouragement for future work in the development
o f an understanding of receptor structure, its relationship to function, and anti
inflammatory drugs.
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G ra p h 6. ELISA titration studies showing the recognition by sequence-specific anti
peptide antibodies o f the corresponding IgE receptor peptide domain (B) and o f the
whole RBL-2H3 cells (A).
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CHAPTER 4. CONCLUSION.

One aim o f this dissertation was to evaluate the potential o f lipidic a-am ino
acids and their peptides as drug and peptide delivery systems. It was reasoned that by
conjugating LAA ’s to certain compounds, increased lipophilic character would result,
thereby assisting membrane penetration or translocation. LAA’s were therefore
synthesized and conjugated to selected compounds.
Further, some aspects o f the IgE receptor p-subunit were studied, in order to
begin to understand the structure-function relationship. An additional interest was to
synthesize peptide fragments o f p2-microglobulin for HIV immunohistochemical
studies.

4.1 Baclofen-LAA conjugates: attempted biological testing.

In order to try to increase the limited ability o f baclofen to penetrate the bloodbrain barrier, baclofen 38 was synthesized by the adaptation o f a literature method,
then conjugated to LAA’s by solution phase chemical methodology. A notable
variance from the published procedure occurred in the hydrogenation step, with the
formation o f lactam 66 as the major product, however, this compound was easily
converted to the target compound by saponification. Derivatives 71a-71c, 72a-72c,
75a-75d, 77a-77d, and 79a-79d were synthesized for testing, however, persistent
apparatus malfunction prevented sufficient biological testing o f the compounds,
therefore, with regret, no results could be reported.

4.2 Lipidic alanvl-glvcine peptide conjugates: mitogenicitv.

Alanyl-glycine dimers were synthesized by solution phase methods then
coupled to homologous LAA’s to give the lipidic alanyl-glycine peptide conjugates
80a-80k, from precursors 37a-37e. Four compounds, the Boc-protected alanyl-glycine
monomeric, dimeric, and trimeric LAA’s (peptides 80d, 80g, and 80k respectively).
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together with a deprotected dimer (80h), were selected for a B-iymphocyte assay.
At a physiological dose for Balb/c mice, approximately equal mitogenic activity
was found for the three Boc-protected compounds, with higher activity shown by the
free-amine 80h. Greatest activity was displayed by the potent control, a triple-chain
lipopeptide which anchored the fatty acid moiety to lymphocyte membranes. It was
assumed that due to the relatively high activity o f the LAA conjugates, the LAA
moieties had acted as delivery systems to similarly penetrate and anchor membrane.
Futher work with trimeric LAA’s possessing a free amine is necessary, since these
compounds covalently bound to specific moieties, may constitute interesting tools for
the study o f the molecular mechanisms underlying B-lymphocyte activation.

4.3 Lipidic amino acid based carrier-vaccine: immunological evaluation.

A novel Lipid-Core-Peptide system 40 was synthesized by solid phase
methodology. The LCP system was designed to combine the advantages o f branched
polylysine (to deliver multiple copies of an agent, and to increase the molecular weight
o f a molecule for recognition as an immunogen), and the previous observation o f a
lipophilic a-am ino acid based anchor. Its use was postulated both as a combined
adjuvant-carrier-vaccine system, and as a drug delivery system. It was assessed as a
potential carrier-vaccine candidate as the LCP systems P2 and P4. The LAA delivery
system (and postulated immunomodulating agent) PI, and the monomer P3 were
compared with P2 and P4 respectively in immunological experiments. Compounds P lP4 were synthesized by solid phase protocols.
Compounds P1-P2 incorporated a potential candidate sequence from serovar
B Omp containing both B cell epitopes and T helper sites. In an ELISA, antibodies
raised by both compounds were able to recognise native epitopes on chlamydial EBs.
P2 was able to raise antibodies with high titres, while PI elicited antibodies with low
titres. In a pepscan assay, antisera raised with P2 displayed similar epitope specificities
as antisera raised with whole EBs. These observations suggested that P2 significantly
enhanced the immunogenicity of the candidate sequence.
Compounds P3-P4 incorporated the above sequence together with a sequence
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from serovar C Omp to give 30-mer peptides. In an ELISA, both P3 and P4 (prepared
in EC A or NAGO adjuvants) induced peptide reactive and EB reactive antibodies. P4
significantly enhanced immunogenicity (approximately 100-fold) in comparison to the
P3 monomer. Epitope specificity mapping o f P4 antisera showed that the antigenic
regions recognised represented both B serogroup and C serogroup species.
The results suggest that the first step o f an attempt to develop an effective
trachoma vaccine was achieved since P4 in NAGO may be a useful first generation
peptide vaccine for C. trachomatis immunological evaluation. They further imply that
LCP system 40 could be used as a combined carrier-vaccine candidate due to these
promising early results.

4.4 Lipidic amino acid based 6-lactam drug deliverv svstem: oral absorption.

Three representative p-lactam antibiotics were conjugated to a proposed
delivery system comprising lipidic amino acids-polylysine core-drug, the (LCD)
system 41. The intention was to increase oral absorption o f these poorly absorbed
drugs by utilizing the postulated ability o f the lipidic peptide moiety to cross
membranes.
LCD systems 41a, 41b, (a penicillin derivative and the penicillin nucleus
respectively), and 41c (a cephalosporin derivative) were provided with a tritium
radiolabel to follow their distribution with time in male rats. One parent compound,
cephalosporin C, was tritiated for comparison (81). The other two parent drugs were
not radiolabelled; it was not possible to label penicillin G, and 6-aminopenicillanic was
thought to possess limited membrane penetration. No investigation o f retention o f
biological activity was undertaken.
The lipid-core template 41 was synthesized by a manual solid phase method,
then the three p-lactam compounds and ^H-acetic anhydride were reacted by different
protocols to provide the LCD systems 41a, 41b, and 41c Compound 81 was
separately acetylated to incorporate the radiolabel.
The three LCD systems displayed significant uptake compared with parent
compound 81, suggesting that the LCD system may act as a useful delivery system
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following oral absorption, and that conjugation to this system for p-lactam antibiotics
may be of therapeutic benefit, providing anti-microbial activity is retained.

4.5 LHRH lipidic peptides.

The drug LHRH, prone to ineffective gastrointestinal absorption and enzymic
degradation, was chosen as a model system to assess the ability o f LAA’s to both aid
absorption, and possibly increase the half-life, by physical shielding o f labile
constituents by the long alkyl chains. LHRH (with a simple modification o f Glu
replacing Glp) was synthesized by solid phase methodology, then conjugated to LAA’s
to give peptides P5-P7, the homologous LAA monomer, dimer, and trimer
respectively. The tetramer P8 could not be purified by HPLC. The peptides are
awaiting biological testing.

4.6 Murine B2 microglobulin peptide fragments.

Murine p2-M was synthesized as a set o f overlapping peptides P9-P14 by solid
phase protocols, then coupled to KLH for immunohistochemical HIV infection studies.
The results o f these studies are nearing completion.

4.7 IgE receptor B-subunit peptides: receptor topographv.

Sequence-specific peptides PIS, P16, and P17 for the high-affmity IgE
receptor were individually synthesized by solid phase protocol, and polyclonal
antibodies produced, in order to map the various functions o f the receptor to the
appropriate subunit fragment. The antibodies were characterized by ELISA titration
against the synthetic peptides and rat basophilic leukaemia (RBL-2H3) cells, by
immunoblot and immunofluorescence assays. The results from different assays
confirmed that the antibodies not only bound to RBL-2H3 cells, but also recognised
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the p-subunit o f the receptor.
The data were found to be consistent with the intrinsic sequence specificity o f
the antibodies and partly confirmed the proposed IgE receptor topography (Blank et
al 1989), with the variation that part o f the P15 peptide fragment may be both intraand extracellular.

4.8 IgE receptor 6-subunit peptides: conformational studies.

A set o f four extramembraneous loop peptide fragments P18-P21 (P21 was a
duplicate o f P20, substituting cysteine with alanine residues) o f the subunit were
individually synthesized by a solid phase protocol. Colleagues used these peptides to
conduct studies aimed towards the proposal o f a conformational model o f the Psubunit. They found that for each pair o f consecutive transmembrane helices and its
loop peptide, a helix-loop-helix-loop-helix m otif existed. Their work is shown in the
Appendix.

Thus, LAA’s and their peptides were synthesized and conjugated to selected
compounds. Biological evaluation of some o f the conjugates indicated that the lipidic
moiety acted as a delivery system by penetrating membranes, to either anchor the
active species to the membrane, or to translocate membranes. Therefore, in this study,
LA A ’s possessed the capability to act as drug and peptide delivery systems.
Other biological aspects o f the p-subunit o f the high affinity IgE receptor were
investigated. An indication of further work on a proposed vaccine candidate was also
presented.
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C H A P T E R S . EX PER IM EN TA L.

Reaction progress was monitored by thin layer chromatography (tic) on
Kieselgel PF254 using CH2Cl2/MeOH ( 10:1) as the mobile phase, unless stated
otherwise. Preparative scale purification was achieved by tic using Kieselgel PF254+366
on 20 by 20cm plates o f 1.5mm thickness, or column or flash chromatography through
Kieselgel G (usually with the above solvent system as eluant). Solvents were
evaporated under reduced pressure with a rotary evaporator. Melting points were
uncorrected and not given for diastereomeric mixtures.
Infra-red spectra were recorded with a Perkin Elmer 841 spectrophotometer.
Mass spectra were run on a VO Analytical ZAB-SE instrument, using the fast atom
bombardment (FAB) techniques (unless stated otherwise): 20kV Cs^ ion bombardment,
with 2 microlitre appropriate matrix, either 3-nitrobenzyl-alcohol, or thioglycerol with
Nal (methanolic solution) added when necessary to produce natriated species where
no protonated molecular ions were observed.

NMR spectra were obtained by m yself

on a Varian XL-300 instrument, operating at a frequency o f 300MHz. Chemical shifts
were reported in ppm downfleld from internal TMS.
Peptides synthesized by solid phase methods used MBHA resin and Boc-amino
acids (L-isomer) with appropriate side chain protecting groups from Nova-Biochem,
and were purified as described in section 2.3.6.

5.1 Synthesis of Baclofen.

Synthesis of 4-chlorobenzal-diethvl malonate (61).

Benzene was added to a 2L flask fitted with a Deah and Stark separator and
condenser, followed by diethyl malonate (40g, 0.25mol), hexanoic acid (29g, 0.25mol)
and piperidine (10.6g, 0.125mol) with swirling after additions. A benzene solution o f
4-chlorobenzaldehyde (35.Ig, 0.125mol) was then added, and benzene to a total o f IL
poured in to fill the dropping funnel o f the separator. The mixture was refluxed for
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20 hours then cooled.
The organic solution was then washed consecutively with NaHCO^ (5% w/v),
H2O, and CH3COOH (5% w/v), the organic layer dried (Na2S04) and evaporated. The
resulting oily residue was distilled (0.5mm Hg, 152-154°C) to give a faint strawcoloured oil.

Yield:

60.4g (86%).

IR rV^,...cm ‘):

2985, 1729, 1630,

MS: El m/z (%):

284[M+2](13), 282[M](39), 237(48),

NMR (C.D^.dppm): 7 .6 1 (lH ,s ,C H ),

1492, 1256, 1214, 825, 710.

7 . 1 4 (4 H ,d ,A r-H ),

136(100), 101(55).
4 . 10(4 H ,q ,2 C H 2),

1. 10(6H ,t,2 CH3).

Svnthesis of 3-cvano-34-chlorophenvn-Dronionic acid ethvl ester (62).

KCN (15.Ig, 0.232mol) was added, with appropriate precautions, to a IL flask,
and H2O added dropwise until dissolution occurred. A solution o f the condensation
product 61 (58.Og, 0.205mol) in ethanol was added and the mixture stirred vigorously
under an atmosphere of N 2 at 60°C for 19 hours. The reaction progress was followed
by tic and IR spectrometry.
After cooling over ice, precipitated potassium bicarbonate was removed by
vacuum filtration and washed with ethanol. The filtrate was acidified to pH6 (6M HCl)
and evaporated. The resulting solid residue was dissolved in ether, washed with H2O
(x5), the organic layer dried over Na2S04 then evaporated. The ruby-coloured liquid
obtained was distilled (0.8mm Hg, 158-160°C) to give a colourless oil, which on
standing condensed to a white solid. Recrystallization from ether/petroleum ether
afforded white needles.

Yield:

38.8g (80%).

IR fV,,.,xm-'l:

2988, 2250, 1728, 1491, 1408, 1253, 1205, 1091, 1013, 710.

MS: El m/z (%):

239[M+2](6), 237[M](18), 163(90), 150(63), 137(42), 102(28),
43(100).

mp 102-104°C.

1 29
NMR rd.-DM S0.5DDml 7.50(4H,d,Ar-H), 4.59(lH,m ,CH),
4. 10(2H,q,OCH2), 3.09(2H,m,CH2), 1.17(3H,t,CH3).
NMR r'^O :

1 7 3 .3 ( C = 0 ) ,

13 8 .0 ( A r - C - C l ) ,

13 6 .0 ( A r - C - C H ) ,

133.5/132.8(Ar,4C), 124.3(nitrile C), 6 4 .6 ( 0 ^ ; ) , 41.9(£HjCO),
35.4(CHCH2), I7.9(CH;).

Synthesis o f 4-am ino-3-(4-chlorophenvn-butanoic acid ethvl ester (65). and
4-r4-chlorophenyn-pvrollidine-2-Q ne ( 66 ).

