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ABSTRACT

Knowledge of abnormal signal transduction pathways, and of the roles played by 

various hormones and growth factors has suggested potential new targets for anti

tumour therapy. The anti-proliferative activity of the multi-functional hormone 

somatostatin and several of its analogues has long been known. However, their clinical 

use has been greatly restricted due to a lack of specificity for anti-tumour activity, and 

due to the additional problems of poor absorption, poor delivery and biological 

instability inherent to peptide drugs.

One somatostatin analogue, the cyclic heptapeptide TT-232, has demonstrated specific 

and potent anti-proliferative activity. This peptide, and its bis-Acm protected linear 

precursor, was conjugated to a delivery system based upon lipoamino acids (a-amino 

acids with long alkyl side-chains). Lipoamino acid conjugation results in enhanced 

lipophilicity and an ability to partition into biological membranes, as well as improving 

resistance to degradation by proteolytic enzymes. Since these hpopeptides often suffer 

from impaired water solubility, the conjugate system was extended, additionally 

incorporating glycosyl moieties.

A series of conjugates comprising both N~ and C-terminal Hpopeptides and 

glycopeptides was prepared, as well as conjugates incorporating both lipid and glycosyl 

components either adjacent to each other (glycolipid-modified peptides) or at opposite 

termini. The number and nature of the lipid (alkyl chain length) and glycosyl 

(monosaccharides, disaccharides) components was also varied in an effort to optimise 

permeability. C-terminal glycopeptides were prepared from resin-bound glycosyl azides 

via a modified Staudinger reaction.

Each of the conjugates retained a degree of anti-proliferative activity, some 

demonstrating activity comparable to that of the parent peptide. Lipoamino acid 

conjugation alone did not result in enhanced permeability through Caco-2 cell 

monolayers, but the A-terminal glycolipid-modified conjugates demonstrated greatly 

improved permeation, possibly indicating the involvement of active transport processes. 

The cyclic conjugates had higher permeability coefficients than their linear precursors, 

most likely as a result of intramolecular hydrogen-bonding.
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1. INTRODUCTION

1.1 SOMATOSTATIN
During early attempts to determine the localisation of growth hormone-releasing factor 

(GHRF) in rat hypothalamus, a peptide substance was accidentally discovered which 

inhibited the release of growth hormone (GH)\ This inhibitory activity was also noted 

in a peptide isolated from sheep hypothalamus^. The contemporary discovery of a 

substance in extracts of pigeon pancreatic ai-cells (D-cells) which could inhibit insulin 

release^ was seemingly unconnected, but it was later determined that these effects were 

mediated by the same inhibitory peptide. This peptide is somatostatin (SS; 

somatotropin-release inhibitory factor; SRIF).

Somatostatin is a cyclic tetradecapeptide (fourteen amino acid residues) containing one 

intramolecular disulphide bridge between the two cysteine residues (see Figure 1). As 

well as this originally identified hypothalamic peptide (somatostatin-14), the family of 

somatostatin-related peptides also includes the A-terminally extended somatostatin-28 

(Figure 1) and various larger pro-hormones'^.

H— AlaQyCysLysAsnHieHieTrpLysThrPheThrSerCys— OH

H— SerAlaAsnSerAsnPrDAlaMetAlaProArgGhiAigLysAlaOyCysLysAsnPhePlieTrpLysThiRieThrSeKys— OH 

Figure 1: Sequences o f somatostatin-14 and somatostatin-28

Somatostatin is multi-functional and widely distributed throughout the tissues of the 

body' ,̂ its specificity and selectivity of action being dependent on the particular organs, 

organ systems or tissues concerned'*'^. It is predominantly associated with the central 

and peripheral nervous systems, the gastrointestinal tract (GIT) and the pancreas. Its 

actions are not limited to its function as a neurohormone; it also has a role as both a 

neurotransmitter and neuromodulator in the CNS^, as a regulator of endocrine and 

exocrine secretion^, and is involved in the immune system^. More recently, there has 

been great interest in its participation in the regulation of cell growth and proliferation, 

either directly or via its inhibition of various hormones and growth factors*'^^.
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1.1.1 Functions of Somatostatin
1.1.1.1 Hypothalamic-Pituitary Axis

GHRF released from the hypothalamus stimulates the release of GH from the anterior 

pituitary. Somatostatin (also released from the hypothalamus) inhibits GH release. GH 

exerts negative feedback on its own secretion via more than one mechanism. It inhibits 

GHRF and stimulates somatostatin release from the hypothalamus, as well as releasing 

somatomedin C (insulin-like growth factor; IGF-1) from the liver. Somatomedin C 

stimulates hypothalamic secretion of somatostatin and inhibits GH release from the 

pituitary"*. This is summarised in Figure 2**.

Hypothalamus ] Hypothalamis ]

e
CHRF

.4 . je
Anterior Pituitary J

Tissues Liver ]

Somatomedins-

1  n
TRH SS

Anterior Pituitary j

TSH

i
Thyroid )«W
T; T4-

Figure 2 (left) and Figure 3 (right): Regulation o f  GH and TSH secretion

Somatostatin is also involved in regulation of secretion of the thyroid hormones 

triiodothyronine (T3) and thyroxine (T4) in a similar manner. Thyrotrophin-releasing 

hormone (TRH) stimulates, and somatostatin inhibits release of thyrotrophin (thyroid- 

stimulating hormone; TSH) from the pituitary. Thyrotrophin then stimulates T3 and T4 

release from the thyroid. A similar negative feedback as demonstrated for GH also 

regulates secretion in this system"*, as shown in Figure 3*̂ .

1.1.1.2 Central and Peripheral Nervous Systems

Somatostatinergic neurons and fibres are found widely throughout the CNS, including 

the limbic system, brain stem and spinal cord"*. As well as neurohormonal activity (see 

above), it acts as a neurotransmitter in its own righ t*and  can affect the release of other
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transmitters''*’̂ .̂ It can also regulate neuronal firing*'" and modulate locomotor*' and 

cognitive'^ functions.

Many sensory neurons in the peripheral nervous system contain somatostatin, with a 

possible involvement in nociception and/or temperature sensation'*. The anatomical 

location of somatostatinergic sensory neurons and fibres indicates a role in most sensory 

systems including the perception of touch, vision and hearing'*.

1.1.1.3 Gastrointestinal Tract

Somatostatin-containing epithelial cells (D-cells) are present throughout the GIT in 

varying concentrations, being particularly localised in the antrum of the stomach'*. In 

these locations, somatostatin acts as an inhibitor of a wide range of physiological 

processes. It inhibits the release of several gut hormones including gastrin, vasoactive 

intestinal peptide (VIP), motilin and secretin^, as well as down-regulating gastric acid 

and pepsin secretion, and biliary flow^. It also functions to reduce motor activity (gastric 

emptying, gallbladder contractility) and splanchnic blood flow, and decreases the 

absorption of a range of nutrients^’̂ .

D-type cells are also found in the salivary glands'*, where somatostatin functions to 

decrease salivary flow.

16 .17

1.1.1.4 Pancreas

In humans, somatostatin is secreted by the ai-cells (also D-cells) of the islets of 

Langerhans in the endocrine pancreas'^. It acts as a paracrine inhibitor of the release of 

both insulin and glucagon, and exerts classical negative feedback on its own release^® 

(Figure 4)'^. Both insulin and glucagon themselves are able to stimulate somatostatin

insulin

glucagon

Figure 4; Regulation o f endocrine pancreas activity
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release from a i -cells (as are several neurotransmitters and gut peptides) suggesting that 

somatostatin is an important regulator of endocrine pancreas activity, and implying a 

possible role in diabetes and its management^.

Somatostatin also inhibits the secretions of the exocrine pancreas (pancreatic enzymes 

and juices)^.

1.1.2 Clinical Use of Somatostatin
As outlined above, somatostatin exerts a very broad range of biological actions on the 

various tissues and organs of the body. Consequently, the use of the peptide for 

clinically relevant therapeutic indications is severely limited. As a highly labile peptide 

entity, administration has been generally restricted to the intravenous route, after which 

the half-life in circulation is only around three minutes^ \  due to rapid enzymatic 

degradation.

Occasional use (intravenous infusion) has been found for the short-term symptomatic 

management of rare, hyperfunctioning endocrine tumours such as GH-secreting 

adenomas, gastrinomas, insulinomas, glucagonomas and VlPomas^. Somatostatin has 

also been used with limited success for life-threatening gastrointestinal disease, 

particularly bleeding gastric ulcers^^ and haemorrhagic pancreatitis^^.

Due to the lack of suitability of native somatostatin for clinical use, much effort has 

been directed towards the synthesis and development of analogues that have different 

spectra of biological activity (e.g. selectivity for a particular indication), and improved 

enzymatic/biological stability (longer half-life). In particular, the development of 

analogues that could be administered orally has been an important goal.

1.1.3 Somatostatin Receptors
The various effects of native somatostatin-14, somatostatin-28 and their analogues (see 

below) are all mediated via specific membrane-bound receptors that are found on target 

cells. The presence of such receptors has been demonstrated by radioligand binding to 

the cells of the brain, anterior pituitary, GIT, pancreas and immune system̂ "*.

To date, five subtypes of human somatostatin receptor have been cloned^ '̂^* and 

characterised. The subtypes are referred to as SSTRl to SSTR5*. Further investigation

The classification and nomenclature o f human somatostatin receptors has changed. The original 
classification was determined by the chronological order in which they were cloned. The nomenclature 
used here is that agreed upon by the somatostatin receptor subcommittee o f lUPHAR^’, and suggested by 
Hoyer and co-workers^°.
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may elucidate other subtypes, or may result in the subdivision of existing subtypes (e.g. 

murine mSSTR2A and mSSTR2B)^\

The receptors vary in size and comprise seven transmembrane domains, an extracellular 

A-terminal domain and an intracellular C-terminal domain^^. They most closely 

resemble the opioid receptor family, and there is a degree of homology in the sequences 

of the different subtypes, with some sequences being conserved across all five 

receptors^^’̂ .̂ Each subtype is thought to be linked via guanine nucleotide-binding 

proteins (G-proteins) to various cellular effector systems.

The mechanism by which receptor activation initiates cellular events is the subject of 

some debate^^. G-protein coupling to adenylyl cyclase (inhibitory) has been clearly 

demonstrated for SSTR3 and SSTR5, and some investigators have reported a similar 

coupling (though not as marked) for the other three subtypes when expressed in some 

cell-lines^^. Activation of SSTRl and (G-protein coupled) SSTR2 have also been shown 

to increase tyrosine phosphatase activity^.

The affinities of each receptor subtype for binding somatostatin-14 and somatostatin-28 

are shown in Table 1̂ . Synthetic analogues specific for SSTR2, SSTR3 and SSTR5 

have been synthesised, but no such analogues have yet been found for the similar 

SSTRl and SSTR4.

Table 1: Affinities o f somatostatin-14 and somatostatin-28 for the five receptor subtypes^

Binding affinities for peptide measured as IC50 / nM

Peptide SSTRl SSTR2 SSTR3 SSTR4 SSTR5

Somatostatin-14 1.1 1.3 1 .6 0.5 0.9

Somatostatin-28 2 .2 4.1 6 .1 1.1 0.07

The endogenous functions that receptor activation bring about in tissues still remain 

unclear for SSTRl and SSTR4, possibly due to a lack of selective agonists for these 

receptors. SSTRl is found on most of the tissues where somatostatin is known to act, so 

it is likely that this receptor has a more general role in mediating the actions of the 

peptide, although it does appear to be involved in the inhibition of cell proliferation^. 

SSTR2 seems to be clearly associated v/ith inhibition of GH release, as well as with 

CNS activity and with inhibition of glucagon and gastric acid secretion^^. Currently 

SSTR3 and SSTR4 have less well-defined roles, but the similarity of SSTR4 to SSTRl

14



may indicate association with a general spectrum of activity similar to that receptor^^. 

SSTR5 is the only receptor for which somatostatin-28 has a greater affinity than 

somatostatin-14. The fact that somatostatin-28 is approximately 100-fold more potent 

than somatostatin-14 in terms of inhibition of insuhn release suggests that SSTR5 is 

responsible for this effect̂ "̂ . Mediation of possible effects on the heart and central 

neurons has also been demonstrated for SSTR5^^, along with a clear association with

inhibition of cell proliferation10

1.1.3.1 Mediation of Anti-Proliferative Effect

The involvement of somatostatin in regulation of cell proliferation has led to great 

interest in the development of analogues with potential oncological application. While 

somatostatin and its analogues have been used to treat hypersecretory tumours, the 

inhibition of growth factors and a direct anti-proliferative action are the best targets for 

generation of anti-tumour agents.

The anti-proliferative effect of somatostatin is thought to be mediated via receptor 

subtypes SSTR2 and SSTR5, and, to a lesser extent S S T R l T w o  effector 

mechanisms have been clearly linked to this activity: tyrosine phosphatase in SSTR2 

and SSTRl, and the inositol phospholipid/Ca^^ pathway in SSTR5*°. Adenylyl cyclase 

may also be involved.

Activation of SSTR2 (and SSTRl) leads to an interaction with a G-protein (thought to 

be via one of the receptor’s intracellular loops). Interaction of the G-protein with the 

tyrosine phosphatase effector leads to activation of the enzyme. Tyrosine phosphatase 

activation can then result in the inhibition of phosphorylation of key enzymes and 

proteins that mediate cellular effects^^ (Figure 5). Reversal of the stimulatory effect of

0

Tyrosine
phosphataseSSTR2

G-protein
0  Ehzyme/Piotein 

phosphorylation

n a
EGFR

CELL PROLIFERATION
PK PK

Figure 5: SSTR2-mediated stimulation o f tyrosine phosphatase activity

PK = protein kinase, P = phosphate
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epidermal growth factor (EGF) on phosphorylation of EGFR protein kinase and other 

proteins may be partly responsible for the suppression of cell proliferation^’̂ .̂

In the case of SSTR5, receptor activation leads (possibly via G-protein interaction) to 

inhibition of phospholipase C (PLC) which catalyses conversion of phosphatidyl 

inositol biphosphate (PIP2) to inositol 1,3,5-triphosphate (IP3) and diacylglycerol 

(DAG)^^. This reduces the amount of released IP3, which normally releases Ca^^ 

(required for cell proliferation) from intracellular stores (Figure 6).

SSTR5
Gprotein^— ( PLC

DAG + IP3

[Ca2+] increasePIP2

CELL PROLIFERATION

Figure 6: SSTR5-mediated inhibition o f phospholipase C activity

Studies on SSTR2 activation have demonstrated a correlation between tyrosine 

phosphatase activity and inhibition of cell proliferation^’̂ .̂ Similarly, SSTR5 activation 

has shown correlation between inhibition of stimulated Ca^^ release and inhibition of 

proliferation^®. In each case, cell growth inhibition increased in a dose-dependent 

manner up to a point, after which further dose increase resulted in a corresponding 

decrease in growth inhibition^’̂ ®. The maximal inhibition occurred at a concentration 

similar to that required for receptor occupancy. It was postulated that, above this 

concentration, a time-dependent desensitisation of the receptors occurred, accounting 

for the reduced growth inhibition^®.

1.1.4 Somatostatin Analogues
As stated above, somatostatin-14 is a large, enzymatically labile peptide with no 

significant selectivity for any of its receptor subtypes. As a drug substance, it is of very 

little clinical use due to the broad spectrum of physiological and regulatory roles that 

endogenous somatostatin has throughout the tissues of the body. However, due to the
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great therapeutic potential of drugs that could demonstrate selectivity for particular 

indications, a great deal of attention has been directed towards the synthesis of sequence 

analogues.

A large number of modified peptide and peptoid analogues have been synthesised and 

tested. With the cloning of the genes coding for the individual receptor subtypes and 

their subsequent expression in mammalian cell-lines, it has become possible to examine 

the affinities of these analogues for the various subtypes, with a view to generating 

selective ligands for each.

The analogues do share some general features. They consist of between six and eight 

amino acids, usually in a cyclic system that may be head-to-tail (C- and JV-termini 

coupled) or via a disulphide bridge. Highly active linear analogues have also been 

prepared, suggesting that the conformational rigidity of cyclic peptides seems to 

reinforce a structural motif that is present even in peptides that have not been cyclized. 

In addition, the C-termini of the peptides are typically masked, either by chemical 

modification (conversion to a-carboxamide or reduction to alcohol) or by head-to-tail 

cyclization. This may confer some protection from recognition by certain peptidases.

The most important structural feature of most analogues is retention of the sequence 

Phe-Trp-Lys-Thr, the amino acids corresponding to the sequence 7-10 in somatostatin. 

This sequence, which adopts a type IT (3-tum, was proposed to be essential for binding 

by Veber and co-workers^^, on whose work most modem sequence analogues are based. 

Replacement of Phe^ with another aromatic residue, Tyr, can often result in improved 

potency, possibly due to some interaction of the phenolic hydroxyl^^. The Thr̂ °̂̂  can 

also be replaced with other small, neutral amino acids such as Val or Ser. Another series 

of disulphide-containing cyclic analogues was prepared by Bauer and co-workers^^, 

replacing Trp̂ *̂  with oTrp. As well as improving affinity for some receptor subtypes, 

this change also resulted in enzymatically more stable analogues due to the 

incorporation of this unnatural amino acid. It has been proposed"^® that the function of 

the remainder of the peptide sequence of such analogues is to hold these four amino 

acid and their side-chains in the correct orientation necessary for binding.