The cyano compound 62 (36.Og, 0.152mol) was dissolved in ethanol (200mL),
then concentrated HCl (24mL) and platinum(IV)oxide (0.5g, A dam ’s catalyst) were
added, and the mixture hydrogenated at room temperature at 30psi for 33 hours. The
reaction progress was followed by tic and IR spectrometry.
The catalyst was then filtered off and the filtrate evaporated to a solid residue,
which was washed with ether. After flash chromatography (CHCl^/MeOH/AcOH,
5:1.5:1) small samples o f the three hydrochloride products obtained were in turn
dissolved in H2O, neutralized with NaOH (2M), and the free bases recrystallized from
H2O, except lactam (EtOH/ether).

Yield: Ester (9.6g, 23%), lactam (13.8g, 39%), baclofen (6.5g, 17%).
tic (t-BuOH/HoO/AcOH. 3:1:1) R^: 0.5170 (lactam), 0.4966 (ester), 0.4490 (baclofen;
equivalent to authentic sample).

E ster 65.

mp 121-123°C.

IR (V„„.,.cm-'V

3471, 3416, 2984, 2907, 1729, 1616, 1490, 1460, 1417,

1378,

1296, 1221, 1184, 1135, 1089, 1012, 824, 712.
MS: El m/z (%Y

243[M+2](4), 241[M](12), 212(3), 195(42), 179(12),167(5),
153(10), 138(100), 125(20), 103(45), 77(33), 51(25).

NM R (d.-DM S0.0ppm l: 7.94(2H,bs,NH2), 7.37/7.32(4H,d,Ar-H), 3.93(2H,q,OCH2),
3 .25 (lH ,m ,C H ),
1.02( 3H,t,CH3).

2 .96(2H ,m ,C H 2N ),

2 .6 4 (2 H ,m ,C H 2CO),
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L actam 66.

mp 118“C (1 19"C, Blade-Font

1980).

IR tV__.cm '):

3418, 3141, 3041, 1685, 1670, 1569, 1490, 1402, 1304, 1255,
1194, 1089, 1012, 847, 816, 705.

MS: El m/z (%):

197[M+2](12), 195[M](36), 167(53), 138(100), 103(37), 76(81).

NM R (CDCL.Sppm): 7.32/7.18(4H,dd,Ar-H), 5.61(lH,bs,NH), 3.47(lH,m,Ar-CH),
3.37(2H,m,CH2N), 2.66(2H,m,CH;C0).
NM R C^C):

178(C=0),

141(Ar-C-Cl),

135(Ar-C-CH),

129/128(Ar,4C),

50(CH;N), 40(CH), 39(CH;CO).
Anal:

C,„H,„N0C1 (195.65)

Calc.

C 61.39, H 5.15, N 7.16

Found

C 61.40, H 5.20, N 7.06

Baclofen 38.

Data consistent with that found in next step.

Svnthesis of 4-amino-3-(4-chlorophenvn-butanoic acid (38V

Lactam 66 (12g, 0.052mol) was refluxed in NaOH (lOM, 30mL) for 90
minutes then cooled to room temperature, and the solution neutralized with aqueous
HCl. The precipitate formed upon cooling was collected by filtration, then
recrystallized twice from water.

Yield:

8.02g (73%). mp 206-208°C (agrees with Merck Index 1989).

IR (V^„...cm-'L

3456, 2988, 2928, 1625, 1528, 1498, 1401, 1095, 1018, 834,
735.

MS: El m/z (%):

215[M+2](1), 213[M](3), 195(45), 138(100), 103(28), 77(12).

NMRrDnO/DCl.Sppml: 7.93(4H,d,Ar-H), 3.83(3H,m,CHCH2N), 3.33(2H,m,CH2CO).
Anal:

C.oH.^NO^Cl (213.65)

Calc.

C 56.22, H 5.66, N 6.56

Found

C 56.23, H 5.65, N 6.55
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5.2 Svnthesis of baclofen-Iipidic amino acid analogues.

Svnthesis o f 4-rN-tert-butoxvcarbonvlamino)-3-(4-chlorophenvlVbutanoic acid ^67).
[Method A].

Baclofen (4g, 18.74mmol) was suspended in a 2:3 mixture o f t-butanol/H20
(80mL), and NaOH (8M) added dropwise, with stirring, to pH13. Di-tert-butyldicarbonate (6.2g, 28.12mmol) in t-butanol (20mL) was then added, and the pH
adjusted to 11-12 over two hours; the solution was stirred overnight.
The reaction mixture was diluted with H2O (20mL) and solid citric acid added
to pH3. After extraction with ethyl acetate (5x20mL), the organic layer was washed
with H2O (5x1 OmL), dried (MgSO^), evaporated to an oily residue, then triturated with
acetonitrile and the product filtered.

Yield:

4.38g (75%).

mp 146-148"C.

MS: m/z (%):

338[M+2+Na](33), 336[M+Na]( 100), 314(8), 286(15), 258(30),
214(10), 196(15), 133(35).

NMR rCDCL.bppmh 7.30/7.13(4H,d,Ar-H), 4.53(1 H,m,Boc-NH), 3.47(1 H,m,CH),
3.30(2H,m,CH2N), 2 .74(2H,m,CH2CO), 1.41(9H,s,C(CH3)3).

Svnthesis o f the potassium crown ether salt o f 4-fN-tert-butoxvcarbonvlaminoT3 f4-chlorophenvl)-butanoic acid (68).

Compound 67 (219mg, 0.7mmol) was dissolved in EtOH (3mL) and mixed
with a solution o f KOH (39mg, 0.71 mmol) in H2O (3mL). Crown ether (18-crown-6;
188mg, 0.71 mmol) was added and the mixture stirred for 4 hours. The solvents were
then concentrated, and the concentrate lyophilized.
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Estérification of 2-bromooctanoic acid (69a). [Method B].

Dry MeOH (40mL) was added to a two-necked round bottomed flask (lOOmL)
equipped with stirring bar, condenser, and pressure equilibriated dropping funnel with
CaCl2 tube. After cooling, cold thionyl chloride (3.6mL, 5 equivalents) was added
dropwise, followed by 2-bromooctanoic acid (1.75mL, lOmmol) and the mixture
refluxed overnight.
Following cooling and rotary evaporation, the resulting oily residue was taken
up in water and extracted with ether (x4). After drying (MgSO^), the organic layer was
evaporated to yield the methyl ester product 70a as an oil.

Yield:
MS:

1.78g (75%).
rNH,.CD:

mJziVo):

256[M +2+NHJ(10),

254[M +NHJ(10),

212[M+2-

Br+Cl+NHJCIS), 210[M -Br+Cl+NHJ(40), 176(50), 144(15),
127(25), 96(35), 58(100).
NM R

(CDCh.SppmV

4.25(lH ,m ,a-C H ),

3.77(3H,s,OCH3),

1.99(2H,m,p-CH2),

1.45(2H,m,Y-CH2), 1.27(6H,m,3CH2), 0.89(3H,t,CH3).

2-Bromotetradecanoic acid 69b and 2-bromohexadecanoic acid 69c were treated
similarly to yield the corresponding methyl esters methyl-2-bromotetradecanoate 70b
and methyl-2-bromohexadecanoate 70c.

70b

Yield:

2.40g (75%).

MS: m/z (%Y 323[M+2](56), 321[M](60), 279[M+2-Br+Cl](22), 277[MBr+Cl](66), 241(35), 154(35), 137(50), 109(30), 87(100).

70c

Yield:
MS: m/z (%Y

2.76g (79%).
351[M+2](44), 349[M](41), 307[M+2-Br+Cl](16), 305[MBr+Cl](48), 225(40), 209(8), 176(10), 101(100), 95(52).
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Svnthesis o f methyl 2-r4-nSf-tert-butoxvcarbonvlamino)-3-r4-chlorophenvn-butanovl1octanoate (71ah tetradecanoate (71b). and hexadecanoate (71ch

The crown ether complex 68 and methyl-2-bromooctanoate 70a (166mg,
O.Tmmol) were stirred in dry DMF (5mL) for 24 hours. The reaction mixture was then
diluted by brine (50mL), extracted with ether (3x1 OmL), and the organic layer dried
and evaporated. After preparative tic (DCM/MeOH, 50:1), the product was obtained
as an oil.

Yield:

ITlm g (52%).

MS: m/z (%):

494[M+2+Na](23), 492[M+Na](70), 436(15), 414(12), 370(65),
287(95), 245(100), 196(55), 136(40), 107(18).

NMR rCDCL.ÔPpm): 7.27/7.14(4H,d,Ar-H), 4.91(lH ,m ,a-C H ), 4.51(lH,m,Boc-NH),
3.69(3H , s,OCH3),

3.44(lH ,m ,A r-C H ),

2.73(2H,m ,CH2CO),

1.72(2H,m,P-CH2),

3.30(2H ,m ,CH 2N),
1.39(9H,s,C(CH3)3)

1.24(8H , s,4CH2), 0.89(3H,t,CH3).

Anal:

C24H36NO6CI (469.98)

Calc.

C 61.34, H 7.72, N 2.98

Found

C 61.29, H 7.70, N 2.98

The tetradecanoate 71b and hexadecanoate 71c derivatives were obtained by
analogous reactions using the appropriate methyl-2-bromoalkanoates 70b and 70c.

71b

Yield:

107mg (32%).

MS: m/z (%): 578[M+2+Na](12), 576[M+Na](34), 520(7), 498(12), 454(78),
277(55), 240(23), 196(100), 154(35).
NM R

rCDCL.Ôppml:

4 .5 1 (lH ,m ,B o c -

7 .2 8 / 7 .1 5 (4 H ,d ,A r -H ),
N H ),

3.70(3H,s,O CH 3),

4 .9 0 (1 H ,m ,a - C H ),
3 .46( 1H ,m , Ar-CH ),

3.29(2H ,m ,CH 2N),
2.74(2H,m ,CH2CO), 1.71(2H,m,P-CH2), 1.38(9H,s,C(CH3)3),

1.25(20H,s, 1OCH2), 0.90(3H,t,CH3).
Anal:

C30H48NO6CI (554.17)
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Calc.

C 65.02, H 8.73, N 2.53

Found

C 64.98, H 8.61, N 2.48

71c

Yield:

108mg (32%).

MS: m/z (%): 606[M+2+Na](18), 604[M+Na](50), 548(13), 482(26), 240(12),
196(75), 138(22), 73(33), 57(100).
NMR

rCD CF.Ô ppm Y

7 .2 8 /7 .1 5 (4 H ,d ,A r-H ),

4.51(lH,m,Boc-NH),
3.30(2H,m,CH2N),

4 .9 1 (lH ,m ,a -C H ),

3.69(3H,s,OCH3),

3.45(lH,m,Ar-CH),

2 .74(2H,m,CH2CO),

1.72(2H,m,P-CH2),

1.40(9H,s,C(CH3)3), 1.24(24H,s, 12CH2), 0.88(3H,t,CH3).
Anal:

C32H52NO6CI (582.22)

Calc.

C 66.01, H 9.00, N 2.41

Found

C 65.99, H 9.00, N 2.40

Svnthesis of methyl 2- [3 4-chloronhenvn-4-aminobutano vll -octanoate trifluoroacetate
(72a-TFA).

tetradecanoate

trifluoroacetate

t72b-TFA)

and

hexadecanoate

trifluoroacetate (72c-TFAF [Method C].

The Boc-protected compound 71a (30mg, 0.064mmol) was dissolved in DCM
(Im L), TFA (9mL) was added, and the solution stirred for one hour, then evaporated.
The residue was dissolved in DCM, re-evaporated to an oil, which was subjected to
preparative tic (DCM/MeOH, 10:1).

Yield:

30.3mg (98%).

MS: m/z (%):

3 9 4 [M + 2 + N a](1 6 ),

3 9 2 [M + N a](4 8 ),

3 7 2 [M + 2 ](3 4 ),

370[M](100), 196(63), 179(15), 154(27), 136(18), 107(12).
NMR fCDCF.Ôppm): 8.04(3H,s,NH3), 7.33/7.18(4H,d,Ar-H), 4.95(lH ,m ,a-C H ),
3.70(3H,s,OCH3), 3.51(lH,m,Ar-CH), 3.24(2H,m,CH2N),
2.87(2H,m,CH2CO),

1.79(2H,m,P-CH2),

0.88(3H,t,CH3).
Anal:

C2,H29N 06C1F3 (483.88)

1.26(8H,s,4CH2),
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Calc.

C

52.13, H 6.04, N 2.90

Found

C

52.09, H 6.04, N 2.89

Compounds

71b and 71c were similarly deprotected togive derivatives 72 b

and 72c as TFA salts.

72b

Yield:

27mg (88%).

MS: m/zC/o): 478rM+2+Nal(24), 476[M+Na](82), 456[M+2](33), 454[M](88),
241(6), 196(100), 154(72), 107(33).
NMR rCDCF.SppmT 8.00(3H,s,NH3), 7.33/7.16(4H,d,Ar-H), 4 .94(lH ,m ,aCH),
3.70(3H,s,OCH3), 3.53(lH,m,Ar-CH), 3.26(2H,m,CHzN),
2.85(2H,m,CH2CO), 1.76(2H,m,p-CH2), 1.25(20H,s,10CH2),
0.88(3H,t,CH3).

72c

Anal:

C27H4,N06C1F3 (568.04)

Calc.

C 57.09, H 7.28, N 2.47

Found

C 56.98, H 7.22, N 2.46

Yield:

28mg (90%).

MS:

m/z

(%):

507[M+2+Na](23),

505[M+Na](57),

485[M+2](36),

483[M](100), 309(2), 196(22), 179(4), 154(7), 107(5).
NMR rCDCL.Snnm): 7.82(3H,s,NH3), 7.31/7.15(4H,d,Ar-H), 4.93(lH ,m ,aCH),
3.69(3H,s,OCH3), 3.51(lH,m,Ar-CH), 3.22(2H,m,CH2N),
2.85(2H,m,CH2CO), 1.76(2H,m,P-CH2), 1.25(24H,s,12CH2),
0.87(3H,t,CH3).
Anal:

C29H45NO6CIF3 (596.13)

Calc.

C 58.43, H 7.61, N 2.35

Found

C 58.43, H 7.66, N 2.30
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Synthesis

of

methyl

butanamidol-decanoate

2-r4-rN-tert-butoxvcarbonvlaminoV3-(4-chlorophenvn-

('74ah

dodecanoate

tetradecanoate

(7 4 b l

(7 4 c l

and

hexadecanoate (7 4 d l [Method D].

Boc-protected baclofen 67 (300mg, 0.96mmol) was dissolyed in DCM (50mL).
A solution o f methyl a-aminodecanoate hydrochloride 73a (228mg, 0.96mmol) was
neutralized by dry N-methylmorpholine (0.1 ImL, 1 equiyalent) then added, and the
mixture cooled to 0°C. Solutions o f ED AC (202mg, 1.06mmol) and HOBt (147mg,
0.96mmol) were added and the reaction mixture stirred at 0®C for one hour, then at
room temperature oyemight.
Following consecutiye washes with HjO, citric acid (10%), HjO (x3) and
drying

(MgSO^),

the

solyent

was

eyaporated.

After

flash

chromatography

(CHClj/MeOH, 5:1.5), a white solid was obtained.

Yield:

400mg (84%).

MS: m/z (%):

522[M+2+Na](30), 520[M+Na](81), 441(9), 419(14), 397(22),
202(37), 176(11), 142(100), 89(8).

NMRrCDCL.Ôppmh 7.29/7.14(4H,d, Ar-H), 6.34(1 H,bs,CONH), 4.48(1 H,m,Boc-NH),
4.35(lH ,m ,a-C H ), 3.69(3H,s,OCH3), 3.47(lH,m ,Ar-CH),
3.29(2H,m,CH2N), 2.69(2H,m,CH2CO), 1.75(2H,m,P-CH2),
1.41(9H,s,C(CH3)3), 1.26(12H,s,6CH2), 0.88(3H,t,CH3).

Boc-protected baclofen was reacted similarly with methyl a-aminododecanoate,
methyl

a-aminotetradecanoate

and

methyl

a-aminohexadecanoate

(73b-73d

respectiyely) to giye the corresponding analogues 74b, 74c, and 74d.

74b

Yield:

459mg (91%).

M S :m /z(% h 550[M+2+Na](37), 548[M+Na](100), 470(10), 448(12), 425(21),
230(27), 196(16), 170(84), 136(25), 89(15).

74c

Yield:

460mg (83%).

MS: m/z (%): 578[M+2+Na](35), 576[M+Na](100), 497(9), 475(13), 453(23),
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258(29), 196(20), 154(22), 107(8).

74d

Yield:

588mg (79%).

MS: m/z (%): 606[M+2+Na](35), 604[M+Na](87), 525(6), 481(17), 286(15),
226(100), 96(27), 154(25), 107(12).

Svnthesis

of

methyl

2-r4-am ino-3-(4-chloroD henvn-butanam ido1-decanoate

hydrochloride t75a-H Cl). dodecanoate hydrochloride (7 5 b -H C l\ tetradecanoate
hydrochloride (75c-HCl). and hexadecanoate hydrochloride (75d-HCl). [Method E],

The Boc-protected compound 74a (380mg, 0.765mmol) was dissolved in dry
MeOH (3mL), HCl-MeOH (lOM, 9mL) was added, and the solution stirred overnight.
Following evaporation, the residue was dissolved in MeOH, evaporated and dried in
vacuo to give an oil. Purification was by column chromatography (CHCl^/MeOH,
5:1.5).

Yield:

325mg (98%).

MS: m/z t%l:

421[M+2+Na](7), 419[M+Na](19), 399[M+2](35), 397[M](100),
329(8), 202(11), 176(26), 136(10).
4-

NMR

tCDCh.Ôppm):

8.23(3H,bs,NH3),

3.68(3H,s,0CHg),

7.25(4H,d,Ar-H),

4.30(lH ,m ,a-C H ),

3.45(1 H,m, Ar-CH),

3.28(2H,m,CH2N),

1.70(2H,m,p-CH2),

1.24(12H,s,6CH2),

2.73(2H,m,CHzC0),
0.87(3H,t,CH3).
Anal:

C2,H34N203Cl2 (433.42)

Calc.

C 58.20, H 7.91, N 6.46

Found

C 58.19, H 7.89, N 6.38

Compounds 74b, 74c, and 74d were de-protected in a similar procedure to give
the respective hydrochloride salts of products 75b, 75c, and 75d.

75b

Yield:

393mg (93%).

138
MS: m/z (%): 427[M+2](36), 425[M](100), 408(22), 230(35), 196(11),
170(84), 154(17), 136(13), 107(7), 89(11).
NMR (CPCL.ÔDPm): 8.23(3H,bs,NH3), 7.31(4H,s,Ar-H), 4.29(1 H,m ,a-CH),
3.64(3H,s,OCH3), 3.48(1 H,m,Ar-CH), 3.28(2H,m,CH2N),
2.73(2H,m,CH2CO), 1.64(2H,m,P-CH2), 1.25(16H,s,8CH2),
0.86(3H,t,CH3).
Anal:

C23H38N 2O3CI2 (461.48)

Calc.

C 59.86, H 8.30, N 6.07

Found

C 59.65, H 8.24, N 5.88

75c

Yield:

418mg (92%).

M Sim/z£% l:478[M +2+Na](6),476[M +Na](18),455[M +2](34),453[M ](100),
436(22), 241(17), 196(15), 154(18), 136(5).
NMR rCDCL.Ôppml: 8.21(3H,bs,NH3), 7.30(4H,s,Ar-H), 4.29(1 H,m ,a-CH),
3.67(3H,s,OCH3),
2.72(2H,m,CH2CO),

3.48(lH,m,Ar-CH),

3.28(2H,m,CH2N),

1.67(2H,m,p-CH2),

1.24(20H,s,10CH2),

0.88(3H,t,CH3).
Anal:

C25H42N2O3CI2 (489.53)

Calc.

C 61.34, H 8.65, N 5.72

Found

C 61.33, H 8.65, N 5.74

75d

Yield:

305mg (95%).

MS: m/z (%Y 484rM +2+Hl(30). 482[M +H](77), 464(25), 286(26), 226(100),
196(18), 179(8), 154(18), 138(12), 105(5).

NMR (CDCL.Sppm): 7.26(4H,s,Ar-H), 4.34(1 H,m ,a-CH), 3.67(3H,s,OCH3),
3.49(lH,m,Ar-CH), 3.30(2H,m,CH2N), 2.80(2H,m,CH2CO),
1.67(2H,m,p-CH2), 1.23(24H,s,12CH2), 0.87(3H,t,CH3).
Anal:

C27H46N2O3CI2 (517.58)

Calc.

C 62.66, H 8.96, N 5.41

Found

C 62.55, H 8.96, N 5.39
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Synthesis o f 2-rN-tert-butoxvcarbonvlamino)-N-decanamido-r3-(4-chlorophenvn-2butanamido1-N-methvl decanoate ( 112^ . dodecanoate (7 7 b l tetradecanoate (77c). and
hexadecanoate TTTd). [Method F].

N-tert-butoxycarbonyl-a-aminodecanoic acid 76a (107mg, 0.37mmol) was
dissolved in DMF (lOmL). A solution o f compound 75a-HCl (147mg, 0.37mmol)
neutralized by NMM (0.1 mL, 2equivalents), was then added and the mixture cooled
to 0°C. Solutions of EDAC (78mg, 0.41 mmol) and HOBt (57mg, 0.37mmol) were
added and the reaction mixture stirred at 0°C for one hour, then overnight at room
temperature.
Following solvent evaporation, the residue was dissolved in DCM, washed
consecutively with HjO, NaHCO^ (5%), HjO, citric acid (10%), and HjO (x3), then
the organic layer was dried (MgSO^) and evaporated. After flash chromatography
(CHClj/MeOH, 5:1.5) a white solid was obtained.

Yield:

212mg (86%).

MS: m/z (%Y

690[M+2+Na](28), 688[M+Na](67), 668[M+2](2), 666[M](6),
588(20), 567(18), 379(7), 286(16), 196(25), 142(100), 107(10).

N M R æPCL.ÔDpm): 7.30/7.15(4H,d,Ar-H), 6.55-6.26(2H,m,2CONH),
5.34/4.88(2H,m,2a-CH), 4.48(1 H,m,Boc-NH), 3.75(3H,s,OCH3),
3.59(lH,m,Ar-CH), 3.38(2H,m,CH2N), 2.58(2H,m,CH2CO),
1.75/1.58(4H,s,2P-CH2), 1.28(24H,s,12CH2), 0.89(6H,t,2CH3).
Anal:

C36H60N3O6CI (666.35)

Calc.

C 64.89, H 9.08, N 6.31

Found

C 64.88, H 9.01, N 6.38

Compounds 77b, 77c, and 77d were obtained by the above method by reacting
the appropriate Boc-protected lipidic amino acids 76b-76d with compounds 75b-HCl
to 75d-HCl.

77b

Yield:

277mg (89%).

MS m/z (%V. 724[M+2](29),722[M](100), 688(24), 666(14), 622(27), 451(8),
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407(14), 196(7), 170(100), 138(5).
NMR rCDCL.ÔDPm): 7.30/7.16(4H,d,Ar-H), 6.56-6.26(2H,m,2CONH), 5.35/
4.88(2H,m,2a-CH),

4.47(1 H,m,Boc-NH),

3.75(3H,s,OCH3),

3.60(lH,m,Ar-CH),

3.40(2H,m,CH2N),

2.59(2H,m,CH2CO),

1.68(4H,s,2P-CH2),

1.42(9H,s,C(CH3)3),

1.24(32H,s,16CH2),

0.87(6H,t,2CH3).

77c

Anal:

C40H68N3O6CI (722.45)

Calc.

C 66.50, H 9.49, N 5.82

Found

C 65.98, H 9.47, N 5.63

Yield:

200mg (83%).

MS: m/z (%): 780[M+2](31), 778[M](100), 548(30), 502(8), 362(27), 196(8),
138(5), 101(7).
NMR

rCDCL.ÔDPm):

7.31/7.15(4H,d,Ar-H),

6.56-6.28(2H,m,2CONH),

5.35/4.88(2H,m,2a-CH), 4.48(1 H,m,Boc-NH), 3.73(3H,s,OCH3),
3.60(lH,m,Ar-CH),

3.39(2H,m,CH2N),

2.58(2H,m,CH2CO),

1.67(4H,s,2P-CH2),

1.43(9H,s,C(CH3)3),

1.25(40H,s,20CH2),

0.89(6H,t,2CH3).

77d

Anal:

C44H76N3O6CI (778.56)

Calc.

C 67.88, H 9.84, N 5.40

Found

C 67.81, H 9.84, N 5.39

Yield:

207mg (80%).

MS: m/z (%Y 836[M+2](19), 834[M](41), 441(36), 399(75), 343(32),
299(34), 226(100), 196(5), 101(17).
NMR rCDCF.Sppm): 7.32/7.16(4H,d,Ar-H), 6.57-6.27(2H,m,2CONH),
5.36/4.89(2H,m,2a-CH), 4.48(1 H,m,Boc-NH), 3.74(3H,s,OCH3),
3.60(1 H,m,Ar-CH), 3.40(2H,m,CH2N), 2.59(2H,m,CH2CO),
1.43(9H,s,C(CH3)3), 1.27(52H,s,26CH2), 0.89(6H,t,2CH3).
Anal:

C4gHg4N30gCl (834.67)

Calc.

C 69.07, H 10.14, N 5.03

Found

C 69.01, H 9.93,N 4.96
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Synthesis o f ethvl-r2nS[-tert-butoxvcarbonvlaminoVdecanamido-3-(4-chloroDhenvl')1butanoate

(78a),

ethyl-r2(N -tert-butoxvcarbonY lam ino)-dodecanam ido-3-r 4-

c h lo ro p h e n v D I-b u ta n o a te

(7 8 b ).

e th y l-r2 (N -te rt-b u to x y c a rb o n y la m in o V

tetradecanam ido-3 -(4-chloronheny n i -butanoate

(7 8 c l

and

ethyl-F2(N-tert-

butoxycarbonylamino)-hexadecanamido-3-('4-chiorophenyni-butanoate r7 8 d \

The product was obtained as a solid employing method F, and using N-tertbutoxycarbonyl-a-aminodecanoic acid 76a (238mg, 0.83mmol) and the hydrochloride
salt o f baclofen ethyl ester (compound 65) (231 mg, 0.83mmol), with DMF as solyent.
Column chromatography (DCM/MeOH, 10:1) afforded the pure compound.

Yield:

377mg (89%).