Incorporation of side-chain glycosylated amino acids in longer analogues of 

somatostatin, and in somatostatin itself has also been used as a means to improve 

stability'̂ '̂̂ ^
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1.1.4.1 Octreotide

Octreotide (Sandostatin®; SMS-201-995) is a cyclic octapeptide somatostatin 

analogue^^ (Table 2). Of all analogues, it is the one that has met with most clinical 

success'^. It is administered by sub-cutaneous injection and has a much improved 

plasma half-life compared to the native peptide (113 minutes compared to 2-3 

minutes)"̂ "̂ . It binds with high affinity to SSTR2 and SSTR5 and with moderate affinity 

to SSTR3. It does not bind to SSTRl or SSTR4 (Table i f .  It is much more selective 

than somatostatin for GH, inhibiting its release around 45 times more powerfully (than 

somatostatin) in monkeys^^. It also inhibits glucagon release with about ten times the 

potency of somatostatin, but has a similar effect on insulin release^^. These observations 

are in agreement with the suggested functions of the receptor subtypes. Also, it has been 

shown to inhibit cell proliferation (mainly via SSTR2)^ and has demonstrated a direct 

inhibitory action on the growth of human breast cancer (MCF-7) cells'* .̂

Octreotide has been used clinically in acromegaly treatment, reducing GH secretion, 

tumour size and symptoms of the disease^’"̂"̂. It has also been employed in the 

management of somatostatin receptor-expressing endocrine tumours such as VIPomas, 

glucagonomas, thyrotrophin-secreting adenomas and carcinoid tumours^. It was also 

beneficial in treating bleeding oesophageal varices"^ .̂ Currently indicated in the UK for 

treatment of several of these conditions'^^, most common side effects include nausea, 

altered bowel habit and post-prandial hyperglycaemia'^'^ '̂ .̂

1.1.4.2 Other Analogues

Of the many other analogues known, the most well documented are seglitide (MK- 

678)^\ vapreotide (RC-160)'^^ and lanreotide (Somatuline®; BIM-23014C)'^^ (Table 2). 

Vapreotide and lanreotide have a similar pharmacological profile to octreotide in terms 

of receptor subtype affinity, the main differences being their moderate affinity for 

SSTR4 and higher affinity for SSTR5^.

Vapreotide is a highly potent inhibitor of GH secretion (135 times more potent than 

somatostatin-14)* and has demonstrated a direct anti-proliferative effect, mediated by 

SSTRl, SSTR2 and SSTR5 via different mechanisms^’ Lanreotide has been shown to 

inhibit the growth of human small cell and non-small cell lung carcinoma xenografts in 

mice, suggesting direct anti-mitogenic activity^®, as well as an anti-proliferative effect 

on other tumours'^^.
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Table 2: Comparative affinities o f analogues for the five receptor subtypes

Peptide Sequence

Comparative binding affinities® 

SSTRl SSTR2 SSTR3 SSTR4 SSTR5

SS-14 See Figure 1 +++ +++ +++ +++ +++

SS-28 See Figure 1 + 4 -4- ++ ++ +++ ++++

Octreotide H-dFc(CFdWKTC)T-ol - +++ ++ - ++

Seglitide c(NMeAYdWKVF) - ++++ +/- - ++

Vapreotide H-dFc(CYdWKVC)W-NH2 - ++ + + +++

Lanreotide H-dNalc(CYdWKVC)T-NH2 - +++ + + +++

"Discrepancy between sources. Taken from References 6, 32 and 33 and references cited therein.

Seglitide (MK-678) is a very high affinity (IC50 = 0.07 nM) selective ligand for SSTR2 

(although it does show moderate binding to SSTR5)^^. It has demonstrated a 50- to 100- 

fold greater potency than somatostatin-14 for the inhibition of GH, insulin and glucagon 

secretion, and has resulted in improved control of post-prandial hyperglycaemia in 

diabetic mice (when co-administered with insulin)^^. It has also shown improved 

biological stability and duration of action, as well as being absorbed orally (although 

bioavailability was low at 1-3%)^ .̂

1.1.4.3 TT-232

The atypical somatostatin analogue TT-232 (Figure 7) was synthesised as a member of 

a series of analogues based upon the disulphide-containing cyclic analogues of the type 

of Bauer and co-workers^^. Initial studies indicated a specific and potent anti

proliferative activity on human colon and prostatic carcinoma cell-lines in vitro, and in 

vivo inhibition of metastasis of Lewis lung tumour in mice^^ It also caused a strong, 

dose-dependent inhibition of tyrosine kinase activity in human colon tumour cells. The 

secretion of GH was not inhibited, either in vitro or in vivo^^. Similarly, there was no 

inhibitory effect on the secretion of gastric acid̂ "̂ .

H— DPhe— Cys— Tyr— DTrp— Lys— Cys— Thr— NH2 

Figure 7: Structure o f TT-232
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NMR studies on the analogue’s conformation clearly demonstrated a difference between 

the structure of TT-232 and the classical GH-release inhibitory peptides. The peptide 

backbone adopts a structure slightly modified from the typical type II’ P-tum^^ motif 

seen around oTrp-Lys in traditional analogues^^. This, in combination with its reduced 

ring size and intramolecular hydrogen bonding, may partially explain the dissociation of 

the GH inhibitory and anti-tumour activities.

The in vitro and in vivo anti-proliferative activity of TT-232 has now been well 

docum ented^Incubation for 24 h with 20-30 pg/ml of TT-232 resulted in at least 50 

% inhibition of growth in all of 20 cell-lines tested. 90 % inhibition was seen for breast 

carcinoma, leukaemia, melanoma, pancreatic, prostatic and gastric tumour cell-lines '̂^. 

At the higher dose of 100 pM, a very strong anti-proliferative effect was noted in 58 of 

60 cell-lines tested̂ "̂ . The peptide has also demonstrated induction of apoptosis 

(programmed cell death) in pancreatic, colon, leukaemia, melanoma and lymphoma 

cell-lines^"^’̂ ,̂ and has inhibited growth of transplanted tumours in vivo^^.

It is thought that interaction of TT-232 with various signalling pathways and growth 

factors in tumour cells may be responsible for its anti-proliferative effect, via inhibition 

of mitosis and induction of apoptosis^" .̂ Incubation of tumour cells with TT-232 causes 

stimulation of tyrosine phosphatase activity^^ in the short term, and, in the long term (24 

h), causes inhibition of tyrosine kinases in good correlation with the anti-proliferative 

e f f e c t ^ T h e  way in which these cellular events are mediated is unclear. It has been 

reported that TT-232 does not bind significantly to rat pituitary or cortex "̂̂ . This may 

indicate the involvement of a yet unknown receptor, rather than SSTR2 (along with 

SSTR5 and SSTRl) which is known to mediate inhibition of cell proliferation. 

However, TT-232 has great potential as a selective and potent anti-proliferative agent.
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1.2 ORAL DELIVERY OF PEPTIDE DRUGS
The oral delivery of therapeutic peptides and proteins represents a significant challenge. 

The structural features and physicochemical properties inherent to peptides result in a 

very poor ability to overcome the multiple biological barriers to their absorption, such 

as the gastrointestinal epithelium. In combination with their significant metabolic and 

enzymatic instability, and rapid clearance, these features typically mean that peptides 

suffer from very low oral bioavailability and short half-lives. In addition, peptides are 

often chemically and physically labile, leading to further difficulties in formulation and 

administration.

Most peptides are large (in comparison to the large majority of non-peptide drugs), 

usually having molecular weights in excess of (sometimes greatly in excess of) 500 

g/mol, which significantly restricts their ability to move passively across biological 

barriers. They are usually hydrophilic and have a significant potential to form hydrogen 

bonds (H-bonds) in aqueous environments. Also, they often contain several ionizable 

groups, and are, as a consequence, typically charged at physiological pH. When taken in 

combination, these factors mean that unmodified peptides are likely to be very poor 

candidates for oral delivery, based upon structure alone.

Lipinski and co-workers^^, after screening the physicochemical properties of over 2200 

drugs in clinical use, formulated the “rule of five” as a predictor of poor absorption or 

poor permeation. Poor absorption or permeation is likely if the compound has more than 

5 H-bond donors (as the sum of OH and NH groups), more than 10 H-bond acceptors 

(the sum of O and N atoms), a molecular weight greater than 500 g/mol, or a calculated 

log P* (logarithm of the octanol-water partition coefficient) greater than 5. Significant 

problems with absorption could be envisaged if a compound exceeded the parameters 

for more than one of these criteria. Peptides with potential clinical usefulness routinely 

violate three (or all four -  see footnote) of these criteria.

Unfortunately, most of a peptide’s undesirable physicochemical properties result from 

the presence of free amino and carboxyl termini, and amino acid residues with polar or 

charged side-chains -  features vital for recognition by target proteins and receptors.

1.2.1 Biological Barriers to Absorption
Absorption of intact peptides and proteins from the gastrointestinal tract (GIT) is 

restricted by multiple barriers. The physiological function of the GIT is to break down

* The existence o f a lower (hydrophilic) log P limit was also acknowledged, but was not examined’ .̂
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ingested dietary proteins (as well as the other components of food) into considerably 

smaller units that can be absorbed across the epithelium into the blood. This degradation 

is achieved by a number of chemical, biochemical and enzymatic processes. The 

products of these processes can then undergo absorption across the physical barrier of 

the epithelium.

1.2.1.1 Gastrointestinal Mucosa

The primary functions of the GIT mucosa are protection from the external environment 

of the gut lumen, and the selective absorption of various nutrients^^. It acts as an 

effective barrier to unwanted substances, which include peptide and protein drugs. 

Structurally, it incorporates the GIT epithelium, which consists of a single layer of 

columnar cells. The apical sides of these epithelial cells display microvilli to expand the 

surface area available for absorption (brush border)^^ (Figure 8).

LUMEN

apical meni)rane- 

microvillus-

tight junction —

nucleus-

MUCUS LAYER

brush border

columnar cell

basolateral membrane 

blood capillary

LAMINA PROPRIA 

Figure 8: Diagrammatic representation of the gastrointestinal mucosa

The two main components of the epithelial barrier are the intercellular tight-junctions 

(restrict paracellular transport) and the hydrophobic cell membranes (restrict 

transcellular transport)^^. The tight-junctions are maintained by a complex, three-part 

structure^^, often referred to as the zonula occludens. This intercellular complex consists 

of a network of interconnected and interacting protein strands, forming a mesh that can 

exclude molecules primarily on the basis of their size and charge^^. The effective sizes
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of the “pores” in this network have been calculated at 3-4 Â in the ileum, and 7-9 Â in

the jejunum^. The protein strands forming the network contain polar, ionizable amino 

acids with a net negative charge^^, meaning that electrostatic interactions with 

molecules affect their ability to permeate via this route.

The cell membrane consists of a lipid bilayer and comprises various membrane proteins 

and other integral components. In order to traverse this barrier, a molecule must be able 

to interact with, and partition into the membrane^^, processes which are partly 

dependent on size and lipophilicity (also H-bonding potential).

The epithehal cells are protected by a layer of mucus, which consists of a mixture of 

glycoproteins (mucins) and polysaccharides, as well as enzymes and sloughed cells^*’̂ .̂ 

Drugs must diffuse through this mucus in order to reach the epithelial site of absorption. 

Diffusion may be limited by specific or non-specific binding to the components of the 

mucus, or by repulsion between charged species.

1.2.1.2 Enzymatic Barrier

Enzymatic degradation of peptides and proteins begins immediately after oral ingestion. 

The gastric juices (which also degrade proteins as a result of their hostile, acidic nature) 

contain a family of aspartic proteases known as pepsins^\ Pepsins have very broad 

substrate-specificity, and can act at many sites on a target protein^*. On leaving the 

stomach, they become inactivated by the higher pH^\

The peptide fragments that result from the partial digest of pepsins are then acted upon 

in the duodenum and ileum by pancreatic proteases. These consist of the endopeptidases 

(cleaving peptide bonds mid-chain) trypsin, chymotrypsin and elastase, and the 

exopeptidases (cleaving terminal amino acids) carboxypeptidase A and B (C-terminal 

exopeptidases)^®. These peptidases complement each other, but differ in their substrate- 

specificity, being most active on peptide bonds between amino acids of a particular type 

(e.g. trypsin cleaves preferentially near basic amino acids)^\ The products of these 

peptidases are typically fragments between 3 and 10 amino acid residues in length^\ It 

is likely that most significant metabolism of peptides of this size (including orally 

delivered peptide drugs) occurs at the brush border, rather than via the action of 

pancreatic enzymes^^'^\ Enzymatic activity is also found in the mucus layer.

The brush border peptidases, which include aminopeptidases A and N, endopeptidase

24.11 and dipeptidyl aminopeptidase IV, are largely responsible for most of the 

degradation of small peptides up to decapeptides. They are most active against peptides 

around three or four residues in length, and against peptides with lipophilic V-terminal
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amino acids. The metabolic products are mainly di- and tripeptides, and amino acids^\ 

These products can then exploit active transport^^ into the epithelial cells where they 

undergo metabolism to their constituent amino acids by intracellular peptidases^^. 

Absorbed peptides reaching the bloodstream are also subject to pre-systemic 

metabolism and clearance by the liver^\ Side-chain metabolism of particular amino 

acids (dependent on their chemical nature), and disulphide bridge oxidation/reduction 

are also known to occur^^.

In order to be of therapeutic use via the oral route, a peptide drug must be able to 

overcome these barriers to some extent. This necessitates the synthesis of analogues that 

have both a degree of improved metabolic stability, and can make use of a particular 

route of absorption from the GIT.

1.2.2 Routes of Absorption
The routes via which peptide substances can be absorbed across the intestinal 

epithelium can broadly be classified into paracellular (between cells) and transcellular 

(across cells). Paracellular transport is driven mainly by electrochemical and 

concentration gradients. Passage via the transcellular pathway can involve simple, 

passive diffusion, can be mediated by various carrier or transporter proteins (active 

transport), or can occur in vesicles. Transcellular transport can be inhibited by apically 

polarised efflux systems, which actively pump substrates back into the gut lumen^^. 

This is summarised in Figure 9.

PASSIVE
TRANSCELLULAR VESICULAR

CARRIER
MEDIATED EFFLUXPARACELLULAR

Figure 9: Routes of absorption across the intestinal epithelium
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The relative contribution of each of these transport processes to overall absorption will 

vary depending on the various structural features of the compound, and its ability to act 

as a substrate for carrier systems. In most cases, uptake occurs via a combination of 

viable routes.

1.2.2.1 Paracellular

The paracellular route (Figure 9) is extracellular and aqueous, and is thought to be 

largely deficient in proteolytic activity^^ (in contrast to the brush border and cytosol, 

which have to be negotiated in the transcellular pathway). The somatostatin analogue 

octreotide has demonstrated an ability to be absorbed primarily via this route^ .̂

A peptide needs to be sufficiently hydrophilic for paracellular transport. Particularly 

lipophilic peptides are less likely to move across cell monolayers between cells, since 

they tend to interact with the lipophilic cell membrane. As mentioned above, the other 

most important factors are size and charge, due to the nature of the intercellular tight- 

j unctions.

For metabolically stable peptides bearing the same charge, paracellular permeability 

across Caco-2 cell monolayers was found to be highly dependent on size (molecular 

radius)^. Increasing size from a monomer (capped amino acid), to a trimer and to a 

hexamer significantly reduced permeability. The effect of varying the charge (at 

physiological pH) is less well defined, but it has been reported that a positive net charge 

is more favourable than a negative one (electrostatic repulsion by tight-junction 

proteins) for paracellular flux of small peptides^. For larger peptides, size becomes the 

dominant factor, up to a radius of around 12 Â, at which point tight-j unctions are

thought to be impermeable to most molecules^^ (although conformationally flexible 

peptides may still be able to permeate).

1.2.2.2 Passive Transcellular

In order for a peptide to undergo passive transcellular absorption across the GIT 

epithelium, it needs to pass through the apical membrane, the cytosol and the basolateral 

membrane (Figure 9). Necessarily, the first step of this process involves interaction with 

the lipid bilayer of the cell membrane. The most important factors controlling this are 

size, and, more significantly, lipophilicity. Increasing lipophilicity generally results in 

an increase in passive transcellular permeability,

Lipophilicity is commonly expressed in terms of log P. This classical predictor is 

insufficient for peptide drugs, which often do not show such a good correlation between
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log P and permeability as do non-peptide drugs^^. Peptides have considerable hydrogen- 

bonding potential (amide bonds and side-chains), and this is usually a better predictor of 

permeability than is log P̂ .̂

Transition of a peptide solute from the aqueous extracellular environment to the lipid 

environment of the membrane requires the breaking of solute-solvent H-bonds^*. A 

series of metabolically stable peptides was synthesised by Conradi and co-workers^*’̂ ,̂ 

varying the number of H-bonds that could potentially be formed with water. This 

variation was achieved by changing the number of amino acids in the sequence, and by 

A-methylating the peptide bonds. Permeability was found to increase in high correlation 

with reduction in H-bonding potential, but no such high correlation was found with 

lipophilicity (log

1.2.2.3 Carriers and Transporters

Often, the observed permeability of certain drugs and small peptides cannot be 

accounted for by passive (paracellular and/or transcellular) diffusion alone. 