By

analogous

aminododecanoic,

reactions

between

aminotetradecanoic

and

compound

65

and

aminohexadecanoic

Boc-protected
acids

(76b-76d

respectiyely), compounds 78b, 78c, and 78d were produced.

78b

Yield:

344mg (77%).

78c

Yield:

370mg (79%).

78d

Yield:

406mg (82%).

Synthesis of 2-nSl-tert-butoxycarbonylamino)-decanamido-34-chlorophenyBbutanoic

acid

(79aT

2-(N -tert-butoxycarbonylam ino)-dodecanam ido-3-(4-

chlorophenyn-butanoicacid(79bT2-rN-tert-butoxycarbonylaminoVtetradecanamido-314-chlorophenyB-butanoic

acid

(79cT

and

2-nSf-tert-butoxycarbonylamino)-

hexadecanamido-3-(4-chlorophenyB-butanoic acid t79d). [Method G].

Compound 78a (370mg, 0.72mmol) was dissoWed in a mixture o f DCM/MeOH
(5mL;8mL). NaOH (8M, 2mL) was added and the solution stirred oyernight. The
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organic solvents were removed in vacuo, and the aqueous phase neutralized with citric
acid (10%). After extraction with DCM (x5), drying (M gSO J, and solvent
evaporation, the resulting crude oil was purified by flash chromatography
(DCM/MeOH, 5:1.5) to yield a white solid.

Yield:

233mg (67%).

MS: m/z (%Y

507[M+2+Na-l](17), 505[M+Na-1](42), 450(8), 405(30), 332(6),
310(22), 254(12), 232(16), 176(57), 142(100), 95(67).

NMR rCDCL.Ônnm): 7.29/7.15(4H,d,Ar-H), 6.51-6.49(lH,m,CONH), 5 .04(lH ,m ,aCH),

3.97(lH,m,Boc-NH),

3.38(2H,m,CH2N),

3 . 5 0 ( 1H , m , A r - C H ) ,

2.65(2H,m,CH2CO),

1.68(2H,m,P-CH2),

1.42(9H,s,C(CH3)3), 1.24(12H,s,6CH2), 0.88(3H,t,CH3).
Anal:

C25H39N2O5CI (483.05)

Calc.

C 62.16, H 8.14, N 5.80

Found

C 62.05, H 8.13, N 5.77

The Boc-protected compounds 78b, 78c, and 78d were saponified according
to the above method to yield products 79b, 79c, and 79d.

79b

Yield:

230mg (76%).

MS: m /z/% ): 5571M+2+2Na-21(14T 555[M+2Na-2](32), 535[M +2+Na-l](37),
533[M+Na-l](100), 455(36), 433(53), 411(26), 260(20), 214(20),
196(18), 170(88), 136(18), 106(10).
NMR

rCDCh.Ôppmh

7.30/7.16(4H,d,Ar-H),

6.50-6.49(lH,m,CONH),

5.04(lH ,m ,a-C H ), 3.97(lH,m,Boc-NH), 3.49(lH ,m ,A r-CH),
3.40(2H,m,CH2N),

2.66(2H,m,CH2CO),

1.69(2H,m,P-CH2),

1.40(9H,s,C(CH3)3), 1.24(16H,s,8CH2), 0.89(3H,t,CH3).
Anal:

C27H43N2O5CI (511.10)

Calc.

C 63.45, H 8.48, N 5.48

Found

C 63.37, H 8.46, N 5.48
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79c

Yield:

177mg (85%).

MS: m/z (%): 563[M +2+Na-l](38), 561[M +Na-l](100), 493(31), 461(29),
439(22), 393(15), 366(27), 288(12), 242(26), 198(90), 132(25).
NM R£ÇDÇl3.ôppml:7.32/7.19(4H,d,Ar-H),5.65(lH,bs,CONH),4.85(lH,m,aCH),3.76(lH,m,Boc-NH), 3.68(lH,m,Ar-CH), 3.37(2H,m,CH2N),
2.63(2H,m,CH2CO), 1.63(2H,m,p-CH2), 1.43(9H,s,C(CH3)3),
1.28(20H,s, 1OCH2), 0.87(3H,t,CH3).

79d

Anal:

C29H42N2O5CI (539.16)

Calc.

C 64.60, H 8.79, N 5.20

Found

C 64.67, H 8.74, N 5.14

Yield:

198mg (81%).

MSLm/zi%}: 591 [M+2+Na](36),589[M+Na](100), 505(33), 483(36), 461(18),
394(26), 298(12), 242(18), 196(17), 142(8).
NMR

rCDCF.Ôppm):

7.30/7.15(4H,d,Ar-H),

6.51 -6.49(1 H,m,CONH),

5.01(lH ,m ,a-C H ), 3.98(1 H,m,Boc-NH), 3.48(lH,m,Ar-CH),
3.38(2H,m,CH2N),

2.64(2H,m,CH2CO),

1.68(2H,m,p-CH2),

1.40(9H,s,C(CH3)3), 1.24(24H,s, 12CH2), 0.89(3H,t,CH3).
Anal:

C3,H5,N205C1 (567.21)

Calc.

C 65.64, H 9.06, N 4.94

Found

C 65.64, H 9.00, N 4.89

5.3 Synthesis of lipidic alanvi-glvcine peptide conjugates.

Synthesis of a-aminohexadecanoic acid (37a).

Dry EtOH (85mL) was added to a two-necked 250mL round bottomed flask
(rbf) equipped with condenser and magnetic stir bar, followed by small pieces o f
sodium (2.5g, 0.1 Imol) over 45 minutes. Diethyl acetamidomalonate (24.35g, 0.1 Imol)
was added to this solution, and the mixture stirred until dissolution was complete.
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Bromotetradecane (39.26mL, 0.296mol) was then added, and the solution refluxed
overnight. After cooling, the mixture was poured onto ice-water (160mL), and the
resulting precipitate filtered and dried.
The solid was placed in a wide-necked 500mL rbf, concentrated HCl (180mL)
was added and the suspension refluxed overnight. The cooled mixture was taken up
in Et0 H/H20 (3:1), heated gently to dissolve, then hot filtered. After cooling, the
solution was neutralized with aqueous ammonia (33%) then stood at 10°C. The
precipitate was filtered, washed with cold EtOH/HjO, then dried in vacuo.
Recrystallization from glacial acetic acid afforded a white powder.

Yield:

22.9g (77%).

mp 2 4 0 T (dec).

MS: rNH,. Cl) m/z (%): 272[M+H](100), 226(25), 56(8).

Svnthesis o f methvl a-aminohexadecanoate hvdrochloride (37bT

This compound was prepared according to method B, but the following was
used: 250mL rbf, dry MeOH (40mL), cold thionyl chloride (4.53mL, 6 equivalents),
and lipidic amino acid 37a (2.85g, 10.5mmol). Following solvent evaporation, the
solid residue obtained was recrystallized from MeOH/ether and gave white needles.

Yield:

2.52g (75%).

MS: m/z (%):

287(20), 286[M](100), 226(33), 154(7), 136(7), 107(4), 56(12).

NM R

tCDCh.Sppmh

8.84(3H,bs,NH3),

mp 106-106.5T.

4.02(1 H,t,a-CH),

3.83(3H,s,OCH3),

1.45(2H,m,p-CH2), 1.25(24H,m,12CH2), 0.88(3H,t,CH3).

Svnthesis of N-tert-butoxvcarbonvl-a-aminohexadecanoic acid (37c).

The compound was synthesized by method A using the following: lipidic
amino acid 37a (9.48g, 35mmol), tert-butanol/water (lOOmL, 2:3 v/v), ditert-butyldicarbonate (1 1.48g, 52mmol), and tert-butanol (25mL). The pH was adjusted to 11-12
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with NaOH (8M) over 30 min, then periodically over 1 hour. A solid was formed after
trituration o f the semi-solid residue with acetonitrile.

Yield:

11.6g (89%).

mp 64-66°C.

MS: m/z (%):

394[M+Na](15), 338(5), 316(42), 272(95), 226(100), 119(10).

NM R tCDCh.Ôppm): 4.95(1 H,d,CONH), 4.27(1 H,bs,a-CH),

1.74(2H,m,P-CH2),

1.44(9H,s,C(CH3)3), 1.25(24H,m,12CHJ, 0.87(3H,t,CH3).

Svnthesis

of

methvl

N -fN ’-tert-butoxvcarbonvl-a-am inohexadecanovn-a-

aminohexadecanoate (37d).

The title compound was synthesized by method D by reacting compound 37c
(2.60g, 6.5mmol) with 37b (2.09g, 6.5mmol), using these amounts: NMM (1.43mL,
13mmol), EDAC (1.37g, 7.15mmol), HOBt (0.88g, 6.5mmol), and CH2CI2 (80mL).
The reaction mixture was washed with water (3x40mL), then successively with
citric acid (10%), NaCl (sat. so In.), NaHC03 (5%), and finally water. After drying
(M gSO J, the solvent was evaporated and the oily residue triturated with MeOH. The
resulting crude solid was purified by column chromatography to yield a white solid.

Yield:

3.14g (76%).

mp 68-70T .

MS: m/z (%):

662[M+Na](100), 646(8), 562(37), 419(4), 364(5), 270(5),
226(75), 173(35).

NM R æDCh.ÔppmV 6.42(1 H,m,CONH), 4.91(1 H,bs,Boc-NH), 4.56(lH ,m ,CH ),
4.02(1 H,bs,CH),

3.73(3H ,s,OCH3),

1.56(4H,m,2p-CH2),

1.42(9H,s,C(CH3)3), 1.24(48H,m,24CH2), 0.88(6H,t,2CH3).

Svnthesis ofN-nSf-tert-butoxvcarbonvl-a-aminohexadecanovD-g-aminohexadecanoic
acid (37e).

The methyl ester 37d (1.92g, 3mmol) was used with the following, as per
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method G, DCM (21mL), MeOH (17mL), and NaOH (4.2mL, 5M). After a similar
work-up, the semi-solid obtained solidified on cooling, and scratching with a glass rod.

Yield:

1.64g(88% ).

MS: m/z (%):

648[M+Na](15), 592(15), 570(55), 441(7), 326(10), 226(40),
176(100), 199(25).

NM R

æD Ch.Ô ppm k

6.75(1 H,d,CONH),

4.11 (2 H ,m ,CH ),

5.03(lH,bs,Boc-NH),

1.44(9H,s,C(CH3)3),

4.56

and

1.2 5 ( 52H ,m ,2 6 CH2),

0 .88(6H ,t,2 CH3).

Svnthesis o f N-tert-butoxvcarbonvl-alanvl-glvcine methvl ester TSOak

[Mixed

anhydride method].

To a lOOmL round bottomed flask equipped with magnetic stirrer, was added
Boc-alanine (2.84g, 15mmol) and ethyl acetate (20mL). After stirring, the solution was
placed in an ice/NaCl bath. The first o f two equivalents o f NMM (1.65mL) was added,
followed by isobutyl chloroformate (1.95mL, 15mmol). After 5 min. a suspension o f
glycine methyl ester hydrochloride (1.88g, 15mmol) in ethyl acetate (lOmL),
neutralized by the second volume of NMM (1.65mL), was added in portions over 3
minutes. The reaction mixture was stirred at -15°C for 1 hour, then at room
temperature for 4 hours.
The mixture was then washed successively with water, citric acid (10%),
NaHC03 (5%), and finally water, then dried (M gSO J, and the organic solvent
concentrated. Petroleum ether addition produced an oil, which could not be solidified
after column chromatography.

Yield:

2.46g (63%).

MS: m/z (%):

283[M+Na]( 100),231(2),205(7), 183(25), 161(5), 139(2),57(3).

NMR rCDCh.Sppm): 6.74(1 H,m,CONH), 5.03(lH,m,Boc-NH), 4.22(1 H,m,CH),
4 .0 3 ( 2 H ,d,C H 2),
1.35(3H,d,CH3).

3 .7 5 ( 3H ,s,O C H 3),

1.4 5 ( 9 H ,s,C (C H 3)3),
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Anal:

CnHzgNzOg (260.29)

Calc.

C 50.76, H 7.75, N 10.76

Found

C 50.62, H 7.72, N 10.61

Svnthesis o f compound 80a. [Symmetrical anhydride method].

To Boc-alanine (2.84g, 15mmol) dissolved in DCM (20mL), was added glycine
methyl ester hydrochloride (1.88g, 15mmol), in a mixture o f DCM (20mL) and
triethylamine (2.08mL, 15mmol) at 0°C. DCC (3.10g, 15mmol) in DCM (15mL) was
then added and the mixture stirred for 1 hour at 0°c, then overnight at room
temperature.
The precipitate was filtered o ff and discarded, and the filtrate treated as
described in the previous work-up to give an oil.

Yield:

2.11g (81%).

MS:

spectrum similar to the above.

Svnthesis o f compound 80a. [DCC/HOBt method, (method D)].

Boc-alanine (2.84g, 15mmol) was dissolved in DCM (20mL), and to the stirred
solution was added glycine methyl ester hydrochloride (1.88g, 15mmol) in DCM
(40mL) neutralized by NMM (1.65mL, 15mmol). HOBt (2.37g, 15.5mmol) was added,
the mixture cooled to

0°C, then DCC (3.1g, 15mmol) in DCM (15mL) was added, and

the mixture stirred at

0°C for 1 hour, then at room temperature overnight.Work-up,

according to the previous method produced an oil.

Yield:

3.43g (88%).

MS:

spectrum similar to the above.
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Svnthesis o f alanvl-glvcine methvl ester hvdrochloride TSOb).

Compound 80a (1.2g, 4.61 mmol) was dissolved in MeOH (35mL), in an
analogous procedure to method E. HCl-MeOH (23mL, lOM) was added, and the
solution stirred for 4 hours. Following solvent evaporation, the residue was dissolved
in MeOH and re-evaporated to an oil, which solidified on storing at 8°C. The solid
was then washed (cold MeOH), and dried.

Yield:

0.77g (85%).

MS: m/z (%):

161[M](100), 136(20), 109(57), 97(15), 90(26), 77(15).

NM R

tCDCL/CD,OD):

5.75(1 H,bs,NH),

4.02(1 H,m,CH),

3.91 (2H,d,CH2),

3 .75(3H ,s,O CH 3), 1.4 7 (3H ,d,CH 3).

Svnthesis o f N-tert-butoxvcarbonvl-a-aminohexadecanovl-alanvl-glvcine methvl ester
(80cT

N-rN’-tert-butoxvcarbonvl-g-aminohexadecanovn-g-aminohexadecanovl-alanvl-

glvcine methvl ester(80f).andN -rN ’-(TSf” -tert-butoxvcarbonvl-a-aminohexadecanovlV
g-aminohexadecanovH-a-aminohexadecanovl-alanvl-glvcine methvl ester t80H.

The Boc-protected amino acid 37c (0.743g, 2mmol) was condensed with
methyl ester 80b (0.397g, 2mmol) using the procedure described in method D. Column
chromatography furnished the pure product.

Yield:

0.66g (70%).

MS: m/z (%):

537[M+Na](100), 485(3), 437(17), 369(3), 270(3), 226(16),
167(5).

NM R rCDCh.ôppm):

6.90,

6.80(2H,bs,2NH),

5.08-4.90(1 H,bs,Boc-NH),

4 . 13( 2 H ,m ,2 C H ),

4 .0 2 (2H ,m ,C H 2),

1.59(2H,m,P-CH2),

1.44(12H,m,C(CH3)3

1.25 (24 H ,m ,12CH2), 0.88(3H,t,CH3).

4.52,

3 .74(3H ,s,0 C H 3),
and

CH-CH3),
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The Boc protected amino acid 37e (0.938g, l.Smmol) was reacted with methyl ester
80b (0.390g, l.Smmol), and again (0.36g, 0.58mmol) with SOe (0.26g, 0.58mmol), by
use o f method D, to give compounds SOf and 80j respectively.

80f

Yield:

0.86g (74%).

MS: m/z (%): 790[M+Na](31), 768[M+H](45), 712(5), 668(100), 623(20),
552(14), 505(12), 477(14), 414(14), 348(10), 270(55).
NMR rCPCL.ÔDPm): 6.65, 6.58, 6.52(3H,d,3NH), 5.08-4.90(lH,bs,Boc-NH),
4.51,4.33,4.05(3H,m,3CH),3.96(2H,m,CH2),3.75(3H,s,OCH3),
1.60(4H,m,2p-CH2),

1.44( 12H,m,C(CH3)3

and

CH-CH3),

1.26(48H,m,24CH2), 0.88(6H,t,2CH3).

Mi

Yield:

0.41 g (69%).

MS: m/z (%): 1045[M+Na](20), 943(7), 828(2), 745(2), 547(2), 414(3),
226(100), 161(8).
NMR rCDCL.SppmY 7.70, 7.61, 7.53, 7.40(4H,m,4NH), 4.92(1 H,m,Boc-NH),
4.51,4.39,4.02(3H,m,3CH),3.96(2H,m,CH2),3.75(3H,s,OCH3),
1.70(6H,m,3p-CH2),

1.43( 12H,m,C(CH3)3 and

CH-CH3),

1.26(72H,m,36CH2), 0.90(9H,t,3CH3).

SvnthesisofN-tert-butoxvcarbonvl-a-aminohexadecanovl-alanvl-glvcine(80d).N-rN’tert-butoxvcarbonvl-g-aminohexadecanovlVa-aminohexadecanovl-alanvl-glvcine tSOgT
an(N-rN’-rN” -tert-butoxvcarbonvl-a-aminohexadecanovn-a-aminohexadecanovl1-gaminohexadecanovl-alanvl-glvcine (80k).

The corresponding methyl esters 80c (0.2g, 0.39mmol), 80f (0.383g, 0.5mmol),
and 80j (0.17g, 0.17mmol) were saponified with NaOH (8M) according to method G.

80d

Yield:

MS: m/z (Vo):

0.17g (87%).
522[M+Na](48), 444(18), 422(26), 400(12), 325(5), 270(10),
226(100), 147(33).
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NM R

(CDCK.Ôppm):

7.05, 6.81(2H,bs,2NH),

4 .14(2H,m,2CH),
1.42(12H,m,C(CH3)3

5.14-4.99(1 H,bs,Boc-NH),

4.05(2H,m,CH2),
and

CH-CH3),

4.55,

1.60(2H,m,P-CH2),
1.25(24H,m,12CH2),

0.88(3H,t,CH3).
Anal:

C26H49N 3O6 (499.70)

Calc.

C 62.50, H 9.88, N 8.41

Found

C 62.49, H 9.85, N 8.29

80g

Yield:

MS: m/z (%):

0.36g (61%).
797[M+2Na-2](14), 775[M +Na-l](16), 697(64), 640(5), 555(3),
479(2), 413(4), 326(15), 270(5), 226(90), 176(100), 133(55).

N M R (CDCLMvrn): 6.64, 6.57, 6.52(3H,d,3NH), 5.08-4.90(lH,bs,Boc-NH), 4.51,
4.33, 4.05(3H,m,3CH), 3.97(2H,m ,CH2), 1.59(4H ,m ,2p-CH 2),
1.44(12H,m,C(CH3)3

and

CH-CH3),

1.2 6 (4 8 H ,m ,2 4 CH2),

0 .88(6H,t,2 CH3).

Anal:

C42H80O7N4 (753.13)

Calc.

C 66.98,

H 10.71, N 7.44

Found

C 66.82,

H 10.56, N 7.43

80k

Yield:

MS: m/z (%):

0.14g (80%).
1029[M+Na](12), 998(7),

952(12), 824(3), 767(5), 641(2),

573(3), 413(60), 279(8), 226(100), 149(90), 113(35).
NM R fCDCL.Sppm): 7.78, 7.62, 7.52, 7.40(4H,m,4NH), 5.08-4.91(lH,m,Boc-NH),
4.50, 4.40, 4.02(3H,m,3CH), 3.96(2H,m,CH2), 1.60(6H,m,3pCH2), 1.42(12H,m,C(CH3)3 and CH-CH3), 1.27(72H,s,36CH2),
0.90(9H,t,3CH3).
Anal:

CggHmNgOg (1006.56)

Calc.

C 69.21,

H 11.12, N 6.96

Found

C 69.22,

H 11.04, N 6.95
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Svnthesis o f a-(^a’-aminohexadecanovn-aminohexadecanovl-alanvl-glvcine methvl
ester hvdrochloride (SOb).

Compound 80g (0.14g, O.lSmmoi) was deprotected using method E, and the
product separated from the methyl ester byproduct by flash chromatography.

Yield:

0.1 Og (81%).

MS: m/z (%):

676[M+Na](l 1), 654[M+H](10), 508(3), 400(3), 329(5), 307(8),
226(100), 176(20), 107(15).

Anal:

C37H73N4O5CI (689.47)

Calc.

C 64.46, H 10.67, N 8.13

Found

C 64.46, H 10.65, N 8.12

S v n th esis

of

a - f a ' -am inohexadecano v ll-a m in o h ex a d eca n o v l-a la n v l-el v cin e-

trifluoroacetic acid salt (SOi-TFAV

Boc protected compound SOg (50mg, 0.06mmol) was deprotected
according to method C. A white solid was obtained following preparative tic.

Yield:

46mg (91%).

MS m/z (%):

675[M+Na-1](3), 653[M](15), 594(4), 507(3), 400(2), 347(2),
257(3), 226(100), 151(8), 73(30).

NM R (d.-DMSOV

8.50, 8.21, 8.15, 8.05(4H,d,4NH), 4.30, 3.78, 3.70(3H,m,3CH),
3 .35(2H,m,CH2),

1.65 (4 H ,m ,2 p-CH2),

1.53(3H,m ,CH-CH3),

1.2 4 (48 H ,m ,24 CH2), 0 .84(6H ,t,2 CH3).

Svnthesis o f g-am inohexadecanovl-alanvl-glvcine m ethvl ester hvdrochloride (80e).

The title compound was synthesized from compound 80c (0 .3g, 0 .58m m ol) by
m ethod E.
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Yield:

0.26g (86%).

MS: (Cl) m/z (%):

414[M+H](100), 226(31), 167(8), 103(5).

NM R

rCDCL/CD.ODl:

6.40,

5.78(2H,bs,2NH),

3.94(2H,m,CH2),

4.30,

3.75(3H ,s,OCH3),

4.03(2H ,m ,p-C H j,
1.60(2H,m,p-CH2),

1.44(3H,m,CH-CH3), 1.25(24H,m,12CH2), 0.89(3H,t,CH3).
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5.4 Svnthesis of the LCP system.

Svnthesis o f a-lvsvl-(o-amino-trisrimino-n-tetradecanvl-2-oxo-1.2-ethanedivm (4 0 c \
[Method H],

i

MBHA resin (1.0417g, O.Smmol) was suspended in DMF in a sintered glass

tube with screw cap attached to a mechanical agitator, and shaken for 10 minutes.
DMF was then filtered off by means o f a pump fitted with a solvent trap, and the resin
washed

with 3 volumes o f DCM. A

solution o f N-tert-butoxycarbonyl-a-

aminohexadecanoic acid 37c (0.743g, 2mmol) and DCC (0.413g, 2mmol) in DCM
(lOmL) was added, and the mixture shaken for 30 minutes, followed by the addition
o f NMP (20% o f volume). The mixture was shaken for a further 60 minutes, then the
resin was filtered, washed with 3 volumes o f DCM, and a second coupling o f
compound 37c performed in the same manner. Following the quantitative ninhydrin
assay o f Sarin et al (1981), a third coupling was used. After a further ninhydrin test,
terminal Boc groups were removed: the resin was shaken with TFA (5mL, 60% v/v
in DCM) for 1 minute, then filtered and shaken with a second volume o f TFA for 10
minutes. Following 3 washes with DCM (5mL), the resin was then shaken with DIEA
(5mL, 10% v/v in DCM) for 1 minute, washed with 3 volumes o f DCM, then
retreated with DIEA. Finally the resin was washed with 5 volumes o f DCM.
Compound 37c was added to the resin by two more similar steps (with a
portion removed after the second step, to give resin bonded LAAj 40a), then dried at
the pump to provide a Boc-protected resin bound trimeric LAA peptide 40b. After Boc
group deprotection o f the resin-trimer (0.2g, 0.054mmol) in a clean sintered vessel,
a solution o f Boc-Lys(Boc)-OH (1 13.8mg, 0.216mmol) and DCC (44.6g, 0.216mmol)
in DCM (4mL) was added and the mixture shaken for 30 minutes, then additionally
for 60 minutes in the presence of NMP (20% o f total volume). Boc-protected lysine
was similarly recoupled (the coupling efficacy assessed by ninhydrin test) to furnish
a protected resin bound LAA^-Lys conjugate. A sample o f this was deprotected,
cleaved from the resin using anhydrous hydrogen fluoride, dissolved in acetic acid
(10%), lyophilized, then purified by reverse phase HPLC to provide the title
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compound.

HPLC:

(min):

MS: m/z (%):

12.65
905.6[M+H](30), 652.4(100).

Anal:

(905.46)

Calc.

C 71.62, H 12.02, N 9.28

Found

C 71.55, H 11.97, N 9.02

Svnthesis o f a-(a.s-di-lvsvl-lvsvlV ^-am ino-trisrim ino-n-tetradecanovl-2-oxo-1.2ethanedivlH (40dL

Boc-Lys(Boc)-OH (227.7mg, 0.432mmol) was added to the resin bound LAA3Lys conjugate in an analogous procedure to method H. A sample o f resin-LAA^-LysLySj was treated as before to give the title compound.

HPLC: R (min):

13.24

MS: m/z (%Y

1162.5[M+H](37), 908.8(23), 780.8(17), 652.6(15), 369.2(31),
277.3(100).

Anal:

A

(1161.8)

Calc.

C 68.05, H 11.42, N 12.02

Found

C 67.87, H 11.40, N 11.86

Svnthesisofa-ra.E-di-(a,£-di-lvsvl-lvsvn-lvsvl1- ui-amino-trisfimino-r 1-tetradecanovl2 -0 X 0 - 1.2-ethanedivBl (40eL

Boc-Lys(Boc)-OH (455.3mg, 0.864mmol) was added to resin bound compound
40d according to method H. A sample o f resin-LAA3-Lys-Lys2-Lys^ was worked up
as above to yield the title compound. The resin bound species was washed with DCM
(x3) then DMF(x3) and stored in DMF at -70°C.
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HPLC:

(min):

14.61

MS: m/z (%):

1674[M+H](8), 1290(11), 1162(100), 1034(17), 909(80).

Anal:

C9oH,goN,gO,o (1674.52)

Calc.

C 64.55, H 10.83, N 15.06

Found

C 64.74, H 11.00, N 14.87

Svnthesis o f LAA^-Lvs-LvSo-Lvs^-(GAITPNLTTVDFITEASL Œ2L [Method I].