Translocation across the intestinal epithelial layer by the transcellular route can also be 

mediated by various carriers and transporters (Figure 9) in an active manner, often 

coupled to the transport of Na^ or (down their concentration gradients)^^. However, 

these active processes are usually very substrate-specific and do not play a major role in 

the transportation of compounds that are not good substrates despite bearing close 

structural similarity to classical substrates^^. These transporters are typically integral 

membrane proteins, and are found primarily on the apical membranes of epithelial cells, 

although some are found on basolateral membranes^^.

One such carrier is the human -coupled oligopeptide transporter, known as PepTl^°, 

which is present mainly on epithelial cells in the duodenum and jejunum. PepTl is also 

expressed (but to a lesser extent) in Caco-2 cells^\ often used as a model to study 

permeability. This transporter shows fairly wide substrate-specifrcity, although some 

common structural features are required for recognition. A large variety of di- and 

tripeptides are transported, as are certain peptidomimetics such as P-lactam antibiotics, 

ACE inhibitors and renin inhibitors^^’̂ .̂ Amino acids are not substrates for PepTl (a 

family of transporters exists for amino acids), and, similarly, peptides larger than 

tetrapeptides seem not to be transported^^. Other oligopeptide transporters have also 

been identified, including one or more expressed in Caco-2 cells^^’̂ .̂ Oligopeptide 

transporters have additionally been found on tumour cells^^’̂ .̂
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Other carriers and transporters relevant to peptides depend more closely on the presence 

of particular features for recognition. Examples include the bile acid, phosphate and 

monocarboxylic acid transporters^^. In most cases, natural peptides cannot act as 

substrates for these systems, and the attention of much research has been directed 

towards the synthesis of analogues and conjugates which do possess the requisite 

features, in an effort to improve absorption. A good example of this approach used 

successfully with peptides is glycosylation, which can allow a peptide to be transported 

by the Na^-dependent D-glucose transporter (SGLT-1), present in high levels on human 

intestinal epithelial cellŝ "̂ . The use of glycosylation to enhance absorption of peptides is 

discussed later.

1.2.2.4 Endocytosis

A further way in which a peptide may move across the epithelium by the transcellular 

route is via vesicle-mediated processes (Figure 9). This is considered to be one of the 

main routes of absorption for proteins and larger peptides^*.

Endocytosis can be divided into two processes. Pinocytosis (fluid-phase endocytosis) is 

a non-specific process involving the trapping of extracellular fluid (which may contain 

the peptide) into a vesicle that then undergoes internalisation into the cell^*. Receptor- 

mediated endocytosis (absorptive endocytosis) requires the specific interaction of the 

peptide with the membrane, or with a particular receptor, followed by internalisation^*. 

Once internalised, the vesicles may carry directly across the cytosol to the basolateral 

membrane, where their contents are released extracellularly (transcytosis)^^, or, more 

commonly, the vesicle joins with a lysosome and its contents are metabolised^^.

A particular case of endocytotic absorption involves the M-cells (microfold cells) of the 

Peyer’s patches (localised patches of lymphoid tissue) in the ileum^*’̂ \ The functions of 

M-cells are thought to include the immunological sampling of potential antigenic 

particles and molecules in the gut lumen^*, and their subsequent absorption via the 

lymphatic system. Consequently, M-cells are regarded as target sites for protein (and 

large peptide) absorption.

1.2.2.5 Efflux Systems

The best known of the apically polarised efflux systems (Figure 9) are the so-called P- 

glycoproteins (P-gps). P-glycoprotein was first characterised as a product of the multi

drug resistance (MDR-1) gene, highly expressed in cancer cells^^. It is also expressed in 

normal intestinal epithelial cells (and over-expressed in Caco-2 cells). The function of
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P-gp and similar systems is as a broad-specificity, ATP-dependent efflux pump, 

reducing intracellular accumulation (and, hence, transcellular diffusion) of many drugs, 

including peptides^^. The peptide cyclosporin A is known to be a substrate^^, as are 

various synthetic peptides

Substrates are typically amphiphilic, containing both lipophilic and hydrophilic 

regions^^. On partitioning into the cell membrane, recognition of a substrate by these 

efflux transporters results in direct removal to the apical side of the monolayer. Most 

highly polar peptides do not act as substrates, but peptides that have been modified to 

increase their lipophilicity, and peptides that adopt particular conformations that expose 

hydrophobic sites, can be recognised^^.

1.2.3 Chemical Approaches to Improve Oral Peptide Absorption
The structural features of peptides responsible for their poor oral bioavailability (size, 

charge, hydrophilicity, H-bonding potential, enzymatic lability) need to be overcome to 

a significant extent, in order for this route of administration to gain any clinical success. 

This can be partly achieved by a variety of approaches, often involving chemical 

modification. Such modifications may be reversible (the pro-drug approach) or 

irreversible, involving the synthesis of often substantially different conjugates or 

chemical entities, which mimic the parent agent’s activity (the analogue approach). 

Analogues are generally smaller in size than their active parent peptides, retaining only 

those residues considered essential to conserve biological activity.

When making chemical modifications, it needs to be borne in mind that many peptides 

exert their biological actions in a potent and selective manner, by very structurally 

dependent interactions with target proteins and receptors. Even modest changes may 

lead to alterations in conformation of regions of the peptide that determine binding or 

recognition. Furthermore, with the recent discovery that many types of functionally 

diverse receptor belong to larger, receptor “super-families” sharing common features, 

there is a danger that small alterations may lead to an ability to act as a ligand for more 

than one receptor, so producing unwanted activity^*.

1.2.3.1 Reduction of Metabolism -  General Considerations

Enzymatic degradation is largely responsible for the failure of absorption of intact 

peptides after oral dosing. Much research has been directed towards the synthesis of 

metabolically stable analogues that retain the original biological activity of the native 

peptide. A general aim is to minimise recognition of the analogue by the families of
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complementary peptidases in the GIT. This commonly involves modifying the target of 

these enzymes -  the peptide bond.

1.2.3.2 Peptidomimetics and Peptoids

Synthetic compounds that resemble a target peptide or protein in terms of structure, but 

lack the traditional featural elements of peptides are referred to as peptidomimetics. 

Peptidomimetics are often designed to optimise activity, while retaining the minimal 

“scaffolding” necessary to hold the functional groups required for activity in the correct 

relative orientations. Such optimised compounds are now usually discovered by 

screening large combinatorial libraries, the ideal mimetics being small molecules. This 

rationalisation of size generally results in improved epithelial permeability, as well as 

metabolic stability.
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Figure 10: Peptidomimetics and peptoids

Peptidomimetics typically lack traditional peptide structure, the labile peptide bonds 

being replaced with similar (but enzymatically stable) constructs such as reduced 

amides, hydroxyethylene or hydroxyethylamino isosteres, or thioamides^^, as well as 

many others. Recently, synthetic protocols have been developed for the routine 

preparation of mimetics in which each peptide bond is replaced with a urea moiety^^ 

(Figure 10). Peptidomimetics also include peptoids, in which the amino acid side-chains 

are shifted along the peptide backbone from the a-carbons to become substituents of the 

amide nitrogens (becoming tertiary amides)*® (Figure 10).
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Modification of the side-chains of certain amino acids in the sequence (those not 

essential for binding) may also lead to reduced recognition by some classes of 

peptidases^^.

1.2.3.3 Alkylation

A/-alkylation (typically A-methylation) can confer a degree of structural rigidity on a 

peptide, and is a commonly used, minor chemical modification that can improve the 

enzymatic stability of the peptide bond^^. W-alkylation of the peptide bond (Figure 11) 

can result in sufficient steric hindrance to prevent the peptide substrate from binding 

tightly into the catalytic site of the enzyme, as well as slowing the formation of the 

tetrahedral transition intermediate -  the first step in peptide bond hydrolysis^ \

I  %  r  ■ I II i TV f  : N
Me O % ^  H O Âg ^  H 6  ^

A -̂methyl C“-methyl D-amino acid

Figure 11: Other peptide backbone modifications

A-methylation also results in a reduction in the H-bonding potential of the peptide’s

backbone^’̂ .̂ Sequentially reducing the number of potential H-bonds that can be

formed (in aqueous solution) results in improved passive transcellular absorption, 

markedly improving permeability^. A/-alkylation leads to only a small increase in 

lipophilicity (log P), suggesting that reduction in H-bonding potential is the primary 

reason for increased permeation^^.

The hydrophobic, cyclic peptide cyclosporin contains multiple //-methylated amino 

acids, which may contribute to its atypically high oral bioavailability^\

1.2.3.4 C“-MethyIation

Similar to A-alkylation, méthylation of the a-carbon (to generate quaternary amino 

acids) can result in reduced recognition by peptidases by increasing steric bulk around 

the target peptide bond (Figure 11). (T-methylation (or C"-alkylation)^^ results in 

enhanced lipophilicity, and may result in an improved ability to partition into 

membranes and be absorbed passively across the GIT epithelium.
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1.2.3.5 D-Amino Acid Incorporation

A promising approach to reducing metabolism is the incorporation of unnatural D-amino 

acids (Figure 11). The amide bond between a naturally occurring L-amino acid and a D- 

amino acid is often not readily recognised as a substrate for proteolytic enzymes. All the 

body’s enzymes are comprised entirely of L-amino acids, and the conformation of a 

peptide containing a D-amino acid is usually incompatible with binding into the active 

site. This is due to the steric restrictions associated with the side-chain projecting 

atypically in comparison to an unmodified peptide^^.

One consequence of such a change can be impairment of activity resulting from reduced 

affinity to target receptors, in a manner exactly analogous to the reduced enzymatic 

recognition. This often has to be compensated for by other modifications in the 

analogue’s structure and conformation (e.g. cyclization).

1.2.3.6 C- and A-terminal Masking

An established method to reduce metabolism by exopeptidases (e.g. carboxypeptidases 

A and B acting at the C-terminus, aminopeptidases A and N acting at the A-terminus) is 

to modify one or both termini of the sequence. Recognition by these enzymes usually 

requires a free carboxyl or amine, so blocking these groups can improve metabolic 

stability^^.

C-terminal masking can involve the synthesis of methyl or other esters (which can still 

be metabolised by esterases), or, more frequently, synthesis of a primary amide (a- 

carboxamide; -CONH2). The C-terminal carboxylic acid can also be reduced to the 

primary alcohol (-CH2OH), an approach used with the somatostatin analogue 

octreotide^^. A-terminal masking can be achieved most simply by A-alkylation (usually 

méthylation) or by acétylation. The large majority of linear peptide analogues for 

potential biological applications have one or both of their termini blocked in this way.

As well as enhancing resistance to enzymatic degradation, terminal capping can result 

in improved epithelial transport. Capping reduces the overall number of charges on the 

peptide at physiological pH. This results in an ability to exploit both paracellular and 

transcellular routes of absorption, whereas zwitterionic, charged peptides are primarily 

restricted to the aqueous, paracellular route^ .̂ Favourable effects on passive 

transcellular flux are also mediated by a reduction in H-bonding potential, and an 

increase in lipophilicity (although the analogues have reduced aqueous solubility)^^. 

The C- and A-termini can also be masked simultaneously by head-to-tail cyclization.
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1.2.3.7 Cyclization

Cyclization of the backbone confers conformational rigidity upon the peptide sequence, 

and can result in a lowered average molecular radius (an important consideration for 

transcellular and, particularly, paracellular permeability). Such rigidity may be 

important for activity, since it can allow an analogue to mimic the higher order structure 

and folding of much larger peptides. This was exemplified by the somatostatin 

analogues (above), for which cyclization resulted in the adoption of a P-tum around 

those residues essential for receptor interaction^^. Similarly, the loss of flexibility 

induced by cyclization may lead to reduced interaction with the active sites of broad- 

specificity proteases.

Peptides can be cyclized in a number of ways. The most common involves the 

formation of a disulphide bridge between two cysteine residues. Head-to-tail cyclic 

peptides can also be formed, in which the C- and A/-termini are coupled. Peptides 

cyclized in this way have both termini masked, which is beneficial in reducing 

metabolism and enhancing permeation (see above). Cyclization can additionally be 

performed employing the side-chain fimctional groups of one amino acid, and one 

terminus.

Cyclization encourages the formation of intramolecular H-bonds, which, in turn, 

reduces the peptide’s potential for solute/solvent H-bonding^^’̂ *’®̂. This often results in 

an increase in apparent lipophilicity. Borchardt and co-workers*^ compared the 

permeation of linear and cyclic hexapeptides across Caco-2 monolayers. They found 

that, while the linear and cyclic peptides were of comparable size (Stokes-Einstein 

radii), the cyclic peptides had improved lipophilicity due to intramolecular H-bonding, 

and 2-3 times greater permeability*^. They attributed this increase in permeability to an 

improvement in transcellular flux. The permeation of the charged, linear peptides was 

significantly increased (more so than the corresponding cyclic peptides) by a 

penetration enhancer known to perturb the tight-j unctions, supporting the idea that they 

were more dependent on paracellular transport*^.

Recently, a novel approach to cyclization has been developed, involving the synthesis 

of esterase-sensitive cyclic pro-drugs*" '̂* .̂ Enkephalin peptides were cyclized by 

inclusion of a coumarinic acid- or phenylpropionic acid-based moiety*" ’̂*̂ . These pro

drugs demonstrated intramolecular H-bonding and improved lipophilicity as above, and 

considerably better epithelial permeability than their linear precursors (as well as 

improved peptidase resistance). The pro-drugs were quantitatively degraded at various 

rates by liver and serum esterases to give the parent enkephalins*^’*̂ . A similar case was
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seen for peptides cyclized using an acyloxyalkoxy-based linker*^, although 

permeability was reduced by their apparent ability to act as substrates for P-gp efflux.

1.2.3.8 Glycosylation

Glycosylation of peptides can serve not only to improve their physicochemical 

properties (enhancing water solubility of poorly soluble, lipophilic peptides), but has 

also received great interest for its potential to allow conjugates to utilise active transport 

processes^"*.

The presence of the Na^-dependent glucose transporter (SGLT-1) on the apical 

membranes of epithelial cells in the GIT^  ̂ prompted research into the possibility of 

exploiting this system to enhance the absorption of small molecules as glycosides 

(Figure 12). Studies on simple 0-glycosides*^ indicated a preference for glucosides over 

galactosides, and the P-anomeric configuration over the a-anomeric configuration. This 

was confirmed for glycosides of simple drugs**. The conjugation (via a spacer moiety) 

of an 0-linked glucoside to the 7V-terminus of a tetrapeptide (not transported by PepTl) 

resulted in improved passage through everted rat intestinal sacŝ "*. SGLT-1 involvement 

was confirmed by inhibition of transport by D-glucose, by removal of Na"̂  and by 

phloridzin (an SGLT-1 inhibitor). P-glucosides were taken-up more readily than a- 

glucosides '̂*.

HOOH HO.OH .OH
HO- HO-HO. HO.HO. HO.

HO HOHO HO

a-glucoside P-glucoside a-galactoside P-galactoside

Figure 12: Configuration o f  glycosides

The incorporation of 0-glycosyl amino acids into analogues of opioid enkephalin 

peptides allowed them to utilise active transport across the blood-brain barrier (BBB), 

mediated by a similar glucose transporter, GLUT-1. Again, p-anomeric preference was 

noted*^. These conjugates retained their biological activity. Leu-enkephalin analogues, 

modified at the C-terminus with an A-linked glucuronic acid moiety (glycosyl amide) 

also demonstrated in vitro activity^'^\

Glycosylation (side-chain or terminal) also produces improved resistance to metabolism 

by certain peptidases^"^’*̂ , possibly as a consequence of steric effects. Greater enzymatic 

stability was once more seen for an A-linked glycopeptide renin inhibitor^^.
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1.23.9 Lipophilicity

Highly polar, hydrophilic drugs often demonstrate poor permeability across epithelial 

cells. Such drugs are poorly able to interact with the lipid environment of the cell 

membrane and are hence limited to passage through the charge and size dependent 

paracellular pathways^. Improving lipophilicity is a means by which a drug’s ability to 

partition into membranes can be increased, and can thus result in increased transcellular 

absorption. This is of particular relevance to peptides, which are often too large for 

efficient paracellular transport. However, as discussed, the contribution of H-bonding as 

a factor affecting lipophilicity needs also to be addressed.

While improving lipophilicity generally leads to enhanced transcellular flux, there is a 

danger in making the drug too lipophilic, at which point the transport can be reduced. 

Rather, there is an optimal lipophilicity for passive diffusion via this route^^. Drugs that 

are very lipophilic suffer from impaired aqueous solubility, which limits their 

availability for absorption from the GIT.

The effect of lipophilicity is exemplified by cyclosporin, which comprises almost 

exclusively hydrophobic amino acids as well as its several A^-methylated residues. 

These factors, along with intramolecular H-bonding, lead to high lipophilicity and 

unusually high oral bioavailability (when formulated appropria te ly /^ .

A novel approach to enhancing the oral absorption of drugs and peptides by increasing 

lipophilicity is the conjugation of the so-called lipoamino acids (2-aminoalkanoic acids) 

(Figure 13). Lipoamino acids (LAAs) combine the structural features of lipids (long 

alkyl side-chains) with those of amino acids (polar amino and carboxyl groups), 

resulting in an amphipathic nature "̂̂ .