ABI Peptide Synthesizer Model 430A was charged with reagents DCC, HOBt,
DIEA, and TFA, and solvents DCM, DMF, and MeOH (recommended volumes, ABI
or HPLC grade), and the nitrogen delivery pressure o f same checked. Filter papers
were renewed on reagent delivery lines above and below the 3 vessels, and from the
amino acid cartridge input. Delivery o f DCC and HOBt to the activating vessel was
measured for consistent aliquot receival (lines were prone to blockage by solids
crystallized out after a period of non-use), and TFA delivery to the reaction vessel (a
spare vessel) was also checked for volume consistency. DCM and DMF delivery to
above and below the activating and concentrating vessels respectively, and vortexing
(mixing) o f the three vessels was checked. A fraction collector was connected for
ninhydrin monitoring, checked for test tube progression, then a diagnostic monitoring
program was initiated to test electrical circuits and valve operation.
After these preliminary preparations, custom designed cartridges were washed
with MeOH/DCM (50:50), then air dried. Amino acids (a four-fold excess o f the resin
loading) was placed in the cartridges- 2 cartridges per amino acid (for double
coupling).
TFA resistant filter paper was placed in a suitably sized reaction vessel, and
resin bound compound 40e (0.70g) was added, followed by DMF, on a bench, allowed
to drain slowly, then the reaction vessel was inserted in the sythesizer.
The machine was then programmed (computer floppy disc) with the amino acid
indentities to be used, the reaction conditions, and to remove the terminal Boc groups,
to respond to a double-coupling protocol, and to interrupt the synthesis at certain
stages for an assessment of "real time" reaction (coupling) efficacy, and for refilling
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o f reagents/solvents (overnight peptidyl-resin fractions collected were assayed the
following morning).
Printouts were then obtained o f the run cycles (amino acid reaction sequence
and reagent identity), checked against the intended amino acid sequence, and the ABI
synthesizer started. The automated synthesis was allowed to progress following
satisfactory observance o f DCU formation, transference o f the contents o f the activator
to the concentrator, and TFA delivery to the reaction vessel (darkening o f the resin).
The machines synthetic operation was periodically checked by monitoring visual vessel
content appearance with a modus operandi displayed on a screen, against the printout
run cycle, and spent cartridges etc. Following synthesis, manual method Boc
deprotection, and HF cleavage, the crude peptide was washed with ethyl acetate, then
dissolved in acetic acid (95%), lyophilized, and purified by HPLC.

HPLC: K (min):

39.76

M.W.

15536.9

MS:

M.W. estimated by SDS/PAGE.

Svnthesis o f LAA.TGAITPNLTTVDFITEAS) (PIT

Resin bonded dimeric LAA 40a (0.3g, approx. 0.144mmol) was placed in the
ABI synthesizer, and the title compound synthesized according to method I, but
following HF cleavage (with scavenger addition), the crude peptide was washed with
ether, and dissolved in acetic acid (50%).

HPLC: R. (min):

20.24

MS: m/z (%V

2256[M](100), 2183(10), 2126(11), 2064(8), 2004(25), 1931(15),
1864(8), 1760(14), 1728(11), 1672(7), 1575(12), 1496(14).

15 7
Synthesis o f H.N-rSAETIFDVTTLNPTAIGSDVAGLONDPTTNVCONH. rP 3\

The title compound was assembled on MBHA resin (Ig, 0.48mmol) by method
I, and similarly worked-up.

HPLC: R. (min):
MS: m/z (%Y

27.32
3062[M](100),

2955(12),

2826(10),

2711(19),

2559(15),

2395(9), 2226(13), 2100(12), 2072(7), 1875(5), 1635(10).

Svnthesis o f LAA,-Lvs-Lvs.-Lvs.-nSfTTPDNOLGAVDSGAlTPNLTTVDFITEASL
£P4I

Resin bound compound 40b (2g, 0.96mmol) was reacted, using method G, with
successive amounts of Boc-Lys(Boc)-OH (2.026g, 3.84mmol; 4.053g, 7.68mmol; and
8.106g, 15.36mmol respectively) to provide resin bound Boc protected compound 40e.
This was placed in the ABI synthesizer and amino acids added automatically to furnish
the title compound, following a similar work-up.

HPLC:

(min):

43.61

M.W.

26043.6

MS:

M.W. estimated by SDS/PAGE.

5.5 Synthesis of the LCD system.

Svnthesis o f M B H A -L A A tL v s-L v stB o c , (41).

N-tert-butoxycarbonyl-a-aminotetradecanoic acid (0.686g, 2.0mmol) and DCC
(0.413g, 2.0mmol) were shaken with MBHA resin (0.9g, 0.5mmol) in DCM (6mL),
using method H. After 30 minutes, NMP (1.2mL) was added and the mixture shaken
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for a further 60 minutes. The lipidic amino acid was similarly recoupled, then a
second portion o f the LAA was double-coupled. Boc-Lys(Boc)-OH (1.054g, 2.0mmol;
and 2.108g, 4.0mmol) was similarly treated to furnish the resin bonded title
compound. All intermediate couplings were monitored by ninhydrin assay.

Svnthesis o f ^H-labelled LAAn-Lvs-LvSo-benzvlnenicillin (41sk).

Amberlite IR-120 (Plus) ion exchange resin (strongly acidic gel resin) was
washed with MeOH, filtered, and added in small spatula tips to benzylpenicillin
potassium salt (0.143g), dissolved in H2O, until the mixture was approximately pH 1.
The resin was filtered and the filtrate evaporated to give a solid (0.130g, 0.390mmol).
Resin bound compound 41 (0.239g, 0.048mmol) was deprotected with TFA as
described previously, then shaken overnight with a solution o f the solid (0.128g,
0.384mmol) in DMF, and DCC (0.079g, 0.384mmol) in DCM (to give a total 50:50
volume o f 5mL). Following a ninhydrin test, the resin was filtered and washed with
3 volumes o f DCM/DMF, then 3 volumes o f DMF.
^H-acetic anhydride in toluene (250pL, 25mCi) was dissolved in DMF (30mL),
and 5mL o f this solution (4.2mCi) was added to the filtered resin, followed by DIEA
(O.OlmL, 0.05mmol), and the mixture shaken for approximately 8 hours. Periodically,
2 drops of the reaction solvent were diluted with HjO (Im L), added to scintillating
fluid (4mL), and the DMP counted. When the DPM counts remained constant, a
ninhydrin test was carried out. Another volume o f tritiated acetic anhydride (5mL,
4.2mCi), together with acetic anhydride (0.04mL, 0.4mmol) was added to the mixture,
followed by DIEA (0.07mL, 0.4mmol), and shaken overnight. After a further
ninhydrin assay, the resin bound compound was treated with HF, then purified by
HPLC to yield the title compound.

HPLC: R^ (min):

14.55

MS: m/z (%):

(M.W. 2117.8). Operatives report that no spectrum could be

obtained with usual matrix, using Laser or FAB. Resubmission, following dissolution
in DMF, acetic acid (aq.) or TFA produced a similar response.
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Synthesis o f LAATLvs-LvsT^H-acetamido-penicillanic acid M lb l

6-Aminopenicillanic acid (l.Og, 4.62mmol) was suspended in a 2:3 mixture o f
t-butanol/H 20 (15mL), and NaoH (8M) added dropwise to pH 13, with stirring. Ditert-butyl-dicarbonate (1.109g, 5.08mmol) in t-butanol (2.5mL) was then added, and
the pH adjusted to 11-12 over 2 hours. The solution was then stirred for 4 hours.
Following a similar work-up to method A, the resulting oil could not be crystallized.
After column chromatography (DCM/MeOH, 5:1), Boc protected 6-aminopenicillanic
acid (0.75g, 51.4%) was obtained.

MS: m/z (%):

339[M +Na](100),330(4), 316[M ](31),284(8),242(80),203(15),
137(18).

Using method H, the Boc groups o f compound 41 (0.239g, 0.048mmol) were
cleaved with TFA, then solutions o f Boc protected 6-aminopenicillanic acid (0.122g,
0.384mmol) in DMF (2.5mL), and DCC (0.079g, 0.384mmol) in DCM (2.5mL) were
added, and the mixture shaken overnight. Following a recoupling using similar
amounts, and a ninhydrin test, the compound was treated with TFA as before. Tritiated
acetic anhydride in DMF (5mL, 4.2mCi) containing acetic anhydride (0.04mL,
0.4mmol), was then added to the vessel containing the washed resin, followed by
DIEA (0.07mL, 0.4mmol), and the mixture shaken overnight. After a ninhydrin assay,
HF cleavage and purification furnished the title compound.

HPLC: R. (min):

14.11

MS: m/z (%):

(M.W. 1837.5). See 41a.

Svnthesis o f ^H-cephalosporin C (81).

Cephalosporin C zinc complex (Ig, 2.1 mmol) was suspended in water, solid
NaOH was added in small spatula tips until pH 6, and the mixture stirred for 15
minutes, then insoluble material filtered off. Amberlite ion exchange resin was added
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to the filtrate until pH 3, then filtered off, and the filtrate lyophilized to give
cephalosporin C (0.83g).

MS: m/z (%):

461[M+2Na](12), 392(10), 329(5), 307(100), 289(52), 242(5).

The solid (0.80g, 1.93mmol) was suspended in DMF (2mL), in a rbf, then
tritiated acetic anhydride in DMF (lOmL, 8.4mCi) containing acetic anhydride
(0.57mL, 6mmol) was added, followed by HCIO4 (3 drops), and the mixture stirred
for 8 hours. The resulting clear yellow solution was evaporated at 40°C (rotary
evaporator attached to a pump) and the residue triturated with CHCI3 to give a pale
yellow solid.

Yield:

0.446g (49.9%).

N M R fdô-DMSO.ÔnnmT 9.30rIH.s.NHT 8.95(lH,s,NH), 4.04(1 H,q,NH-CH-COOH),
3.91(lH,bs,S-CH-N), 3.04(lH,bs,NH-CH-CO), 2 .88(2H,s,CH2-OCO),
2.72(2H,s,S-CH2),

2 .53(2H ,t,CH2-CONH),

2.07(3H,s,COCH3),

1.68(4H,m,CH-CH2-CH2).

Svnthesis o f LAA^-Lvs-LvSo-^H-cenhalosnorin C (41cV

Compound 41 (0.239g, 0.048mmol) was placed in a sintered glass tube, treated
with TFA, then shaken with compound 81 (0.178g, 0.384mmol) dissolved in DMF,
and DCC (0.079g, 0.384mmol) in DCM (total 50:50 solvent volume 5mL) for 90
minutes, according to method H. NMP (Im L) was then added, and the mixture was
shaken for a further 60 minutes. A recoupling o f compound 81 was performed in a
similar manner, then the dried resin residue was worked-up (previously described) to
yield the title compound.

HPLC:

(mink

MS: m/z (%):

16.66
(M.W. 2634.15). See 41a.
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5.6 Svnthesis of modified LHRH-LAA peptides.

Svnthesis o f LAA-Œ HW SYGLRPGVCONH-, (Ÿ5).
LAA.-fEHWSYGLRPGVCONH-, (P6\
LAA,-ŒHW SYGLRPGVCONH.

and

and LAA.-ÆHWSYGLRPGVCONH-, (FH\

Modified LHRH was assembled on MBHA resin (1.0417g, 0.5mmol), using a
four-fold excess o f amino acids, and an ABI 430A peptide synthesizer, according to
method I. The dried peptidyl-resin was placed in a sintered glass vessel, deprotected
with TFA, then N-tert-butoxycarbonyl-a-aminotetradecanoic acid was added and the
title compounds synthesized by method H (about half o f the peptidyl-resin was
removed after each LAA was added to it). Compound P 8 could not be purified.

P5
HPLC: Rf (min):

15.13

MS: m/z (%):

»3^S[M](1GG), 1341(6), 1269(3), 12GG(4), 1057(2), 990(2),
859(2), 749(5), 662(7), 554(8), 465(15), 382(55).

P6
HPLC: Rf (min):

15.66

MS: m/z (%):

is^V,[M](100), 1552(10), 1476(8), 1398(9), 1324(4), 1287(4),
1185(5), 1072(6), 990(3), 907(4), 799(25), 733(8), 662(10).

£7
HPLC: Rj (min):

16.04

MS: m/z (%):

n n [M ](1 0 0 ), 1764(5), 1679(5), 1605(4), 1531(3), 1471(5),
1406(3), 1326(4), 1285(4), 1191(3), 1177(25).
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5.7 Svnthesis of i32-microglobulin peptide fragments.

Svnthesis o f H.N-riOKTPOIOVYSRHPPENGKP)-CONH-, (F9).
H.N-rENGKPNILNCYVTOFHPPHD-CONH-, (P lO l
H.N-ŒHPPHIEIQMLKNGKKIPKVEVCONH. (P H I
H.N-riPKVEMSDMSFSKDWSFYILAVCONH-, (P 12I
H.N-rFYILAHTEFTPTETDTYACRVKVCONH. (F13). and
and H.N-rRVKHASMAEPKTVYWDRDMVCONH. rP14).

Each peptide was individually assembled on MBHA resin (0.9375g, 0.45mmol)
using method I, then cleaved from the resin with HF. Peptides containing Met or Cys
residues were dissolved in guanidine hydrochloride (6M)/tris (O.IM) buffer, then 2mercaptoethanol (0.35mL) was added. Purification was by HPLC.

P9
HPLC: Rf tm inh

20.40

MS: m/z (VoY

2317[M](100), 2273(8), 2188(12), 2074(5), 1990(6), 1875(6),
1749(7), 1552(11), 1416(4), 1261(5).