OH
H2N— ÇH— COOH 

(CHzln 

CH3

Figure 13: Lipoamino acid structure

LAA conjugation has been used to improve the oral absorption of several classes of 

poorly absorbed drugs, including anti-inflammatory benzoquinolizines^^ and P-lactam 

antibiotics^. An optimal lipophilicity for permeation through Caco-2 cell monolayers 

was found to exist for benzoquinolizine conjugates, and this permeation correlated well
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with their oral absorption in rats^ .̂ The increased lipophilicity imparted by LAA 

conjugation can be tailored to the drug involved by varying the number and nature 

(length of alkyl side-chains) of the LAAs, in an effort to optimise absorption profiles^*. 

Of great interest is the use of LAAs to improve the oral absorption of peptides. 

Conjugates are easily prepared since LAAs can be introduced into the peptide sequence 

as simply as any other, naturally occurring, amino acid. Radiolabelled conjugates of 

thyrotrophin-releasing hormone (TRH) and luteinizing hormone-releasing hormone 

(LHRH) demonstrated significant uptake after oral dosing in rats^^, in contrast to the 

parent peptides which were not absorbed intact. The absorption of the (tripeptide) TRH 

conjugates was generally higher than that of the (decapeptide) LHRH conjugates, and 

conjugates containing two LAAs at the A-terminus were better absorbed than those with 

one LAA^ .̂

Furthermore, the lipidic conjugates of LHRH and TRH demonstrated markedly 

improved resistance to enzymatic degradation. On incubation with Caco-2 cell 

homogenates, the peptides demonstrated approximately ten-fold increases in half-lives 

when conjugated with one LAA, and 50- to 70-fold increases with two LAAs^^. The 

conjugates did undergo metabolism to the parent peptides, but it was noted that the 

released peptides were degraded more slowly than would be expected for unmodified 

LHRH and TRH. This suggests that LAA conjugation leads to inhibition of peptidolytic 

activitŷ ®®.

Conjugation of other lipid moieties has also been used*^*’̂ °̂  in an effort to improve 

membrane permeability, including long-chain fatty acids and alcohols. Some protection 

from enzymatic degradation of the parent drug/peptide was also noted in these studies.
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1.3 SOLID-PHASE PEPTIDE SYNTHESIS
The original concept of the synthesis of peptides on a solid, polymeric support was first 

proposed in 1962 by R. B. Merrifield^®^, and later put into practice with the synthesis of 

a simple tetrapeptide*^" .̂

The principle, as originally elaborated, involves the attachment of an A^-protected 

amino acid to a derivatised solid support (the resin) via its carboxyl group. This 

temporary protection is then simply removed by mild acidolysis, followed by 

neutralisation to give the free amine, to which the next amino acid (also A^-protected) 

can be coupled, forming an amide bond. The steps of deprotection and coupling can 

then be repeated for subsequent amino acids until the desired peptide sequence is 

assembled. Since the growing peptide chain remains attached to the insoluble polymer 

throughout the synthesis, excess reagents and solvents can be washed away, retaining 

the resin beads using an appropriate filter. After final A/“-deprotection, the peptide is 

cleaved from the resin, extracted into solution and purified as necessary. This process is 

summarised in Scheme 1.

PHNj - O H  + #
^  resin loading

PHN
^  deprotection

chain elongation

^  coupling

PHN

^  deprotection

H2N-4  -
R5 ^  R3 ^  Ri

I  cleavage

Scheme 1: Overview o f solid-phase peptide synthesis
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Amino acids which contain reactive functional groups in their side-chains also have 

these groups protected, in order to prevent potentially irreversible modification. Side- 

chain protection is chosen to be stable to all stages of stepwise chain elongation. In 

particular, it must be stable to the conditions of repetitive A^-deprotection, i.e. the N^- 

protecting group and the side-chain protecting group must be orthogonal (one can be 

removed without affecting the other). Side-chain protection is also chosen to be 

completely labile to the conditions of resin cleavage, so the peptide is released in its 

fully deprotected form, requiring no further chemical treatment prior to purification and 

isolation.

1.3.1 Protecting Group Strategy
In order to be of value as building-blocks for the assembly of peptide sequences on 

solid-phase, amino acids have to be protected at both their a-amino groups and at any 

side-chain functional groups, a-amino protection should be temporary, being easily 

removed after each coupling step, whereas side-chain protection should be semi

permanent, only being removed after completion of peptide synthesisC onsequently , 

the type of side-chain protection is largely dependent on the nature of the //^-protecting 

group.

The original synthesis of Merrifield^®'  ̂ employed the well-known benzyloxycarbonyl 

{ZŸ^  group for a-amino protection (see Figure 14). However, the strongly acidic 

conditions required for its removal meant that the linkage between the peptide chain and 

the resin had to be stabilised in order to prevent detachment during deprotection. This 

group was soon replaced^°^ by the considerably more acid-labile r-butoxycarbonyl 

(Boc)^°^ protecting group (Figure 14).

Boc

Figure 14: Common A“-protecting groups

O
Fmoc

A/“-Boc protection can be introduced simply and in good yield using a variety of 

reagents, the most popular of which is probably di-r-butyl dicarbonate, (Boc)20^°^. It is
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rapidly removed using trifluoroacetic acid (TFA), but is stable to treatment with basic 

and nucleophilic reagents, and to reducing agents.

The choice of side-chain protection used in conjunction with A“-Boc peptide synthetic 

strategy is based upon the principle of graduated acid l a b i l i t y T h i s  allows the 

selective removal of ̂ “-protection, using an acid such as TFA, in the presence of side- 

chain protecting groups that are only removed with strong, anhydrous acids such as 

hydrogen fluoride (HF), which simultaneously cleave the peptide from the resin. The 

side-chain protecting groups chosen for use in A“-Boc-based solid-phase peptide 

synthesis (SPPS) are generally based upon benzyl alcohol, resulting in benzyl ethers, 

thioethers, esters and carbamates, for side-chain hydroxyls, thiols, carboxyls and amines 

respectively^ Often, structurally similar or substituted benzyl derivatives are used 

preferentially for reasons of stability or ease of cleavage" \

The other ^ “-protecting group used routinely in SPPS is the base-labile 9- 

fluorenylmethoxycarbonyl (Fmoc) group"^'"^ (Figure 14). Its use in peptide 

synthesis"'^’"^ arose out of fears that repeated acidolysis with TFA may lead to 

degradation of the peptide chain, or undesirable side-reactions at susceptible residues" \  

A“-Fmoc protection can be introduced by treatment with the chloroformate derivative 

(FmocCl)"^ or with the superior succinimido reagent (FmocOSu)"^. It is stable to 

acidolysis, but can be cleaved by relatively mild treatment with a base, such as 

piperidine or morpholine.

Orthogonal side-chain protection is achieved using acid-labile /-butyl derivatives in a 

manner analogous to the benzyl derivatives used in A/“-Boc SPPS. Again, these 

protecting groups are removed during cleavage of the finished peptide from the solid 

support. For A“-Fmoc SPPS, this is accomplished via mild acidolysis using TFA.

Other protecting groups for the a-amino function have been employed, but none of 

them have yet gained the popularity or application of the Boc and Fmoc groups. Others 

include the highly acid-labile 2-(4-biphenyl)-isopropoxycarbonyl (Bpoc) and 

triphenylmethyl (trityl, Trt) groups, as well as the 2-nitrophenylsulphenyl (Nps) and I- 

(4,4-dimethyl-2,6-dioxocyclohex-1 -ylidene)ethyl (Dde) groups"^’"*.

A huge number of A“-Boc and A“-Fmoc side-chain protected amino acids are now 

commercially available. Satisfactory side-chain protection exists for each residue, and 

selection can be made on the basis of synthetic (coupling, deprotection, cleavage) and 

sequence-specific considerations.
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The relative merits of the Boc and Fmoc strategies have long been discussed'®^’̂ ^̂ ’̂ *̂ ’̂ ^̂ . 

Boc strategy synthesis is cheaper and faster, deprotections and couplings taking longer 

in Fmoc synthesis. Fmoc amino acids also suffer from poorer solubility in solvents 

commonly used in SPPS. However, the conditions of -deprotection and cleavage (HF 

cleavage in the Boc strategy is very hazardous and requires expensive, specialised 

equipment) are much milder in Fmoc synthesis, allowing greater flexibility in the 

incorporation of particularly sensitive residues, and in the synthesis of glycopeptides 

and other conjugates.

1.3.2 Solid Supports
The advantages of performing peptide synthesis on a solid support are clear. In solution- 

phase synthesis, each reaction is followed by multiple steps, often involving extraction, 

filtration, evaporation, purification and crystallisation^ Each intermediate in the 

elongation of the peptide has to be isolated and characterised, resulting in significant 

loss of material. SPPS is quicker and less labour-intensive, each step of the reaction 

being carried out in the same vessel, with facile removal of soluble reagents on 

completion of each reaction. The ease of reagent and reactant removal allows the use of 

large excesses, so the reaction can be rapidly driven to completion. The consequences of 

the accumulation of resin-bound impurities are also clear; problems in coupling or 

deprotection, or unwanted side-reactions lead to products that are present throughout the 

rest of the synthesis. This can lead, if unchecked, to a complex mixture of very similar 

products at the end of synthesis, which may be inseparable from the desired peptide. 

This emphasises the need for very efficient coupling, particularly in long sequences.

The resin first used by Merrifield^ '̂^ was based upon polystyrene, lightly cross-linked by 

co-polymerisation with 1% divinylbenzene (DVB). The polymer beads were derivatised 

by chlorométhylation, providing a “handle” to which the first amino acid could be 

attached (Figure 15).

Polystyrene resins swell in solvents used for peptide synthesis such as CH2CI2 and NJ^- 

dimethylformamide (DMF), resulting in a solvated gel that is freely permeated by the 

solvent^ This solvation allows largely unhindered diffusion of molecules in and out of 

the resin beads, and also means that the resin-bound peptide is effectively in solution 

(pseudo-dilution) and obeys solution-phase kinetics^® .̂

As well as possessing good swelling properties, polymeric supports should be 

chemically and physically stable to the conditions of synthesis, and have a high enough
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substitution (degree of derivatisation) to allow a reasonable yield of peptide per unit
weight or volume^^^.

chloromethyl J y J X Y

o amnoacyl PAM

BocHN'

MeO NhFmoc

MeO

MEHA Rink anide MBHA

Figure 15: Polymeric supports and linkers

P = polymeric support, Nle = norleucine

A very large variety of derivatised polymeric supports have now been developed for 

SPPS, both for Boc and Fmoc strategies. The most commonly used for Boc synthesis 

include the aminoacyl 4-hydroxymethylphenylacetamidomethyl (PAM) resins^^  ̂ used 

for synthesis of peptide acids (greater stability to repeated TFA acidolysis than 

Merrifield’s chloromethyl resin), and the 4-methylbenzhydrylamine (MBHA) resin^^  ̂

used for synthesis of peptide a-carboxamides. For Fmoc synthesis, the Wang resin^^  ̂ is 

often used for preparation of peptide acids, and the Rink amide MBHA resin for a- 

carboxamides^^'*. The structures of these supports are shown in Figure 15. Also 

available are very acid labile resins that allow the cleavage of side-chain protected 

peptides, photolytically cleaved resins, and resins based upon different, less 

hydrophobic polymers and linkers.

1.3.3 Peptide Bond Formation
The coupling of the carboxyl group of the A/“-protected, side-chain protected amino acid 

to the free A-terminal amine of the resin-bound peptide is the key step in SPPS. This 

reaction does not occur at ambient temperature, so it is necessary to activate one of 

these groups in order to promote their reaction. Almost exclusively, it is the carboxyl 

group that undergoes activation, by conversion to an efficient and powerful acylating 

agent.
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Activation involves the attachment of an electron withdrawing, leaving group to the 

acyl carbon of the carboxyl, which renders it more susceptible to nucleophilic attack by 

the amino group of the peptide. This, in turn, leads to aminolysis of the carboxyl 

derivative and consequent formation of an amide bond (Scheme 2). The acylating agent 

may be stable enough to be formed, isolated and stored until required, may be produced 

immediately prior to coupling, or may be formed in situ by the addition of an activating 

agent to the reaction mixture^

®0 Q
Î  ^  P  Q  ^  II

R f ^ x  R r\':.T  R r^ N

R2—NH2

Schem e 2: Mechanism o f  peptide bond formation

Of the many methods and reagents developed for activation of the carboxyl group, the 

most widely used are the carbodiimides, the phosphonium and uronium coupling 

reagents, and active esters. Other methods such as acyl halide and acyl azide formation, 

mixed anhydride and A-carboxyanhydride synthesis have fewer applications in 

S P P S '" '" 7.

1.3.3.1 Carbodiimides

The most popular of the carbodiimides, and the one originally used by Merrifield, is 

-dicyclohexylcarbodiimide (DCC)^^^, a particularly appropriate choice for the 

apolar environment of polystyrene resins. DCC-mediated coupling can proceed via a 

variety of pathw ayssum m arised  in Scheme 3. Reaction of the A^-protected amino 

acid with DCC leads to the initial formation of an O-acylisourea adduct. This adduct is 

a good acylating agent, and nucleophilic attack by the TV-terminal amine of the peptide 

results in the formation of a new peptide bond, and TV,TV -dicyclohexylurea (DCU) as a 

by-product.

Reaction of the O-acylisourea with the carboxyl group (or carboxylate anion) of a 

second molecule of (protected) amino acid leads to the formation of the symmetrical 

anhydride (and DCU). This anhydride can also undergo nucleophilic attack by the 

amine to result in acylation. Symmetrical anhydride formation in solution (using a two-
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fold molar excess of amino acid over DCC), prior to addition to the deprotected peptide 

is a well-established approach in SPPS (pre-formed symmetrical anhydrides; PSAs). 

Coupling can also be mediated by a 5(4//)-oxazolone intermediate*^^, formed by 

rearrangement of the O-acylisourea or symmetrical anhydride. These oxazolones are 

very good acylating agents, but are, in some cases, prone to racémisation (through 

exchange of the acidic proton at the chiral centre), although this is not a significant 

problem with Boc- and Fmoc-protected amino acids (slow racémisation versus rapid 

acylation)**^.

0-acyl isoureas may slowly undergo intramolecular acyl transfer (particularly during 

protracted couplings) to give A-acylureas***. A-acylureas may also be formed by 

reaction of DCU with a symmetrical anhydride in an appropriate solvent (such as 

DMF)** .̂ This results in reduced yields as A-acylureas are unreactive. This problem, 

and the problem of racémisation, can be minimised by the addition of auxiliary 

nucleophiles, particularly 1-hydroxybenzotriazole (HOBt)*^^ or l-hydroxy-7- 

azabenzotriazole (HOAt)*^^ (Figure 16).

Auxiliary nucleophiles react very rapidly with intermediates such as 0-acylisoureas to 

effectively generate active esters in situ. These active esters are able to act as potent 

acylating agents (Scheme 4), but suppress racémisation and other side-reactions.
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OH

HOBt HOAt

F igure 16: Structures o f auxiliary nucleophiles

Carbodiimides other than DCC are also used. The DCU by-product is poorly soluble in 

most solvents and can be difficult to separate from the resin beads, even by repeated 

washing. The urea by-product of #,A^'-diisopropylcarbodiimide (DIC)^^^ is much more 

soluble in organic solvents and is also used in SPPS.

1.3.3.2 Phosphonium and Uronium Coupling Reagents

Phosphonium and uronium salts are used as in situ activating agents, in combination 

with a tertiary base such as #,Æ-diisopropyIethylamine (DIEA).

Me
O — P - - I O— P--N

Me
3

P\BOPBOP

3
e'6

HBTU TBTU

Figure 17: Structures o f  phosphonium and uronium coupling reagents

The original phosphonium reagent was (l//-benzotriazol-l-yloxy)tris(dimethy- 

lamino)phosphonium hexafiuorophosphate (BOP), developed by Castro and co- 

workers’̂  ̂ (Figure 17). The carboxylate anion of a protected amino acid reacts with the 

phosphonium cation to generate an acyloxyphosphonium species (Scheme 4; X=P, 

n=3). The carbonyl carbon of this intermediate is then attacked by the nucleophilic 

amine of the peptide chain. As with the carbodiimides, the reaction can proceed via 

multiple pathways, including in situ generation of benzotriazol-l-yl active esters” .̂ 

Coupling proceeds very efficiently, but a by-product of the reaction is the toxic, 

carcinogenic hexamethylphosphoramide. BOP can be replaced by ( 177-benzotriazol-1 - 

yloxy)tris(pyrrolidino)phosphonium hexafi uorophosphate (PyBOP)’^’ (Figure 17) 

which does not have such toxic by-products.
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Schem e 4: Phosphonium and uronium reagent-mediated coupling pathways

Similar are the so-called uronium salts, exemplified by 2-(l//-benzotriazol-l-yl)- 

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and the corresponding 

tetrafluoroborate (TBTU)*^^ (Figure 17). Reaction with the amino acid carboxylate (the 

use of a tertiary base ensures that the carboxyl component is in its anionic form) 

generates a highly reactive acyloxyuronium intermediate (Scheme 4; X=C, n=2). As 

above, this can be converted to a benzotriazol-l-yl active ester directly, or via a 

symmetrical anhydride. Either the active ester so-formed, or the anhydride can act as the 

acylating agent, in a manner exactly analogous to the phosphonium reagents (above) 

Couplings are, again, highly efficient and rapid, with very few side-reactions. HOBt can 

be added to catalyse the reaction and virtually eliminate side-reactions*^^.

1.3.3.3 Active Esters

Active esters are becoming particularly popular in SPPS. Not only can they be 

generated in situ (above), but they can also be isolated and crystallised, and are stable 

for long periods. The most widely used and popular are the pentafluorophenyl (OPfp) 

e s t e r s (F i gu r e  18). They are generally prepared by a DCC-mediated condensation of 

pentafluorophenol and the protected amino acid. Rates of coupling can be increased by 

addition of HOBt*̂ "*. The OPfp esters of nearly all A^-Fmoc amino acids are

R

FmocHN'

F

F igure 18: OPfp active ester 
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commercially available. /7-Nitrophenyl (ONp) and A^-hydroxysuccinimide (OSu) esters 

have also been used, among others^

1.3.4 Chain Elongation
The success of the coupling reaction can be conveniently monitored (qualitatively or 

quantitatively) with a sensitive colour test such as the Kaiser test^^ ,̂ in which free amino 

groups react with ninhydrin to form a coloured compound. The presence of amino 

groups is indicated by a dark blue colour, and unsuccessful couplings can be repeated 

until a negative test is obtained.

Successful coupling is followed by A^-deprotection, which, as mentioned above, is 

achieved using TFA (neat or diluted with CH2CI2) for A/“-Boc groups, or 20% 

piperidine in DMF for A“-Fmoc groups. Neutralisation of the A-terminal quaternary a- 

ammonium species (after TFA treatment) can be performed prior to coupling the next 

residue, but is now commonly performed in situ using a greater excess of DEE A"^.

When phosphonium and uronium coupling reagents are employed, the solvent used 

throughout synthesis is typically DMF, which results in better swelling and solvation of 

the peptide-resin than the apolar CH2CI2. CH2CI2 can still be used when couplings are 

mediated by in situ activation with carbodiimides. The polar W-methypyrrolidone 

(NMP) has particularly good solvating properties and is now becoming a popular 

solvent for SPPS.

The repetitive, stepwise nature of chain elongation makes the process a good candidate 

for automation. Many researchers now employ sophisticated, automatic and robotic 

synthesisers to carry out SPPS. These synthesisers are fully programmable, and many 

Fmoc strategy instruments are able to monitor deprotection and/or coupling 

spectrophotometrically. Some modem synthesisers also allow several, parallel syntheses 

to be performed at once, permitting the rapid production of large series of peptides.

1.3.5 Side-Reactions and Difficult Couplings
Many side-reactions have been documented, and efforts to reduce and eliminate them 

have been the basis of extensive research. Such reactions may occur during coupling or 

deprotection steps (or during cleavage -  see below).

Sequence-specific side-reactions, i.e. those occurring due to modification of susceptible 

residues, can be largely eliminated by the selection of appropriate side-chain protecting 

groups. The use of clean, stable derivatised resins, use of efficient coupling procedures
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and thorough washing can all help to reduce the occurrence of such unwanted 

reactions^® .̂

Additional problems arise if couplings or deprotections are incomplete. The need for 

these steps to be extremely efficient is an inherent feature of a multi-step process such 

as SPPS, since undesirable, as well as intended intermediates and products are 

indiscriminately retained on the solid-support. Such products may include “deletion” 

peptides, which differ from the target sequence by one or more residues (as a 

consequence of incomplete coupling/deprotection at one stage, after which chain 

elongation proceeds normally), and “terminated” peptides (chain elongation fails due to 

deprotection failure or irreversible jV-terminal modification)^ These peptides are very 

similar to the target peptide and are difficult to separate from it.

When coupling fails, it is often a consequence of aggregation -  the tendency of peptide 

chains to form secondary structures. Secondary structure formation can be inter- or 

intrachain (a-helices, p-sheets), or can involve the polymeric support. It is usually 

dependent only on the sequence of the peptide. As well as failure of coupling, 

deprotection (less of a problem when TFA is used) and monitoring (false negative) 

reactions can be affected^ Approaches to overcome such difficulties include the use of 

low-substitution resins with good swelling properties, the use of polar solvents, 

including DMF, NMP or dimethylsulphoxide (DMSO) (disrupt H-bonding), and more 

aggressive couplings (increased time, double-couplings, choice of reagent, heat). Some 

protocols also incorporate a “capping” step, by which any remaining fi-ee amino groups 

are acetylated using acetic anhydride.

A particularly novel approach to minimising aggregation in the synthesis of difficult 

sequences by the Fmoc strategy is the protection of the amide bond. This is done at 

intervals along the backbone, using iV,0-bis-Fmoc amino acid 2-hydroxy-4- 

methoxybenzyl (Hmb)^^^ derivatives (Figure 19). Just as W-alkyl amino acid 

incorporation (Figure 11) can disrupt higher order folding by reducing H-bonding along

.OMeHO.

Figure 19: Hmb protected amide 
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the peptide backbone, Hmb amide protection also significantly reduces aggregation. The 

Hmb groups are removed during normal peptide cleavage.

1.3.6 Cleavage and Isolation
After successful assembly of the peptide and removal of the JV-terminal, A/“-protecting 

group, the peptide-resin needs to be thoroughly washed and dried prior to cleavage. 

Cleavage of peptides produced using the A^-Boc strategy is normally performed with 

anhydrous HF, although other strong acids such as hydrogen bromide/acetic acid 

(HBr/AcOH), trifluoromethanesulphonic acid (TFMSA) and trimethylsilyl trifluoro- 

methanesulphonate (TMS triflate; TMSOTf) have also been used^^ .̂ Side-chain 

deprotection in standard HF cleavage proceeds via an SnI mechanism, resulting in the 

generation of highly reactive carbonium ions^^ .̂ To prevent alkylation of susceptible 

functional groups, scavengers such as /?-cresol, /7-thiocresol, anisole and 

dimethylsulphide (DMS) are added. The choice of scavenger, and the cleavage duration 

are determined by the residues comprising the peptide’s sequence.

Another approach to HF cleavage is the so-called low-high HF procedure^^^. In this 

method, a low concentration of HF in DMS (1:3) is used, which results in deprotection 

via an Sn2 mechanism. In this type of cleavage reaction, carbonium ions are not formed, 

preventing side-chain alkylation. This procedure results in the removal of most 

protecting groups, but cleaves the peptide from only a minority of resins. The HF and 

DMS can then be evaporated, followed by standard HF treatment to remove the 

remaining protection and cleave the p e p t i d e T h e  low-high procedure also reduces 

protected methionine sulphoxide to free m e t h i o n i n e a n d  can result in deprotection of 

formyl-protected tryptophan if/?-thiocresol^^^ is added (formyl protection can otherwise 

be removed prior to cleavage, using piperidine).

Cleavage of Fmoc strategy synthetic peptides is performed simply using TFA, the 

concentration of which will vary depending on the acid-lability of the peptide-resin 

linkage. For most commonly used resins, 85 to 95% TFA is used, the remainder being 

water and scavengers. As with cleavage of Boc strategy peptides, the scavenger(s) used 

depend upon the peptide sequence, popular selections being triisopropylsilane (TIS), 

phenol, thioanisole and ethanedithiol (EDT).

After cleavage and evaporation of the volatile components of the cleavage mixture, the 

peptide is typically precipitated using cold, anhydrous diethyl ether, and separated by 

filtration or centrifugation, washing with fresh ether. The peptide can then be extracted
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into a suitable, aqueous solvent and lyophilised. Once isolated, the crude product is 

purified (often by high-performance liquid chromatography (HPLC)) and characterised.

1.3.7 Cyclization
Disulphide bridges are important structural features of many biologically active natural 

and synthetic peptides. Consequently, the selective formation of one or more disulphide 

bridges by oxidation is an integral part of peptide synthesis^^^’̂ '̂ .̂ Many methods have 

been developed for selective disulphide formation both on-resin (prior to cleavage) and 

in solution.

9 m /TOCO
Acm Trt pMeOBd Xan Fm

Figure 20: Cysteine side-chain protecting groups

The selection of protecting groups (Figure 20) for the sulphydryl (thiol) containing side- 

chain of cysteine is of great importance. Protection can be chosen such that it is stable to 

the conditions of cleavage. An example is the acetamidomethyl (Acm)^^  ̂ group, which 

is not removed by HF or TFA, but can be removed simultaneously with the oxidation 

step in solution (see below). Acm is thus compatible with both A/“-Boc and A“-Fmoc 

synthetic strategies. Simultaneous removal/oxidation can also be performed on-resin. 

Alternatively, protection that is removed during cleavage to give the free sulphydryl can 

be used. Examples are the trityl (Trt)’"*̂ group for Fmoc synthesis and the p- 

methoxybenzyl (/7MeOBzl) '̂^  ̂ group for Boc synthesis. Use of these groups permits 

oxidation immediately after cleavage, or synthesis of peptides containing free cysteines. 

Finally, protection can be removed selectively on the solid-phase, allowing subsequent 

oxidation prior to cleavage. Examples include the xanthenyl (Xan)^ '̂* group (removed 

with -2%  TFA in CH2CI2) and 9-fluorenylmethyl (Fm)^^  ̂ group (removed with 50% 

piperidine in DMF), for Fmoc and Boc strategies respectively.

The most popular methods of cyclization are probably iodine oxidation^"^  ̂ and thallium 

(III) trifluoroacetate (Tl(tfa)3)’"̂  ̂ oxidation. Treatment with either of these reagents 

results in effectively simultaneous side-chain deprotection (Trt or Acm) and oxidation 

to give the desired disulphide (Scheme 5)̂ ^̂ . Each reagent has been used for both solid-
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and solution-phase cyclization '̂^°. Conditions need to be carefully controlled in solution- 

phase oxidation, particularly ensuring that the solution is dilute enough to promote 

intramolecular, rather than intermolecular disulphide formation. The latter leads to 

cross-linking and oligomerisation, and can drastically affect yields^^ .̂ Pseudo-dilution 

in SPPS (see above) tends to favour the required intramolecular reaction.

ÇH2 CH2

Trt— S :^  S

Trt— \ 7  S - r y  S

CH2 CH2 CH2

Scheme 5: Mechanism o f  disulphide bridge formation

In solution, iodine oxidation is usually performed (depending on the sequence) in 

aqueous acetic acid which slows the reaction (compared to methanol) but limits side- 

reactions; Tl(tfa)] oxidation proceeds best in TFA^^ .̂ These methods of oxidation may 

be unsuitable if certain, easily modified or oxidised residues are present (e.g. Met, Trp). 

Following solution-phase oxidation with Tl(tfa)s, thallium salts can be removed by 

thorough washing of the (precipitated) peptide with ether. Methods used to remove 

excess iodine include quenching with sodium thiosulphate or ascorbic acid '̂^ ,̂ extraction 

into carbon tetrachloride^"^*, or, recently, physical adsorption onto activated charcoal 

Solid-phase oxidation with these reagents is generally carried out in after

which they are removed by washing. Performing the reaction on the resin is beneficial 

as it limits side-reactions (all the residues are protected).

Methods of oxidation used on 5-deprotected cysteinyl peptides (usually in weakly basic 

aqueous solutions) include simple air oxidation (oxygen is the oxidant) or the use of 

oxidants such as DMSO^^° and potassium hexacyanoferrate (III), which can also be 

used on-resin^A dditionally, the so-called sulphoxide-silyl system^"^°'^ \̂ involving 

treatment with a mixture of e.g. DMSO and trimethylsilylchloride (TMSCl), has been 

used in solution for cyclization of bis-Acm protected peptides.
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1.4 PROJECT OVERVIEW
This thesis describes the synthesis of lipopeptide and glycopeptide conjugates of the 

selective anti-tumour somatostatin analogue TT-232 (and its bis-Acm protected linear 

precursor) in an effort to improve its absorption across the gastrointestinal epitheUum.

It describes the preparation of appropriately protected lipoamino acids, compatible with 

either A^-Boc- or -Fmoc-based solid-phase peptide synthesis, and their subsequent 

use in the synthesis of simple N- and C-terminal lipopeptides. It also describes the 

synthesis of several glycosyl building blocks and their conjugation to the TT-232 

peptide, either alone or in addition to the lipoamino acids, as a means of improving the 

aqueous solubility of the conjugates and potentially allowing them to utilise active 

transport carrier systems.

The preparation of a series of conjugates is described, in which the relative positioning, 

the number and nature of the lipid and/or glycosyl moieties is varied. Solution-phase 

and solid-phase methods of iodine-directed oxidation are compared for cyclization of 

the peptide conjugates, and the optimum conditions for the preparation of C-terminal 

glycopeptides from resin-bound glycosyl azides using a modified Staudinger reaction 

are investigated. The synthesis of a series of radiolabelled conjugates is also detailed. 

The thesis additionally describes the biological testing of the peptide conjugates, 

comparing their anti-proliferative activity on a variety of human tumour cell-lines with 

that of the unmodified parent TT-232. The permeation of the conjugates through human 

intestinal epithelial (Caco-2) cell monolayers is also investigated, and the toxicity of a 

representative set of conjugates estimated.

Finally, the extension of the series of glycopeptide and glycolipid conjugates to include 

thiourea-linked glycopeptides, and conjugates incorporating disaccharides, amino 

sugars and uronic acids is reported.
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2. RESULTS AND DISCUSSION

2.1 A“-Protected Lipoamino Acids

Lipoamino acids (2-aminoalkanoic acids) la-e were prepared from their appropriate 1- 

bromoalkane precursors^'*’̂ ^̂ . The 1-bromoalkanes were treated with diethyl 

acetamidomalonate in the presence of sodium ethoxide, followed by hydrolysis and 

decarboxylation in concentrated hydrochloric acid. Neutralisation with ammonium 

hydroxide afforded the racemic lipoamino acids (LAAs) in their zwitterionic forms 

(Scheme 6). Increased reaction times and extensive washing of the intermediates and 

products resulted in improved yields and qualities of the final compounds.

0 U)
o r  OEt ^  n

e u  ̂ l a  n=7
Schem e 6 n=9

Reagents and Conditions: (a) NaOEt; dry EtOH; reflux; 48 h 1 c  n =11
(b) Cone. HCl, DMF; reflux; 48-72 h Id  n=15
(c )N H /)H  n=17

In order to allow the solid-phase synthesis of peptide conjugates incorporating LAAs, it 

was necessary to prepare appropriately A“-protected derivatives that would be 

compatible with either the A/“-Boc or A^-Fmoc synthetic strategies. 

2-(/-Butoxycarbonylamino) alkanoic acids 2a-e were prepared simply and in good yield 

by reacting LAAs la-e with di-r-butyl dicarbonate (B0 C2O) in 2-methylpropan-2- 

ol/water, in the presence of sodium hydroxide (Scheme 7). The iV“-Boc protected LAAs 

could be recrystallised from acetonitrile (MeCN).

OH

la - e

BocHl
‘OH

> l n
2 a  n=7  
2 b  n=9  
2 c  n=11 
2 d  n=15

Scheme 7 2 e  n=17

Reagents and Conditions: (a) B oo /), NaOH; tBuOH/HyO; RT; 18h
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A/“-Fmoc protected LAAs have been prepared, but the extremely poor solubility of the 

zwitterionic, unmodified compounds in most solvents means that this can only be 

accomplished after initial derivatisation. Kessler and co-workers^^^ silylated both the 

amino and carboxyl groups of unprotected LAAs to improve solubility, followed by A“- 

Fmoc protection using FmocCl, and subsequent acid hydrolysis of the remaining silyl 

ester.

Other A^-protecting groups are also compatible with Fmoc strategy SPPS. The Dde 

groupé can be removed by mild treatment with nucleophiles such as hydrazine or 

ammonia. The protecting group reagent 2-acetyldimedone (DdeOH; 4) was prepared by 

acétylation of dimedone (3), using acetic anhydride (AC2O) and NJ^- 

dimethylaminopyridine (DMAP) (Scheme 8). A/“-Dde protected LAAs 5a-e were then

OH

4

Scheme 8

Reagents and Conditions: (a) A c /) , DMAP; dry CH2 CI2 , RT; 18 h

synthesised in one step by refluxing la-e with DdeOH (4), and a slight molar excess of 

triethylamine, in absolute ethanol (Scheme 9). The A“-Dde protected amino acids so 

formed could be simply isolated and recrystallised.

u  u

HgN

> l n
p   ̂ 5a  n=7

5b  n=9
Dde = 5 c  n=11

5d  n=15  
5 e  n=17

Scheme 9

Reagents and Conditions: (a) DdeOH (4), NEt^; dry EtOH; reflux; 18 h

52



2.2 Solid-Phase Synthesis of TT-232 and its A^-Terminal LAA Conjugates

The cyclic heptapeptide somatostatin analogue TT-232 (Figure 7) and its linear 

precursor (both cysteine residues protected with Acm groups) were synthesised initially 

using A/“-Boc strategy SPPS. Since the C-terminus of TT-232 is blocked as an a- 

carboxamide, the synthesis was carried out using an MBHA-derivatised polystyrene 

(cross-linked with 1% DVB) solid support. Standard HF cleavage of the MBHA resin 

(depicted in Figure 15) leads to the generation of the desired C-terminal a-carboxamide. 