PIO
HPLC: R (min):

21.14

MS: m/z (%):

2322[M](100), 2262(12), 2206(5), 2078(5), 2005(7), 1892(9),
1741(6),

1568(5),

1455(4),

1293(12),

1161(48),

1112(8),

1044(7).

E li
HPLC: R^ (min):

18.85

MS: m/z (%):

2483[M]( 100), 2312(5), 2196(6), 2082(11), 1986(7), 1854(8),
1715(12), 1559(16), 1474(13), 1346(12), 1242(32), 1073(22).
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P12
HPLC:

(min):

MS: m/z (%Y

19.78

2494[M](100),

2317(52),

2215(37),

2137(25),

2083(21),

1953(26), 1810(32), 1708(30), 1612(35), 1475(34), 1323(47),
1264(42).

P13
HPLC: R rmin):

16.09

MS: m/z (%):

2606[M](84), 2505(100), 2404(18), 2318(5), 2263(4), 2166(5),
2066(3), 2019(6), 1966(5), 1887(5), 1740(7), 1667(8), 1567(12).

P14
HPLC: R (min):

20.46

MS: m/z (%):

2320[M](100),

2275(30),

2197(26),

2103(25),

2027(24),

1934(26), 1872(23), 1758(27), 1606(24), 1453(30), 1394(28),
1309(45), 1160(85).

5.8 Synthesis of IgE receptor iS-subunit peptides for receptor topography.

Synthesis o f H.N-(MDTENKSRADLALPNPOESPSAPDIELLEAS
PPAKALPEKPASPPPOOTWOSFLKKELEFLGVCONH. TPISL
H.N-rTVVCSTLOTSDFDDEVLLLYRAGYPVCONH. (P16L and
H.N-ŒIIYRIGOEFERSKVPDDRLYEELHVYSPIYSALEDTREASAPVVSVCONH.
(P17).

The peptides were individually synthesized by method I using MBHA resin.
Those containing residues prone to oxidation were treated with 2-mercaptoethanol, as
above.
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P15
HPLC: Rf (mini:

32.03

M.W.

6782.1

MS: (%):

(electrospray) m/5z 1356.96 (7), m/6z 1130.84 (62), m/7z 969.77
(100), m/8z 848.84 (42), m/9z (15) 754.59.
6780.99 ± 1.56

Calc.

P16
HPLC: Rf (min):

21.89

MS: m/z (Vo):

2805[M]( 100), 2733(12), 2655(8), 2402(9), 2336(7), 2224(12),
1992(5), 1854(6), 1690(9), 1413(22), 1362(8), 1221(5).

P17
HPLC: R. (minL

29.25

M.W.

5356.5

MS: (%):

(electrospray) m/5z 1071.8 (48), m/6z 893.5 (100), m/7z 766.1
(30).
5354.97 ± 1.08

Calc.

5.9 Synthesis of IgE receptor jg-subunit peptides for conformational studies.

Synthesis o f H-,N-(STLOTSDFDDEVLLLLYRVCONH. tPlSL
H.N-tERKNTLYLVRGVCONH. (P19L
H.N-nSlLSNNSAYMNYCKDITEDDOCFVTSFITEVCONH. rP20L and
H.N-rNLSNNSAYMNYAKDITEDDOAFVTSFITEVCONH. Œ 21L

Synthesis was by solid phase protocol (method I) for each peptide, utilizing
MBHA resin.
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P18
HPLC: Rf (min):

13.09

MS: m/z (Vo):

2015[M](100), 1913(32), 1826(8), 1768(6), 1713(3), 1639(4),
1569(7), 1484(10), 1452(4), 1380(6), 1336(6), 1265(7), 1221(2),
1189(7), 1134(5).

P19
HPLC: Rf (mini:

11.77

MS: m/z (Vo):

1348[M](100), 1291(10), 1202(8), 1135(6), 1063(35), 919(12),
820(12), 719(14), 646(7), 545(5), 420(5), 299(25).

P20
HPLC: Rf TminL

26.16

M.W.

3295.9

MS: m/2z (%): (thermospray) 1660.2858[M+H+Na](55), 1649.4049[M+2H](100).
Calc.

3296.0 ± 1 . 0

MS: m/2z (%L (thermospray) 1646.6388[M-2H](100).
Calc.

3295.0 ± 1 . 0

P21
HPLC: R. (min):

25.96

M.W.

3231.3

MS: m/2z (%): (thermospray) 1628.0382[M+H+Na](41), 1617.2023[M+2H]( 100).
Calc.

3232.5 ± 1 . 0

MS: m/2z (Vo): Tthermosprav) 1628.5461 [M+H+Na](34), 1616.9293[M+2H]( 100).
Calc.

3231.8 ± 0 . 5
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5.10 Oral absorption of i3-lactam antibiotics.

Compounds 41a, 41b, and 41c (5mg) were added to 3 vials, followed by DMF
(lOpL) and water (490pL) to give a concentration o f Img/mL. Compound 81 (2mg)
was added to a vial and diluted to the same concentration. Each sample was a fine
suspension.
The 4 samples were counted by a liquid scintillation counter (Beckman LS
5000CE) to determine the amount o f tritium (in DPM) present in each dose (lOpL o f
each vial was added to 4mL LKB Optiphase Safe scintillating liquid, in duplicate).
Duplicate readings were averaged, and the DPM calculated for a ImL dose (count per
dose) for each of the compounds. A control (lOpL o f a solution o f 2mL DMF in
98mL H2O) was added to Optiphase (4mL) and also counted.
Thirteen male Wistar rats were housed and fed normally for a week, following
acclimitisation for one week. Twelve rats were each administered one dose o f one o f
the 3 compounds (ImL) by gavage, and humanely sacrificed after 1, 3, 6, and 12
hours respectively. Another rat was administered a dose (ImL) o f compound 81, then
sacrificed after 6 hours.
Following sacrifice, blood (0.5mL) was added to tissue solubilizer (Scintran,
2mL), and GI tract and associated organs were removed. Water was added to just
cover each organ, and the total volume recorded. The organs were homogenized (Janke
and Kunkel Ultra-Turrax T25), and homogenates (0.5mL) added to tissue solubilizer
(2mL) contained in vials. The vials (including blood samples) were shaken (Denley
Orbital Mixer) for 3 days.
Each sample was then vortexed, and added (lOOpL) to scintillation vials. Blood
and spleen samples were decolourised with 1 or 2 drops o f H2O2. Scintillating liquid
(4mL) was added, and the vials vortexed. The samples were then counted (DPM) with
the scintillation counter to determine the organ count.
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APPENDIX

In this appendix, compounds P I 8, P19, and P20
are designated L I-2, L2-3, and L3-4 respectively.

CONFORMATIONAL STUDIES OF THE P-SUBUNIT OF THE HIGH
AFFINITY IgE RECEPTOR: CIRCULAR DICHROISM AND
MOLECULAR MODELLING
Mire Zloh', Rodolfo R. Biekofsky', Jacques-Antoine Duret^, Malcolm Danton'
and Wiiliam A. Gibbons'*
'University-Industry Centre for Pharmaceutical Research and Department of Pharmaceutical Chemistry,
School of Pharmacy, University of London, 29-39 Brunswick Sq.,
London, England, WCIN lAX, U.K.
^Laboratoire de Chimie Organique, Faculté de Pharmacie, Université Joseph Fourier,
8 avenue de Verdun, 38240 Meylan, France

The receptor with high affinity for immunoglobulin £ (Fc^RI) on mast cells and basophils plays an important role in mediating many
of the pathophysiological phenomena associated with allergy. Fc^RI is a tetrameric complex, aPy, , of non-covalently attached
subunits: one IgE-binding a-subunit with the binding site in the extracellular part of the chain, one P-subunit and a dimer of
disulphide linked y subunits. In the present work, prediction of the three-dimensional structure of the four membrane-spanning
segments of the p-subunit has been achieved using rules of helix-helix packing arrangements and molecular dynamics calculations.
It yielded a four-helix bundle with specific Van der Waals interactions between the helices. This four-helix bundle was used as a
framework upon which to calculate the conformation of the P-subunit excluding tbe C and N terminal cytoplasmic tails, but
including the three chains that connect the four helices in the bundle. Separately, these synthetic 11, 17 and 29 residue bridge
peptides were examined by circular dichroism (CD) spectroscopy and a degree of a-helical content in these bridge peptides was
found. Additional molecular modelling of the bridge peptides indicated the central residues of these as the location of the helical
moieties. Finally, in the model proposed for the P-subunit, for each pair of consecutive transmembrane (TM) helices and its bridge
peptide, a helix-loop-helix-loop-helix motif was found.
Keywords: Fc^RI; P-subunit; molecular dynamics; CD spectroscopy; four-helix bundle; helix-loop-helix-loop-helix motif

INTRODUCTION
The basic structural building-block in plasma membrane proteins

[4], biophysical data o f peptides with the same sequence o f these

of

bridges and molecular mechanics and dynamics calculations o f the

both

prokaryotic and eukaryotic cells is the apolar, often

slightly amphipathic transmembrane a-helix. For multi-spanning
membrane proteins with most o f their mass buried within the
bilayer in the form o f transmembrane helices, the insertion event is
decisive.

For structure prediction, this means that a good part o f

the problem is solved if the transmembrane organization o f the
chain can be effectively calculated from the amino acid sequence
[1].

At the present state o f the art, this is best attempted

using hydrophobicity analysis algorithms, where the amino acid
sequence is scanned to locate segments rich in apolar residues. The
most suitable helix-helix packing arrangements are then sought

bridges.
Research into the high affinity immunoglobulin E receptor, Fc^RI,
continues to excite much interest because o f its implication in the
release o f allergic mediators [5,6].

Fc^RI has a tetrameric

structure,

attached

aPyj,

of

non-covalently

subunits:

one

IgE-binding a-subunit with the binding site in the extracelluar part
of the chain, one P-subunit and a dimer o f disulphide linked
y-subunits [7].

The a-subunit, as well as each o f the y-subunits,

contains one hydrophobic domain that spans the membrane. The

using rules derived from membrane soluble proteins and by

P-subunit

rotating the helices such that the most hydrophobic sides face the

segments and is considered to have an important role for

contains

four

hydrophobic

membrane-spanning

lipids [2].

transmembrane signalling aspects o f the receptor.

While the apolar surfaces o f the transmembrane helices provide a

Since the size o f the receptor subunits as well as the existence o f

good interface for the lipid environment, the more polar character

both lipophilic and hydrophillic domains in the same subunit have

o f the inward-facing

not yet permitted a direct experimental structure determination, a

amino

acids favours the spontaneous

formation o f helical bundles with polar surfaces removed from

long-term project to characterize the receptor subunits by cutting

lipid environment [3].

them into smaller domains or structural units has been started. The

If this could be achieved, the structure o f

short extramembraneous bridges connecting contiguous helices

anisotropic environment o f membrane receptors leads to their

should be predictable using libraries o f known bridge-structures

natural division in terms o f environment. Thus, each membrane
receptor can be classified into extra- cellular, transmembrane and
cytoplasmic domains, where the membrane serves to ensure that

To w hom corresp o n d en ce sh o u ld be addressed
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the various domains have no contact.
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structure d eterm ination o f large proteins has been pioneered by
C am pbell and others [8,9]. U sing this approach, several dom ains

L3-4

/

o f the high affinity IgE receptor have been studied [10-14],

C

LI- 2
EXTRACELLUtAR

In the present w ork, the three-dim ensional structure of the four
m em brane-spanning segm ents o f the |3-subunit including the three
extram em braneous bridges has been achieved using rules of
MEMBRANE

helix-helix packing arrangem ents, the constraints im posed by the
lipid

environm ent

on

d ynam ics calculations.

perm issible

structures

and

m olecular
#TM 4

In addition, the three peptides connecting

%TM3

0T M 2

the four transm em brane dom ains o f the P -subunit have been
CYTOPLASMIC

synthesized and subjected to conform ational studies by circular

J

d ichroism (CD ) and m olecular m odelling to allow the prediction o f
secondary elem ents o f these peptides.

L2-3

B ased on these results, a

conform ational m odel o f the P -subunit excluding the C and N
term inal cytoplasm ic tails was proposed.
this

m em brane

receptor

in

m ediating

G iven the central role o f
m any

of

the

patho

p hysiological p henom ena associated with allergy [5], efforts to
COOH

understand and control its structure defines an im portant task for
future research.

EXPERIMENTAL
Peptide Synthesis
F igure 1.

T he 17-, 11- and 2 9-residue peptides w ith the sam e sequence as

The proposed topography of the

P-subunit of rat IgE high

affinity receptor (reference 7).

the three loops co n n ecting the four transm em brane segm ents o f the
p -subunit w ere synthesised using a t-butyloxycarbonyl-lysyl (CIZ)
PAM

resin

w ith

the

t-butyloxycarbonyl

m ethodology

em ploying double couplings for each residue.

and

An ABI 430A

peptide synthesizer was used, with ninhydrin assays to test the
percentage coupling o f each am ino acid residue.
peptides

from

the

resin

w as

achieved

by

C leavage o f

exposure

o f the

peptide-resin to liquid H F plus scavengers, at 4"C for Ih. The
crude peptide was purified directly by preparative reverse-phase
H PLC

(C,^),

with

H ,0 /O .l%

trifluoroacetic

acid

and

60%

extracellular bridge from N ,,, to E p , (L3-4) connects T M 3 and
TM 4. T hree peptides with the prim ary sequence o f interconnecting
bridges L I -2, L2-3 and L 3-4, nam ely the 17-, 11- and 29- residue
peptides, respectively, w ere synthesized and purified, and their
conform ation in w ater, trifluoroethanol (TFE) and m ixed solutions
and detergents studied.