After the resin had been thoroughly washed and allowed to swell in DMF, it was treated 

once with TFA, and again washed with DMF. The purpose of the TFA pre-treatment 

was to leave the amino groups of the resin in their protonated forms (6) allowing rapid 

loading of the first amino acid using the method of in situ neutralisation^

The C-terminal amino acid of the TT-232 sequence, Thr, was immobilised onto the 

resin as its V“-Boc, side-chain 0-benzyl protected derivative. Coupling was achieved 

using a 2.5-fold molar excess (over resin substitution) of protected amino acid, HBTU 

and HOBt, and a 5-fold excess of DIEA, in DMF solution. The reaction was allowed to 

proceed for 10-15 min, after which time the success of coupling was determined using 

the Kaiser test^^  ̂for free amines. This is shown in Scheme 10.

Me

BzIO'
H

6

Scheme 10

Reagents and Conditions: (a) Boc-Thr(Bzl)-OH, HBTU, HOBt, DIEA; DMF; 10-15 min

After successful loading of the first amino acid (7) and thorough washing with DMF, 

the A“-Boc protection was removed by treatment with neat TFA ( 2 x 1  min). This left 

the peptide-resin in its A^-deprotected form, ready for the coupling of the next amino 

acid, using the same procedure as for resin loading (HBTU/HOBt/DIEA). These steps 

of deprotection/coupling were repeated sequentially for the amino acids Cys, Lys, DTrp,
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Tyr, Cys and DPhe (i.e. until the sequence of TT-232 had been assembled on the solid- 

phase (8 )). Side-chain protecting groups used were Acm for Cys, 2- 

chlorobenzyloxycarbonyl (2-Cl-Z) for Lys and 2-bromobenzyloxycarbony 1 (2-Br-Z) for 

Tyr. DTrp was introduced without side-chain protection in these preliminary syntheses 

(Scheme 11).

SAcm SAcm

"OBzl

0{2-er-Z)

NH(2-a-Z)

R— DPheCys(Acm)Tyr(2-Br-2)DTrpLys(2-CI-Z)Cys(Acm)Thr(Bzl)— NH— ^

6 R=Boc
9 R=H

Schem e 11

Reagents and Conditions: (a) TFA: 2 x 1  min
(b) Boc-Xaa(Prot)-OH. HBTU. HOBt. DIEA; DMF; 10-15 min

Couplings that had not proceeded to completion after 10-15 min were repeated until a 

negative Kaiser test (no blue colour) was obtained.

Following removal of the A-terminal amino acid (DPhe) A/“-Boc protection (Scheme 

11 ), the peptide-resin 9 was washed thoroughly with DMF, CH2CI2 and CH2Cl2/MeOH, 

then dried over KOH in a desiccator. The peptide was removed from the solid support 

with simultaneous side-chain deprotection (except Acm) using the high HF method, 

with 10% w/v p-cresol as scavenger, for 114-2 h, at -5  to 0 °C. Precipitation and 

washing with anhydrous ether, followed by extraction into 95% acetic acid (AcOH) and 

lyophilisation, afforded the crude, bis-Acm protected peptide 10 (Scheme 12). 

vV-terminal LAA-containing TT-232 conjugates were prepared by coupling the desired 

A^-Boc protected LAA to the A-terminal amino acid of the peptide. In some cases, the 

conjugates were prepared as above, sequentially coupling each of the protected residues 

of the TT-232 sequence, followed by the LAA. In other cases, it was convenient to 

divide the peptide-resin into two or more portions after coupling the A^-Boc DPhe 

amino acid. In this way, each portion of the peptide-resin (8 ) could be A^-deprotected 

individually and the synthesis continued as desired. This divergent approach allowed
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SAcm.SAcm ,NH

OH

H—DPheCys(Acm)TyrDTrpLysCys(Acm)7hr— NH2

10

Scheme 12

Reagents and Conditions: (a) HF, p-cresol; -5 to 0  ‘C; h

the preparation of several JV-terminally modified conjugates without the need to 

assemble the entire sequence for each synthesis.

The conjugates prepared varied in the number (one or two) and the nature (length of 

alkyl side-chains) of the LAAs at the A-terminus. In some cases, a spacer moiety was 

incorporated between the TT-232 sequence and the LAA, allowing a greater degree of 

conformational flexibility in the finished peptide. These spacers consisted of either 

simple glycylglycine, or glycylglycine in combination with a 4-aminobutyric acid 

(GAB A; Y Abu) residue. yAbu was incorporated as its M-Boc protected derivative 12, 

prepared from reaction of the amino acid 11 with B0 C2O (Scheme 13).

O O

^  ^  'O H
11 12

Scheme 13

Reagents and Conditions: (a) B o c /), NaOH, tBuOH/H/); 40  'C, 18 h

Final A“-Boc deprotection, standard HF cleavage and isolation as for the unmodified 

peptide (above) afforded the linear, Cys(Acm)-containing lipopeptides 13-19.

The unmodified peptide 10 and the lipopeptides 13,14 and 18 were oxidised to give the 

disulphide bridge-containing cyclic analogues. Simultaneous Acm deprotection and 

cyclization was achieved using the method of iodine-directed oxidation^"^ .̂ The 

reactions were performed with low concentrations of peptide in aqueous acetic acid to
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H '' "DPheCys(Acm)TyrOTrpLysCys(Acm)nir— NH2

m
13 n=7 m=1
14 n=9 m=1
15 n=15 m=1
16 n=17 m=1
17 n=7 m=2

H2N

u

H

GlyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NHj

18

GlyGlyDPheCys(Acm)TyrDTjpLysCys(Acm)7hr— NH2

19

minimise oligomerisation and side-reactions. On completion of oxidation (determined 

by HPLC analysis), the excess iodine was removed by reaction with minimal finely 

divided zinc (Scheme 14). The crude cyclic peptides 20-23 were isolated by 

lyophilisation.

All peptides (linear and cyclic) were purified by preparative HPLC and characterised by

Acm Acm

■DPheCysTyrDTrpLysCysThr— NH2 ■DPheCysTyrDTrpLysCysThr— NH2

Scheme 14

Reagents and Conditions: (a) I2 ; ACOH/H2 O; RT; 20 h

H "DPheCysTyrDTrpLysCysThr— NH2

m
20 n=0 m=0
21 n=7 m=1
22 n=9 m=1
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GlyGlyDPheCysTyrDTrpLysCys'nir— NH2

analytical HPLC, and by matrix-assisted laser desorption ionisation (time-of-flight) 

(MALDI-TOF) or electrospray ionisation (ESI) mass spectrometry (MS).

2.3 C-Terminal LAA Conjugate

A lipopeptide conjugate of TT-232 was also prepared, incorporating the LAA at the C- 

terminus. Initial attempts to load 2-(r-butoxycarbonylamino)decanoic acid (Boc-ClO- 

OH; 2a) directly onto the MBHA resin were unsuccessful, significant numbers of free 

amino groups remaining even after triple coupling. This failure may have been a 

consequence of marked steric hindrance (resulting from the bulky alkyl side-chains), or 

of hydrophobic interactions with the polystyrene-based polymeric support. In order to 

overcome this, a different derivatised resin was used -  the TV -̂Boc glycyl PAM resin 24, 

which has an extended linker between the polymer and the C-terminal amino acid 

(Figure 15). A glycyl (as opposed to another aminoacyl) PAM resin was chosen as 

glycine would make the smallest contribution to the overall structure of the lipopeptide. 

The A/“-Boc protection of the resin-bound glycine 24 was removed with TFA, and the 

LAA coupled using HBTU/HOBt/DIEA coupling strategy as previously (Scheme 15).

.Lcr,

24 25

BocHN

Scheme 15

Reagents and Conditions: (a) TFA; 2 x  I min
(b) Boc-ClO-OH, HBTU, HOBt, DIEA; DMF; 10-15 min

The sequence of TT-232 was then extended, incorporating the residues with appropriate 

side-chain protection as discussed. Standard HF cleavage, isolation and purification 

afforded the linear C-terminal LAA conjugate 26.
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H— DPheCys(Acm)TyrDTrpLysCys(Acm)Thr'

26

■vV y°"ji], H 0

2.4 iV-Terminal Glycolipid Conjugates

The primary reason for LAA conjugation is to impart a greater degree of lipophilicity to 

the conjugates so produced. An adverse consequence of such improved lipophilicity is 

impaired water solubility, which is exacerbated by increasing the alkyl chain length of 

the LAA(s), or the number of LAAs conjugated. This impaired solubility in aqueous 

solvents was noted during extractive work-up of the peptides, and particularly during 

preparative HPLC purification.

One way to potentially improve the water solubility of these lipopeptides is the 

conjugation of a hydrophilic moiety such as a sugar. The polyhydroxyl nature of sugars 

makes them good potential candidates for the improvement of water solubility of poorly 

soluble drugs and peptides.

In order to allow the synthesis of TV-terminal glycopeptides on a solid support, an 

appropriately protected glycosyl building block must be prepared. Such a building block 

should possess a free carboxyl-containing substituent (preferably at the anomeric 

position) so that coupling to the TV-terminal free amine can easily be achieved using 

standard SPPS protocols. Hydroxyl group protection should be stable to the conditions 

of coupling, but selectively removable prior to or during cleavage. Additionally, the 

linkage between the sugar and peptide should be stable to the conditions of peptide 

cleavage; TV-glycosyl compounds (particularly glycosyl amides) are stable to HF 

cleavage, whereas 0-glycosides are not.

The glycosyl building block TV-(2,3,4,6-tetra-0-acetyl-P-D-glucopyranosyl)succinamic 

acid (31) was prepared. D-Glucose (27) was acetylated with AczO in the presence of 

iodine^ "̂ ,̂ followed by synthesis of the anomeric azide 29, using tin (IV) chloride and 

trimethylsilylazide (TMSNs)^^^. Azide 29 was reduced to generate the glycosylamine 

30, which was then acylated with succinic anhydride^ ̂ in the presence of a catalytic 

amount of DMAP. This is shown in Scheme 16.

The TT-232 sequence was assembled on an MBHA resin using standard Boc-based 

SPPS (above). DTrp was incorporated as its TV-formyl (For) side-chain protected 

derivative. After conjugation of a single 2-(r-butoxycarbonylamino)tetradecanoic acid 

(Boc-C14-OH; 2c) residue, and TV“-Boc deprotection, glycosyl building block 31 was
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AcOHO
AcO-HO

HO AcO'OH

>Ac ^-OAC

AcO
27 28 OAc 29

OAc OAc

AcO Ac(
AcO- Act OH

AcO AcO
O31

Scheme 16

Reagents and Conditions: (a) A c fi, I2 , 0 '<2,2 h then RT, I h
(b) TMSN3 , SnCU- dry CH2CI2 ; RT; 18 h
(c) H2 , Pd(C); dryMeOH; RT; 24 h
(d) Succinic anhydride, DMAP; dry CH2 Cl2 ^pyridine; 0 ‘C, Ih then RT, 3h

coupled, employing HBTU/HOBt activation as previously. Deformylation of DTrp 

(using DMF-piperidine 10:1) and removal of the sugar 0-acetyl protecting groups 

(methanolic hydrazine) were performed prior to resin cleavage.

After standard HF cleavage, half of the crude peptide was cyclized using iodine 

oxidation. Both the linear (32) and cyclic (33) JV-terminal glycolipid-modifted peptides 

were purified by HPLC and characterised.

OH

HO rrHO
HO

32

Acm Acm

,DPheCysTyrDTrpLysCys7hr— NH2

OH

HO rrHO
HO

33

DPheCysTyrDTrpLysCysThr— NH2

2.5 C-Terminal Glycopeptides

The synthesis of A^-terminal glycopeptides on solid-phase is relatively straightforward. 

Preparation of C-terminal glycopeptides represents a greater challenge since the 

glycosyl building block must have a functional group via which it can be immobilised
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onto the solid support, as well as a group to which the first amino acid can be 

conjugated.

Previous work^’̂  ̂ has employed 2,3,4-tri-O-acetyl-1 -azido-1 -deoxy-P-D-glucopyran- 

uronic acid (37), which is easily immobilised onto a variety of derivatised resins 

through its carboxyl function. The azido group can then act as a masked amino group to 

which the protected C-terminal amino acid of the peptide sequence can be coupled. The 

original approach involved the reduction of the azido function to generate the 

glycosylamine in situ, and subsequent coupling of the first amino acid using standard 

peptide synthetic methods.

The glycosyl azide 37 was prepared starting from D-glucuronic acid (34). The 

acétylation of 34 was performed using several methods, in an effort to optimise the 

yield and minimise the formation of by-products, particularly the unusually stable 

mixed anhydride (36). Such by-products were difficult to separate cleanly from the 

desired tetraacetate 35, column chromatography of which was made more difficult by 

the presence of a free carboxylic acid. The object was to find a procedure that would 

allow the large-scale synthesis of the tetraacetate, without the need for chromatography. 

Pyridine-catalysed acetylation^^^, and acétylation of sodium glucuronate (prepared from 

D-glucurono-6,3-lactone^^^) in the presence of /?-toluenesulphonic acid hydrate 

(pTSA H20)^^  ̂were tried, but the best method was the use of a lower concentration of 

iodine (compared to the preparation of glucose pentaacetate above) in a large volume of 

AciO. This method resulted in the very clean preparation of tetraacetate 35 in good 

yield. 35 was then converted into the anomeric azide 37, using SnCU and TMSN3 as 

above (Scheme 17).

HO, HO,

AcO
.OAcHO AcO-

HO 'OH AcO
3534

HO,

Ac(
AcO

AcO
37

AcO
.OAcAcO

AcO
36

Scheme 17

Reagents and Conditions: (a) AciO, /p, 0 XI, 2 h then RT, I h
(b) TMSN3 , SnCU dry CHyCh; RT; 18 h
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Glycosyl azide 37 was immobilised onto an MBHA resin. Activation of the carboxyl 

group was performed using DIG and HOBt (in the presence of the tertiary base DIEA), 

which effectively generated the benzotriazol-l-yl active ester in situ. Resin loading 

proceeded in DMF for 1-2 h. After coupling was complete, the resin-bound glycosyl 

azide 38 was reduced to the corresponding glycosylamine 39 by treatment with a 1:1 

mixture of NEtg and propane-1,3-dithiol (PDT)'^^. This is shown in Scheme 18.

no.

AcO- AcO
AcO AcO

AcO
37

AcO
38

N3
AcO

Schem e 18

Reagents and Conditions: (a) MBHA resin, DIG, HOBt, DIEA; DMF; 1-2 h 
(b) PDT, NEti, RT; 16 h

NHz

Following reduction, the first amino acid of the TT-232 sequence (Thr) was coupled, 

using HBTU/HOBt/DIEA strategy as described. This coupling was repeated once for 

extra security (the presence of a glycosylamino group cannot be detected using the 

Kaiser test, as glycosylamines are not stable to the conditions of the reaction). After 

double coupling, any free amino groups still remaining were capped by acétylation. The 

peptide sequence was extended by Boc-based SPPS, employing side-chain protection as 

previously (Scheme 19).

(2-Br-Z)0.

^ repeal J BzIO,

39
■NHBoc

AcO

AcmS Acm S'

Schem e 19

Reagents and Conditions: (a) Boc-Thr(Bzl)-OH, HBTU, HOBt, DIEA; DMF; I hr; REPEAT
(b) Ac^O, DIEA; DMF; 30 min
(c) TFA; 2 x 1  min
(d) Boc-Xaa(Prot)-OH, HBTU, HOBt. DIEA; DMF; 10-15 min 

NOTE: The peptide sequence is written in the unconventional C-WV direction.
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Prior to A^-terminal JV“-Boc deprotection, the peptide-resin 40 was divided into three 

portions. Two of the portions were A^-deprotected and used for the iV-terminal 

conjugation of a single LAA (2b or 2c). It was theorised that linear peptide conjugates 

having the most lipophilic (LAA) and most hydrophilic (sugar) moieties at opposite 

termini would possess a high degree of membrane-like character -  the entire structures 

being regarded as similar to amphipathic surfactants.

The three C-terminal glycopeptides had their final A^-Boc groups removed and the 

sugar moieties were de-O-acetylated using methanolic hydrazine. Standard HF 

cleavage, isolation and HPLC purification afforded the peptide conjugates 41-43.

HO
HO ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe‘

HO

41 n=0 m=0
42 n=9 m=1
43 n=11 171=1

2.6 Determination of Anti-Proliferative Activity

The anti-proliferative activity of each of the five cyclic and ten linear peptides was 

determined for a number of cell-lines in vitro. The activities of the modified conjugates 

were compared to that of the parent peptide, the cyclic somatostatin analogue TT-232 

(20). The various tumour cell-lines were incubated (37 ®C) for 24 and 48 h in the 

presence of solutions of the conjugates at concentrations of 20, 50 and 100 pg/ml. In 

some cases, the lower concentrations of 2, 20 and 50 pg/ml were used.

After incubation, the anti-tumour activity was visualised indirectly by the addition of 

the tétrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide)^^, which is converted to the coloured derivative formazan only by surviving 

cells (i.e. those not killed by treatment with the peptide). The optical density (OD) of 

the extracted formazan solution was measured spectrophotometrically at 570 nm. For 

each concentration and time point used for each peptide, the mean OD was calculated 

for at least eight parallel determinations. Comparison of this mean formazan OD with 

that of the control (cells incubated without peptide) allowed the calculation of the anti

proliferative activity, expressed as the percentage inhibition of cell survival and growth.
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The tumour cell-lines used were the SW620 (colonic), PC3 (prostatic), A2058 

(melanoma), A431 (epidermoid carcinoma) and HT29 (colonic) cell-lines.

These results are shown in Figures 21-27. Figure 21 shows the anti-proliferative effect 

of the cyclic peptides 20-22 on the SW620 and PC3 cell-lines after 24 and 48 h 

incubation. Figures 22 and 23 show the results for the A2058 cell-line (24 and 48 h 

respectively). Figures 24 and 35 for the A431 cell-line, and Figure 26 and 27 for the 

HT29 cell-line. Refer to p i54 for key to peptide structures.

SW620

LJ 24 b

2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 2 20 50 50

Peptide and Concentration (pg/ml)

Figure 21: Incubation o f  peptides with SW620 and PC3 cells for 24 and 48 h

Peptide
41 42 43

0  2(ig/nil 
n  20 Hg/md 
H aOng/ml
1  100 Mg/ml

Figure 22: Incubation o f  peptides with A2058 cells for 24 h
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Peptide

Q  2ng/ml 

n  20pg/ml 

H 50 Mg/nd 
I  100 ^g/ral

Figure 23; Incubation o f  peptides with A2058 ceils for 48 h

120 --------------

Peptide

n  20ng/inl 

I  50 ng/ml 

B  lOOng/ml

20 23 10 15

Figure 24: Incubation o f peptides with A431 cells for 24 h

In general, C- and/or JV-terminal conjugation of LAA or glycosyl

components to the cyclic (20 ) or linear (10) parent peptide did not lead to an

abolition of anti-proliferative activity. In some cases, the activity of the parent

peptide was retained, dependent upon the cell-line tested.
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Peptide

0  20w/nË
1  SO Mg/ml 

I  lO O ^g/m l

Figure 25: Incubation o f  peptides with A431 cells for 48 h

Peptide

C D  2  ng/m l

O  20ng/vri 
H SO )ig/m l 

H 100 Mg/ml

Figure 26: Incubation o f peptides with HT29 cells for 24 h

As previously reported '̂^, the cyclic heptapeptide TT-232 demonstrated a 

potent anti-tumour effect on each of the cell-lines tested. For the other cyclic 

peptides, A-terminal LAA conjugation (21, 22) resulted in no change or a slight 

reduction in anti-proliferative activity on SW620 cells, but a greater loss of activity 

on the PCS line. The incorporation of a spacer unit between the TV-terminal LAA
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100 -

Peptide

0  2 (ig/ml

1 I 20 ng /m l

I  50̂g/ml 
I  lO O lig/m l

Figure 27: Incubation o f peptides with HT29 ceils for 48 h

and the peptide (23) also slightly reduced activity, dependent upon the cell-line. The 

limited results for the ^-terminal glycolipid-modified conjugate 33 suggest reduced 

activity on PC3 and HT29 cells, but comparable activity on the A2058 line.

The unmodified, bis-Acm protected linear peptide 10 had generally reduced activity on 

all cell-lines tested at each concentration. This suggests that the conformational rigidity 

conferred by cyclization is required for a potent anti-proliferative effect. TV-terminal 

modification (15-17) of the linear analogue with one or more LAAs resulted in 

generally improved activity, although this was less evident for the HT29 cell-line. It 

would appear that the activity lost by failing to cyclize the peptide can be partially 

restored by TV-terminal LAA conjugation. Further incorporation of an extended spacer 

moiety between the lipid unit and the TT-232 sequence (19) led to significantly 

improved activity compared to the linear precursor, resulting in an anti-proliferative 

effect comparable to that of the cyclic parent peptide. This was less apparent at the 

lower 20 pg/ml concentration.

The glycolipid modified 32 was similarly active to the unmodified linear peptide 10, or 

marginally more active, dependent on the cell-line tested. The additional incorporation 

of the glycosyl component resulted in a conjugate with slightly reduced anti-tumour 

activity when compared to those modified with an LAA alone.

C-terminal LAA conjugation (26) was very well tolerated, resulting in a lipopeptide 

with activity comparable to the parent cyclic TT-232 (and much better than the linear
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bis-Acm precursor). The effects on activity of C- and TV-terminal modification with 

LAAs were similar, but varied slightly depending on the particular tumour cell-line.

For the C-terminal glycopeptides 41-43, the effects of such modification are less well 

defined. Glycopeptide 41 showed an anti-proliferative activity similar to TT-232 (20), 

but was less effective at the 20 pg/ml concentration, and on HT29 cells. Its activity was 

generally greater than the TV-terminal glycolipid-modified linear peptide 32.

The additional conjugation of a C12 LAA (lb) at the TV-terminus (conjugate 42) resulted 

in a broadly similar spectrum of anti-tumour activity. Surprisingly, changing the LAA 

from C12 to C14 (Ic; conjugate 43) resulted in significant loss of activity on A431, and, 

particularly, A2058 cells.

A summary of the anti-proliferative data is given in Table 3, which shows the 

percentage inhibition of cell survival/growth (compared to control) for the fifteen 

peptides when incubated with the cell-lines for 24 h at the 50 pg/ml concentration.

Table 3: In vitro anti-proliferative effects o f conjugates (24 h incubation at 50 )ig/mi)

Structure % Inhibition® compared to control
X n m Y Ri Z SW620 PC3 A2058 A431 HT29

20 H 0 0 - Cyc^ H 87 ± 8 92± 12 80 ±3 100 86 ±3
21 H 7 1 - Cyc H 89 ±32 42 ±21
22 H 9 1 - Cyc H 65 ±17 6 ± 18
23 H 9 1 GO Cyc H 58 ± 9 45 ± 8 53 ± 9
33 R2 II 1 - Cyc H 55 ± 7 100 30 ±10
10 H 0 0 - Acm H 34 ± 8 26 ± 6 79± 16
15 H 15 1 - Acm H 61 ± 17 83± 10 19 ±28
16 H 17 1 - Acm H 54 ± 9 50 ± 6

17 H 7 2 - Acm H 69± 10 59 ± 8

19 H 9 1 yGG Acm H 99 ± 1 99 ±1 100 ± 1

32 R2 II 1 - Acm H 25± 14 32 ± 7 40 ± 1
26 H 0 0 - Acm R3 98 ± 2 78 ± 9 84± 10
41 H 0 0 - Acm R4 8 8 ± 13 89 ±5 85 ±5
42 H 9 1 - Acm R4 79± 14 56 ±10 38 ±25
43 H 11 1 - Acm R4 2 ±  13 1 2 ± 6 43 ±11

^DPheCysTyrDTrpLysCysThr^ ,Z  V  i

67



2.7 Rat Erythrocyte Lysis and Preliminary Caco-2 Studies

Prior to the determination of the transport of the peptide conjugates across Caco-2 cell 

monolayers, it was necessary to estimate the concentration of peptide that could be 

applied to the monolayer without adversely affecting its integrity. It was also necessary 

to develop a method by which the amount of peptide transported over time could easily 

be quantified.

A crude estimate of toxicity can be made by measuring a peptide’s ability to cause lysis 

of rat erythrocyte membranes. In addition to TT-232 itself (20), the A-terminal LAA 

and C-terminal LAA conjugates 15 and 26, and the A-terminal glycolipid-modified 32 

were selected as representative peptides. Solutions of these peptides were prepared in 

pH 7.4 phosphate buffered saline (PBS). Concentrations of I, 10 and 100 pg/ml were 

used for each test peptide. Control solutions of dextran (negative control; causes no 

lysis) and commercial polylysine were prepared at the same concentrations, as well as a 

1% w/v solution of the surfactant Triton X-100 (positive control; causes total lysis).

The test solutions and controls were each incubated at 37 °C with a suspension of rat 

erythrocytes for 1, 4 or 24 h. After the appropriate period, the suspensions were 

centrifuged to sediment the cells and the absorbances of their supernatant solutions 

recorded (high absorbance = high haemoglobin concentration = high degree of lysis). 

The mean absorbance (four parallel determinations) was compared to that for the total 

lysis control. These results are shown in Figures 28-30. Refer to p i54 for key to peptide 

structures.

100 T

90 -j

80 I

70 i
.2 !
an

60 i
u 1

o 5 0 |
H I
o 40 1

1
30 -f

20 1

10 -1

20

O '
0010 Mg/ml 

■  lOO^g/ml

15 32 26

Peptide

Poly lysine Dextran

Figure 28: Erythrocyte lysis after 1 h exposure to peptides
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Poly lysine

Peptide

Dextnw

p ~ j l Hg/ml

100 ng/ml

Figure 29: Erythrocyte lysis after 4 h exposure to peptides

O 40

ZQ*±
20 Polylysine

Peptide

I |l
^̂ lOpg/ml 
m  100 |ig/ml

Dextran

Figure 30: Erythrocyte lysis after 24 h exposure to peptides

None of the peptides caused any significant degree of lysis at any of the concentrations 

tested when incubated for only 1 h. Incubation of erythrocytes with the parent TT-232 

peptide 20 did not result in significant lysis at any concentration tested, even after 24 h. 

The results for this unmodified peptide were similar to those for the negative control 

dextran.
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The toxicity profile of the C-terminal lipopeptide 26 was similar to that seen for TT- 

232, with only a moderate degree of lysis occurring after 24 h incubation with the 

highest (100 pg/ml) concentration. The A^-terminal lipopeptide 15, however, was more 

toxic, a moderate degree of lysis resulting from 4 h incubation with each of the three 

concentrations. After an extended period (24 h) of contact with this peptide, significant 

lysis was produced at the 10 pg/ml concentration, and total lysis at the 100 pg/ml 

concentration. The apparently greater toxicity of this lipopeptide may be due to the 

increased length of the alkyl side-chain of its LAA. The enhanced lipophilicity and 

amphipathic, surfactant-like nature of the conjugate results in a greater ability to 

partition into, and potentially disrupt, biological membranes. The toxicity of 15 was 

similar to commercial polylysine.

The glycolipid conjugate 32 only caused significant lysis at the 100 pg/ml concentration 

after 4 and 24 h incubation periods.

The peptides were also tested for their ability to disrupt the integrity of the Caco-2 

monolayers themselves. The same four representative peptides were used, with the 

exception of TT-232, which was replaced by its linear precursor 10.

The transport of ^"^C-labelled mannitol (a small, hydrophilic marker commonly used to 

examine paracellular permeability of Caco-2 cell monolayers)’̂  ̂ was compared prior to 

and after exposure to solutions of the peptides. The monolayers were exposed to 0.1 or 

0.2 mM solutions of the peptides in Hank’s balanced salt solution (HBSS) for a period 

of 1 or 3 h. Transport of the ^"^C-mannitol was expressed as its apparent permeability 

coefficient (Papp). These results are shown in Table 4.

In addition to ^"^C-mannitol permeability, the transepithelial electrical resistance (TEER) 

of the monolayers was determined before and after contact (1 h) with the peptides. An 

adverse effect on monolayer integrity is indicated by a decrease in the TEER 

immediately following exposure. These results are shown in Table 5.

At the 0.2 mM concentration, the unmodified, linear peptide 10 and the C-terminal 

lipopeptide 26 did not affect the permeability of the Caco-2 cell monolayers to "̂̂ C- 

mannitol after 1 h or 3 h exposure. This suggests that these peptides did not have a 

detrimental effect on monolayer integrity, and corresponds well with the toxicity 

(erythrocyte lysis) results above.

However, monolayers exposed to 0.2 mM solutions of the A-terminal lipid and 

glycolipid conjugates 15 and 32 had significantly higher Papp values for ^"^C-mannitol 

than the controls. When the concentration was reduced to 0.1 mM, much smaller
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increases in Papp were noticed after 1 and 3 h exposure, suggesting that significantly less 

disruption of the monolayers occurred at this lower concentration for these peptides.

Table 4: Permeability o f  Caco-2 cell monolayers to ''*C-mannitol before and after exposure to peptides

Papp + SDVlQ-’ cms-'
Peptide Conc./mM Exposure First Run Second Run Third Run

Control 0 I h 1.84 ±0.05 1.84 ±0.50 1.19±0.37
3 h 1.01 ±0.10 1.01 ±0.10 0.89 ±0.20

10 0.2
I h
3 h

1.86 ±0.53 
0.97 ±0.17

1.52 ±0.48 
1.07 ±0.12

15 0.2
1 h 
3 h

3.88 ±0.44 
2.67 ±0.22

2.99 ± 0.50 
1.83 ±0.23

3.99 ±0.48 
2.74 ±0.38

32^ 0.2 1 h 
3 h

39.50 ±4.57 
87.20 ± 9.08

2.26 ± 0.26 
1.96 ±2.40

2.22 ±0.24 
1.93 ±0.20

26 0.2 1 h 
3 h

1.83 ±0.89 
1.10 ±0.23

1.46 ±0.41 
1.11 ±0.36

15 0.1
I h
3 h

1.94 ±0.69 
1.67 ±0.41

32 0.1 1 h 
3 h

1.59 ±0.43 
1.62 ±0.32

“Mean Papp ± SD for four parallel determinations 
‘Tiigh values for first run indicate poor monolayer integrity

Table 5: TEER o f Caco-2 cell monolayers prior to and at intervals after exposure to peptides

TEER“ as % of control before and after exposure
Peptide Conc./mM Before 0 min after 30 min after 60 min after 90 min after

10 0.2 101 ± 2 99 ±3 104 ± 7 105 ± 7 9 7 ± 6
15 0.1 105 ± 7 358 ±28 223 ± 29 179 ± 38 223 ±46
32 0.1 98 ± 8 134 ±12 130 ± 8 130 ± 9 113±7
26 0.2 104 ± 6 105 ± 4 116±7 106 ±13 101 ± 8

“Mean TEER ± SD for four parallel determinations

None of the four peptides tested negatively influenced the TEER values of the cell 

monolayers. Unusually, both conjugates 15 and 32 (particularly 15) led to increases in 

TEER after contact with the cells. This may have been a consequence of the peptides 

partitioning into the lipid bilayer and remaining there without being translocated across 

the membrane. Such partitioning may have altered the membrane’s properties, resulting 

in the observed increase in TEER.
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In order to follow the permeation of a test peptide across a Caco-2 cell monolayer, 

radiolabelling or occasionally fluorescence labelling is usually employed. The 

appearance of the intact peptide on the basolateral side of the monolayer can also be 

monitored by HPLC analysis of the solution in the acceptor chamber. For quantitative 

analysis, the concentration of the test peptide can be determined by interpolation on a 

calibration curve of integrated peak area against known concentrations of a set of 

standard solutions. This approach avoids the need for radiolabelling and has the 

advantage of being able to distinguish intact peptides from metabolites (with different 

retention times). Any radiolabelled species (intact peptide, metabolite or otherwise) will 

be detected indiscriminately by scintillation counting.

Standard 2 mg/ml solutions of the four test peptides (10,15, 32 and 26) were prepared 

in 10% aqueous MeCN + 0.1% TFA. Serial twofold dilutions were performed until a 

total of ten solutions of gradually reducing concentration had been prepared. Each 

solution was analysed by HPLC in triplicate, calculating the area under the peak of 

interest only. The logarithm (base 2) of the mean peak area was plotted against the 

logarithm (base 2) of the concentration for each peptide. These calibration curves are 

shown in Figures 31-34.
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Figure 31: HPLC calibration curve for peptide 10
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Figure 32; HPLC calibration curve for conjugate 15
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Figure 33: HPLC calibration curve for conjugate 32

Solutions of the peptides in HBSS (0.2 mM for 10 and 26, 0.1 mM for 15 and 32) 

were applied to the apical sides (donor chambers) of Caco-2 cell monolayers and 

incubated for 3 h at 37 °C, removing samples from the acceptor chambers at 1 h 

intervals. The transport experiments for each peptide were performed in
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Figure 34: HPLC calibration curve for conjugate 26

quadruplicate. The acceptor chamber samples for each peptide and time point were 

lyophilised. The transported materials were then reconstituted in minimal, known 

volumes of 10% aqueous MeCN + 0.1% TFA and analysed by HPLC.

Unfortunately, the concentrations of the transported peptides were below the detection 

limits of the HPLC in each case. While the concentrations of peptides applied to the 

donor chambers could comfortably be measured using this technique, the poor 

permeability of the conjugates resulted in significantly lower concentrations appearing 

in the acceptor chambers.

Consequently, a more sensitive method by which to follow the intestinal epithelial 

transport of the peptide conjugates was required. For this purpose, the series of lipid- 

and/or sugar-modified TT-232 conjugates were resynthesised and A-terminally 

radiolabelled using tritiated acetic anhydride (^H-AciO).

2.8 Synthesis of Radiolabelled Conjugates

The A-terminally radioacetylated linear and cyclic TT-232 conjugates were synthesised 

using A“-Fmoc strategy SPPS. Preparation of the peptides as C-terminal a- 

carboxamides was achieved by the use of a Rink amide MBHA-derivatised 

copoly(styrene-l% DVB) resin (shown in Figure 15) as the solid support.