Circular Dichroism Spectroscopy of the Interconnecting Loop
Peptides

CH^CN/40% H ^O /0.1% trifluoroacetic acid as eluants. A dditional
criteria for peptide purity and confirm ation o f structure included

C ircular dichroism and perturbation CD can reveal the presence o f

analytical ion-exchange H PLC , S D S/PA G E , isoelectric focusing,

individual conform ational m oieties and regular conform ations and

am ino-acid analysis, 1-D ‘H N M R and FAB m ass spectroscopy.

give inform ation about the conform ational equilibria that exists

Circular Dichroism

peptides w ere recorded under a variety of conditions and are

betw een them [10-12,16,17].

All CD spectra w ere recorded on Jasco J600 and/or on Jasco J720
spectrom eters at room tem perature.

P eptide concentrations were

generally 0 .4 m g/m l. S pectra w ere corrected for concentration, the
solvent baseline subtracted, and the Ae values calculated based

show n in F igures 2, 3 and 4.
residue

peptide

2A)

T he w ater-TFE titration o f the 11contains

two

isosbestic

points

corresponding to an equilibrium betw een three conform ational
states 1 (H 3 O), 11 (betw een 40-80% T FE) and
95-100% TFE).

upon am ino acid residue m ean m olecular mass.

(Figure

T he CD spectra o f the three loop

111 (betw een

T he transitions betw een these states was show n

to be cooperative (equivalent o f unfolding or m elting) (see the
inset to Figure 2A).

M olecular M odelling

Further inform ation concerning the nature o f

conform ational states 1,11 and 111 was deduced from the actual CD
Energy m inim izations and m olecular dynam ics were perform ed
using the Sybyl program [15].

spectra o f each state.
State 111 contained a-h elix , which was destabilized in states 1 and
11.

T he interpretation o f state 1 CD spectra is still controversial

and it is not easy to m ake any conform ational assignm ent.

RESULTS AND DISCUSSION

A

com bination o f FTIR , IR -C D , CD spectroscopy and CD spectral
T he P-chain o f the rat Fc^Rl receptor is a 243 am ino acid trans

sim ulation has confirm ed earlier proposals that it is a sum m ation

m em brane protein.

T he prim ary sequence is show n in Figure 1.

o f a lim ited num ber o f regular conform ations, a m ajor portion o f

The four transm em brane (TM ) dom ains are believed to extend

w hich are turn conform ations and left-handed extended helices

from F ^ to Cg, for TM 1, from A ,, to S,,^ for T M 2, from

(LHE) [18].

8 ,3 0

to L,;Q

for T M 3 and from L,jj(, to 1,,, for T M 4, based on hydropathicity
plots [3].

A 17-residue extracellular bridge from S^, to R^^ ( L I -2)

T here are still exam ples w here this peptide CD

spectrum is interpreted as representative o f "random coil" o r
"disordered structures".

W oody [19] has sum m arized these data

and T M 2, an 11-residue cytoplasm ic bridge from

and argum ents and, partly because o f theory, but also because o f

E,,„ to Gpo (L2-3) connects T M 2 and T M 3 and a 29-residue

the existence o f cooperative transitions and isosbestic points, has

connects T M l
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F ig u re 3.

4

The circular dichroism spectra for 17-residue peptide super

natant concentration after spinning; 0.02cm cell; in w ater (full line) and in
w ater + supram icellar SDS concentration (20mM SDS final concentration)(dashed line).
2

favoured the LHE helix (or polyproline II) proposal.

T he LHE or

Pi, conform ation at room tem perature in aqueous solution was
0

unam biguosly determ ined by the presence o f a positive C D band at
about 217nm [18].

For the 11-residue peptide, this peak was not

observed, which could be due to either sum m ation o f positive and
negative peaks or negligible content o f P„ conform ation.

■2

A ddition o f NaOH increased the a -h elical content in T F E (Figure
2B). In HjO, the addition o f SDS at concentrations below critical
m icellar

■4

180

200

220

240

26C

W avelength (nm )

concentration

aggregation,

w hereas

(CM C )
further

indicated

addition

of

p-sheet
SDS

type

above

of

CM C

increased the a-h elical content (Figure 2C).
T he relatively low solubility o f bridge peptides 17 and 29 in H ,0

2

and T FE m ade their com plete study by perturbation CD difficult to
perform .

In the case o f the 17-peptide, the aqueous solution

spectra (Figure 3) contained a sm all percentage o f an a-h elical
m oiety, which increased significantly upon addition o f SDS. T o
date, it has been only possible to record the CD spectra o f the
29-peptide loop in 20m M SDS, w here again it exhibited low but
significant a-h elical characteristics.
0

2
1

■I

0

-2
180

200

240

220

260

■1

W avelength (nm)

-2

F ig u re 2.

The circular dichroism spectra for 11-residue peptide in 0.4

mg/ml solution in 0.02cm cell: A) W ater-trifluoroethanol (TFE) titration.
■3

The CD spectra increases progressively with the addition o f TFE as

190

indicated in the insert. The insert graph shows intensity versu s percentage

200

240

220

260

W a v e le n g th (n m )

of TFE; B) TFE (full line) and TFE + 14 pi o f 0.1 M sodium hydroxide
(dashed line); C)

1- water,

2- and

3- w ater + subm icellar SDS

Fig u re 4.

The circular dichroism

spectra for 29-residue peptide

concentration (Im M and 5mM SDS final concentration respectively), 4-

supernatant concentration after spinning; 0.02cm

w ater + supram icellar SDS concentration (20mM SDS final concentration).

supram icellar SDS concentration (20mM SDS final concentration).

cell; in

w ater +
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T hese bridge peptides w ere also subjected to C hou-F asm an and
related algorithm predictions, w hich w ere consistent with their
central

resid u es

having

a-h elical

characteristics.

M olecular

m echanics and dynam ics calculations o f the individual loop
peptides, w hen the latter w ere connected in the correct sequence
as

dom ains

of

the

p-subunit,

also

predicted

low

V

energy

TM4

conform ations with a -h elical m oieties.

Molecular M odelling of Four-helix Bundle
As a first step to the m odelling o f the p-subunit o f Fc^Rl, the four
transm em brane helices w ere chosen, as these should be close in
space due to the interconnecting loops that bring them together.
The four helices w ere accom m odated initially considering the
follow ing assum ptions:
1) T he P'Subunit was considered independently o f the a - and ydim er subunits.

T his assum ption m im icks the in vivo m em brane

situation, since the P -subunit probably

spans the m em brane

independently before interaction with o th er subunits [2 0 ].
2) An 'inside-out' pattern o f residue hydrophobicity, in w hich the
interior residues are m ore polar than the m em brane-exposed
surface residues, was assum ed in order to select the most probable

B

sets o f relative orientations o f the helices betw een them selves.
One o f these dispositions o f the helices is presented in Figure 5A.
T he hydrophobic m om ent, defined as:

i

I;

X

%
X

in which H „, the num erical hydrophobicity o f the n-th residue, and
S„, a unit vector in the direction from the nucleus o f the a carbon
tow ards the geom etric centre o f the side chain, are used to study
folding o f glo b u lar [21,22] and m em brane [23] proteins. T he

:X6,

hydrophobic m om ent o f the peptide can be predicted from the
prim ary sequence using hydrophobicity values for each residue
[22].

I

T he hydrophobic m om ent o f each TM helix was calculated

and oriented so as to face the lipidic environm ent.

This

II

distance is the sum o f the m axim al peripheral radii o f two

5)

3) M inim izations were perform ed using a dielectric constant o f 10
Db so as to sim ulate the lipidic environm ent.
4) T M l, T M 2, TM 3 and T M 4 w ere initialy positioned regularly
w ith axes that w ere exactly parallel.

T he centres o f the four

helices were placed at interhelical distances o f 11.15 A on the
corners o f a square in a plane perpendicular to the axes.

poly(A la) a -h elices, assuring the absence o f repulsive overlaps in
TM1

the starting structure [24].
A fter energy m inim ization and m olecular dynam ics, the helical

TIC

TW

TU4

F ig u re 5. The calculated four-helix bundle conform ation for the p-subunit

structure o f all the transm em brane dom ains was conserved. From

transmembrane domains o f Fc^RI:

all starting points, the low est energy conform ation adopted was a

as seen from above showing the hydrophobic moment vector (arrow). The

A) W heel diagram o f the four helices

fo u r-a-h elix bundle arrangem ent. T he principal non- covalent

first residue o f each helix is indicated by a dashed line; B) Diagram o f the

interactions betw een the constituent helices for the m ost stable o f

four P-transmembrane domains where interhelix interactions are indicated

these arrangem ents are presented in F igure 5B.

T hese interactions

with strong, medium and weak full lines corresponding to strong, medium

w ere m ainly V an der W aals and no interm olecular hydrogen bonds

and weak Van der W aals interactions respectively (strong: 2 to 3Â,

are present in this model.

medium: 3 to 4Â and weak: 4 to 5Â).

Conformational Motifs for the Subunit involving the Trans

m olecular dynam ics calculations w ere carried out by heating up to

membrane Helices and Extra-membraneous Bridges

600K , cooling dow n to 300K , and then energy m inim ization for

T he three in terconnecting loops w ere added to the calculated

the lowest energy structures.

four-helix bundle and m olecular dynam ics calculations o f the

A fter m olecular dynam ics and energy m inim ization calculations,

extram em branous dom ains were perfom ed with dielectric constant

the most stable conform ation o f the four-helix bundle, including

o f 80D b and a fixed conform ation o f the TM dom ains.

the three interconnecting bridges, is presented in F igure

The

6
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although to a lesser extent, probably due to the sm aller size o f its
helical region.

Ext racel lul ar

It is w orthw hile noticing that, in this m odel, the

two linear cytoplasm ic tail peptides attached to TM helices 1 and 4
could interact with each other as well as with the m em brane
surface.

CONCLUSIONS
Using CD spectroscopy, the conform ational behaviour o f the three
interconnecting bridge peptides o f the (3-subunit o f the high
affinity IgE receptor was studied. In the three cases som e degree o f
helical content was found.

Mem brane

T he calculation o f the three-dim ensional structure o f the four
m em brane-spanning segm ents o f the P -subunit using rules o f
helix-helix packing arrangem ents and m olecular dynam ics yielded
a four-helix bundle with specific Van der W aals interactions
betw een the TM helices.

T his four-helix bundle w as used as a

fram ew ork upon which to calculate the conform ation o f the
P-subunit excluding the C and N term inal cytoplasm ic tails, but

N-terminus

Cytoplasmic

including the three bridges that connect the four helices in the
bundle.
C-terminus

F igure 6.

For each pair o f consecutive transm em brane helices and

their interconnecting bridge peptide, a h elix-loop-kelix-loop-helix

The conform ation o f the four-helix bundle and three inter

m otif was found to be stable and w ithin the range o f possibilities

connecting loops o f high affinity IgE receptor, determined from m olecular

o f secondary structure elem ents show n by the CD spectroscopy o f

m echanics and dynam ics calculations and CD spectroscopy o f the

the bridge peptides.

com ponent loop peptides.

In these calculations, it was assum ed that the P -subunit existed as a
single m onom eric species.

H ow ever, the spatial arrangem ent o f

model shoud be seen as one o f the possible conform ations o f the

the transm em brane dom ains and disposition o f helices o f the

receptor P-subunit, but not the only one.

P -subunit could change w hen interacting with a - and y-dimeric

the repeating conform ational

It should be noted that

m otif T M helix-loop-L helix-loop-

structural subunits.

T he relationship to these o th er subunits,

The helical

w hich probably occurs after the folding o f the P-subunit, is at

character o f the bridges is consistent with the conform ational

present unknow n and could be due to both intra- and extra-

T M helix occured three tim es in this structure.

interpretation o f the C D spectra o f the bridge peptides. In Figure 7

m em braneous interactions, som e o f which can be hypothesized

are presented the helical w heels o f the connecting bridge helices

from the present data.

based on the calculated m odel in Figure 6.

Significantly, both

The determ ination o f structural elem ents opens new possibilities

ex tracellu lar bridges, L I -2 and L3-4, have their predom inantly

for exploring in vitro a m odel system o f the high affinity IgE

negatively

charged

m em brane

lipidic

side

o f their central

interface.

T his

is

helices

facing

the

receptor

with

the

hypersensitivity

consistent

for

investigating
and

the

the

m echanism s

general

of

m echanism s

im m ediate

that

"positive-inside" rule [25], in w hich the cytoplasm ic interface o f

stim ulus-secretion

the

calculations will be the addition o f the P -subunit tails,

m em brane

w hereas

the

positively

w ould

be

exoplasm ic

charged.

L2-3

predom inantly
interface
exhibited

w ould

negatively
be

charged,

predom inantly

the opposite behaviour,

coupling.

T he

next step

a-su b u n it and o f the y-dim er TM helices.

in

this

m ediate
set o f
o f the

The determ ination o f

the m ode o f packing o f the seven helices o f the receptor should
allow the m odelling o f all the exoplasm atic and cytoplasm atic

L3^

bridges and tails o f the four subunits.

L1-2

A better understanding o f

the topology o f the receptor is crucial for im proving drug design
targets related to allergy inflam m ations.
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