DMF was used as the solvent throughout the synthetic cycle. The resin was washed and 

swelled thoroughly prior to removal of the A“-Fmoc protecting group by treatment with
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20% piperidine in DMF. The C-terminal amino acid, Thr, was loaded onto the resin as 

its A^-Fmoc, side-chain 0-/butyl protected derivative. As with A“-Boc-based SPPS 

(above), activation of the carboxyl group of the protected amino acid (2.5 eq over resin 

substitution) was achieved using HBTU and HOBt, in the presence of DIEA as base. 

Coupling was allowed to proceed for 20 min and completion monitored by the Kaiser 

test. On successful loading, A/“-Fmoc removal was accomplished again by the use of 

20% piperidine ( 2x10 min) (Scheme 20).

OfBu

.NHR
Me Me

MeO NHR MeO

MeO'MeO'

44 R=Fmoc 
^ 4 5  R=H

46 R*=Fmoc4 b  K = h l  

^ 4 7  R = H

Scheme 20

Reagents and Conditions: (a) 20% piperidine; DMF; 20mm then 10 min
(b) Fmoc-Thr(tBu)-OH, HBTU, HOBt. DIEA; DMF; 20 min

These steps of coupling and deprotection were repeated for the amino acids Cys, Lys, 

oTrp, Tyr, Cys and DPhe until the sequence of TT-232 had been assembled on the resin 

(48). Side-chain protecting groups used were Acm for Cys, Boc for Lys and DTrp, and

S A c m S A c mNBoc

a HoN

N H B oc

Scheme 21

Reagents and Conditions: (a) Fmoc-Xaa(Prot)-OH, HBTU, HOBt, DIEA; DMF; 20 min 
(b) 20% piperidine; DMF; 2 x  10 min
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tBu for Tyr. Unsuccessful couplings were repeated using DMF-NMP 1:1 as solvent, or 

Die (in the presence of HOBt) as the activating reagent (Scheme 21).

After /^-terminal A“-Fmoc removal, the peptide-resin 48 was washed very thoroughly 

with DMF, CH2CI2 and CH2Cl2/MeOH, and dried in a desiccator for later use as 

required.

Radiolabelling of the unmodified, linear precursor of TT-232 was achieved simply by 

acetylating the TV-terminal free amine of the peptide-resin 48 using ^H-Ac20. The 

deprotected peptide-resin 48 was washed and swelled in dry DMF, then in dry CH2CI2. 

A solution of ̂ H-Ac20 and DIEA in dry CH2CI2 was added and acétylation allowed to 

proceed for 2 h. In order to maximise the incorporation of ^H-acetyl groups, DIG was 

then added (to activate the ^H-AcOH by-product) and the reaction continued. Following 

radioacetylation, the remaining free amino groups were acetylated with non- 

radiolabelled AC2O (Scheme 22).

.S A c m
o r  O

a
48

‘ O fB u

N H B oc

49
Scheme 22

Reagents and Conditions: (a) ^H-Ac^O, DIEA; dry CH2 CI2 : 2 h; then DIG; 2 h
(b) Ac/?, DIEA: DMF; 30 min

Radioacetylated peptide-resin 49 was washed thoroughly and desiccated prior to 

cleavage. Cleavage of the peptide from the solid support and concomitant side-chain 

deprotection (except Acm) was achieved using 95% TFA, employing 2.5% v/v TIS as 

scavenger, the balance (2.5%) being made up by water. Cleavage proceeded for 2 h at 

RT, followed by TFA evaporation, and precipitation using cold, anhydrous ether. The 

precipitate was washed with more ether, extracted into 95% AcOH and lyophilised, 

affording the crude linear peptide 50 (Scheme 23). The crude peptide was purified as 

required by semi-preparative HPLC, and characterised by MS and analytical HPLC.

The same series of A^-terminal LAA conjugates were prepared in an analogous manner 

to the unlabelled conjugates above. LAAs were coupled to deprotected peptide-resin 48
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-SAcm 
O r  O

(3H)AcHN

4 9 -----

'  t i.
NHz

50
Scheme 23

Reagents and Conditions: (a) TFA/H/)/TIS 95:2.5:2.5; RT; 2 h

as their A^-Dde protected derivatives (5). Subsequent to successful coupling, the 7V“- 

Dde group was removed by treatment with 2% v/v hydrazine monohydrate in DMF (3 x 

3 min). As previously, lipopeptides incorporating one or two LAAs at the A-terminus 

were prepared, as were those with a spacer between the LAA and the TT-232 sequence. 

The yAbu spacer was introduced as the A-Dde derivative 51, prepared from the amino 

acid 11 by reaction with 4 (Scheme 24).

O

11

Scheme 24

Reagents and Conditions: (a) DdeOH (4), NEtj; dry EtOH; reflux; 18 h

After final A“-Dde deprotection, the conjugates were radioacetylated using ^H-Ac20 as 

above. Standard TFA cleavage, isolation and purification as for the unmodified peptide 

afforded the linear, bis-Acm protected lipopeptides 52-58.

Crude radiolabelled lipopeptides originally synthesised contained substantial amounts 

of A-terminal A“-Dde protected peptide. This indicated incomplete removal of the Dde 

group by 2% hydrazine in DMF (Dde is stable to TFA acidolysis) and consequent 

reduction in the number of free amino groups available for radioacetylation. This 

problem was overcome by modifying the A“-Dde deprotection conditions. Complete 

deprotection could be achieved using 5% hydrazine in DMF ( 3 x 5  min) followed by a 

single treatment (5 min) with approximately 5% w/v ammonia in MeOH. The
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pH)Ac-

> ) n

‘DPheCys(Acm)TyrDTrpLysCys(Acm)7hr— NH2

-*m
62 n=7 m=1
53 n=9 m=1
54 n=15 m=1
55 n=17 m=1
56 n=7 m=2

(3H)AcHN.
GlyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NH2

57

.GIyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)7Tir— NHg

lipopeptides were resynthesised using these modified protocols, and the same modified 

protocols used for all subsequent Dde deprotections.

Synthesis of the corresponding radiolabelled C-terminal lipopeptide was carried out on 

a Wang resin. Standard TFA cleavage of this polystyrene-based resin generates peptides 

with free carboxyl termini (peptide acids). Commercially available N°-¥moc glycyl 

Wang resin 59 was deprotected using 20% piperidine in DMF. A^-Dde protected LAA 

5a was then coupled using HBTU/HOBt/DIEA strategy, followed by A“-deprotection 

with 5% hydrazine then methanolic ammonia (Scheme 25). After A^-Dde removal, the

FmocHN,

59

a,b,c H2I

60

Scheme 25

Reagents and Conditions: (a) 20% piperidine; DMF; 2  x  1 0  min
(b) Dde-ClO-OH, HBTU, HOBt, DIEA; DMF; 20 min
(c) 5% H2N-NH2 H 2 O; DMF; 3 x 5  min; then NHj/MeOH; 5 min
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TT-232 sequence was assembled as before using Fmoc-SPPS, resulting in peptide-resin 

61 (Scheme 26). Radioacetylation, cleavage and isolation afforded the C-terminal LAA 

conjugate 62.

60
repeat

SAcm

NHBoc

61

Schem e 26

Reagents and Conditions: (a) Fmoc-Xaa(Prot)-OH, HBTU, HOBt, DIEA: DMF: 20 min 
(b) 20% piperidine: DMF, 2 x  10 min

(3H)Ac— DPheCys(Acm)TyrDTrpLysCys(Acm)Thr

62

The A-terminal glycolipid conjugate was prepared, starting from peptide-resin 48. N^- 

Dde LAA 5c was coupled to the free amino group of the peptide, followed by Dde 

deprotection. The glycosyl building block A-(2,3,4,6-tetra-0-acetyl-P-D-glucopyran- 

osyl)succinamic acid (31) was then coupled using HBTU/HOBt/DIEA activation. 

Radiolabelling of this conjugate was less straightforward since conjugation of the 

glycosyl building block leads to blocking of the A-terminal free amino group. In this 

instance, the 0-acetyl protecting groups of the glycosyl moiety were removed by 

treatment with methanolic hydrazine as above, thus resulting in the generation of free 

hydroxyls that could act as alternative targets for radioacetylation. Radioacetylation was 

performed using the same procedure as for the free A-terminal amino groups (^H- 

AC2O/DIEA then DIG), but no cold acétylation step was carried out. The presence of a 

mixture of labelled and unlabelled peptide conjugate would not be a problem for the 

Caco-2 uptake studies since only the radioacetylated conjugate could be followed by 

scintillation counting. Additionally, the presence of acétylation products other than the
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monoacetylated conjugate was highly unlikely due to the large excess of peptide 

conjugate relative to the amount of ̂ H-AciO used. This method of radiolabelling would 

have been incompatible with Boc-strategy SPPS since 0-acetyl groups are not 

completely stable to the conditions of HF cleavage.

After the radioacetylation step, the conjugate was cleaved and work-up carried out as 

previously to produce the A-terminal glycolipid-modified linear peptide 63.

■OH

HO
DPheCys(Acm)TyrDTrpLysCys(Acm)'Thr— NH2HO

63

2.9 Cyclization

For the preparation of the five cyclic peptides, the method of iodine oxidation^"^  ̂ was 

again chosen. Initially, the bis-Acm protected linear precursors were used for solution- 

phase oxidation. As with the unlabelled peptides (produced by Boc-SPPS), dilute 

solutions of the radioacetylated peptides in aqueous AcOH were treated with iodine. For 

these small-scale oxidations, a higher concentration of iodine was used for a shorter 

period of time’"̂°. Following oxidation, the reaction mixture was diluted with plenty of 

water and the excess iodine extracted by washing with several portions of CCI4. 

Unfortunately, in several cases CCI4 extraction led to the formation of extensive, 

intractable emulsions, most likely as a result of the surfactant-like nature of the lipid- 

modified peptides. After lyophilisation, analysis of the crude peptides by HPLC 

indicated the presence of both oxidised and unoxidised peptides, as well as several 

uncharacterised by-products.

The oxidation was repeated on solid-phase "̂^®. The advantage of performing cyclization 

on a resin-bound peptide is that all the protecting groups are still in place, minimising 

unwanted side-reactions. Additionally, the pseudo-dilution of peptide chains within the 

polymer matrix favours the formation of the desired intramolecular disulphides. For 

each of the five peptides to be cyclized, SPPS was carried out up to and including the 

radioacetylation step. After acétylation, a solution of iodine in DMF was added to the 

peptide-resin and oxidation allowed to proceed for 2 h. Excess iodine was removed by 

thorough washing (DMF, CH2CI2, CCI4) (Scheme 27). The peptides were removed from 

the resin by standard TFA cleavage, and were isolated and purified as necessary
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(above), affording the radioacetylated TT-232 peptide 64 and its cyclic conjugates 65- 

6 8

Acm Acm

-DPheCysTyrDTrpLysCysThr— NH—@

Scheme 27

Reagents and Conditions: (a) I2 ; DMF; 2 h

-DPheCysTyrDTrpLysCysThr— N

DPheCysTyrDTrpLysCysThr— NH2

64 n=0 m=0
65 n=7 m=1
66 n=9 m=1

O

GlyGlyDPheCysTyrDTrpLysCysThr— NH

OH

HO
DPheCysTyrDTrpLysCysThr— NHHO

68

2.10 Synthesis of Radiolabelled C-Terminal Glycopeptides

In order to synthesise C-terminal glycopeptides using A^-Fmoc SPPS, the glycosyl 

azide 37 was first immobilised onto the appropriate, deprotected Rink amide MBHA 

resin 45. Loading of the glycosyl building block was achieved using DIC and HOBt to 

form the active benzotriazol-l-yl ester (Scheme 28).

The method used above of reducing the glycosyl azide in situ to generate the 

glycosylamine (to which the C-terminal amino acid could then be coupled) using PDT 

was not ideal. The two-step procedure of reduction then coupling cannot easily be 

monitored at either stage, and often the coupling of the activated amino acid to the
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AcO AcO
37 69a

Me

MeO

.Nb
Me(

Scheme 28

Reagents and Conditions: (a) Deprotected RA-MBHA resin, DIC, HOBt, DMF; 18 h

glycosylamine does not proceed fully to completion. Furthermore, the reduction step 

requires the use of a large excess of the very unpleasant PDT.

An alternative, one-step procedure commonly used in solution-phase synthesis is based 

upon the Staudinger r e a c t i o n i n  which an amide bond is formed from the reaction 

between an azide and a carboxylic acid in the presence of a trialkyl or triarylphosphine. 

It has been proposed’̂  that the reaction proceeds via a triazaphosphadiene intermediate 

(Scheme 29). Modified Staudinger reactions’̂ ' '̂*  ̂have become established methods for 

the preparation of glycosyl amides in solution. Such reactions have also been applied to 

the preparation of amides from activated carboxylic acids and resin-bound alkyl 

azides’̂ .̂

PR, -

Scheme 29: The Staudinger reaction

R' I, R 3P =0

The reaction to form glycosyl amides was transposed onto a solid-phase system, and the 

conditions and reagents varied, in order to optimise the yields and purities of the 

glycopeptides produced by subsequent SPPS. For the trial reactions, the pentapeptide 

Leu-enkephalin’̂  ̂ (H-TyrGlyGlyPheLeu-OH) was used as a model peptide. This 

peptide was chosen since it is small and could be synthesised quickly (and cheaply), and
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because it had previously been synthesised and purified using the in situ PDT reduction 

method^®’̂ ’ (therefore a standard was available with which to compare products).

The onginal reaction conditions involved activation of a four-fold molar excess (over 

resin-bound glycosyl azide 69a) of A^-Fmoc protected Leu using equimolar quantities 

of DIC and HOBt in anhydrous tetrahydrofuran (THF). The protected Leu active ester 

formed was added to the resin-bound azide followed by a three-fold excess of tri-«- 

butyl phosphine (PBus) and the reaction allowed to proceed for 18 h (Scheme 30).

Ac
Ac NHFmoc

AcO
O70

AcO 
69a

Scheme 30

Reagents and Conditions: (a) Fmoc-Leu-OH, DIC, HOBt. PBuj; dry THF; 18 h

The conditions of the initial glycosyl amide formation step were varied in order to 

optimise the reaction. A variety of solvents were used (THF, CH2CI2, MeCN, dioxane), 

using either DIC or DCC with HOBt to generate the active ester. The tertiary phosphine 

was also varied between tri-n-butyl, trimethyl and triphenyl phosphines, as were the 

molar excesses of reagents used (4 eq active ester with 3 eq phosphine, or 3 eq active 

ester with 2 eq phosphine).

After initial amino acid conjugation and A^-Fmoc removal, the sequence of Leu- 

enkephalin was extended using standard Fmoc-SPPS, coupling Phe, Gly, Gly and Tyr in 

succession (HBTU/HOBt/DIEA strategy). Tyr was introduced as its side-chain 0-fBu 

protected derivative (Scheme 31). As previously, couplings and deprotections were

repeat a c o -
.NH.AcO .

‘N H F m o c
A cO

Scheme 31

Reagents and Conditions: (a) 20% piperidine: DMF: 2 x 10 min
(b) Fmoc-Xaa(Prot)-OH HBTU. HOBt. DIEA: DMF; 20 min
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monitored using the Kaiser test. If the test was negative (no free amino groups present) 

after the first deprotection, the glycosyl amide-forming reaction was assumed 

unsuccessful and the synthesis not continued any further. After final A“-Fmoc 

deprotection, the peptides were cleaved from the resin (TFA) and isolated. Sugar 0~ 

acetyl groups were removed after cleavage using methanolic ammonia and the final 

glycopeptide (72a) lyophilised (Scheme 32). In one case (Table 6 , Entry 10), the O- 

acetyl groups were removed prior to cleavage, using methanolic hydrazine.

HO.

a,b,c
71

H O

72a
Scheme 32

Reagents and Conditions: (a) 20% piperidine: DMF: 2  x  1 0  min
(b) TFA'H.O n S  95:2.5:2.5: RT: 2 h
(c) NH,: MeOH: RT: 2 h

Glycosyl azide 37 was also immobilised onto an MBHA resin (38; Scheme 18) and a 2- 

chloromethyl (Merrifield) resin (69b; Scheme 33). After initial formation of the

a,b

Scheme 33

Reagents and Conditions: (a) Cs^CO,: MeOH/HiO: 0 V, 10 min then RT, 30 min 
(b) Merrifield resin : dry’ DMF: 50 ‘C: 18 h

glycosyl amide via the modified Staudinger reaction (using activated A“-Boc protected 

Leu), the peptides were extended using Boc-SPPS, followed by HF cleavage, de-0- 

acetylation and lyophilisation. In the case of the Merrifield resin, HF cleavage (and 

deacetylation) generated the uronic acid-based glycopeptide 72b.

All peptides were analysed using fast atom bombardment (FAB) and ESI MS, and their 

purities determined using HPLC. The reaction conditions, along with the final yields 

and purities of the crude glycopeptides are summarised in Table 6.
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HO,

HO,

HO. ■NHj
HO

72b

Table 6: Yields and purities o f Leu-enkephalin C-terminal glycopeptides

E n t r y  P r o d u c t  R e s i n  R e a g e n ts ® P R 3 S o l v e n t Yield (% r P u r i t y  (% )®

I 72a 69a A P B U 3 THF 79 72
2 72a 69a A P B U 3 CH2CI2 n / a n / a

3 72a 69a A P B U 3 MeCN 56 44
4 72a 69a A P B U 3 D i o x a n e 51 6 6

5 72a 69a A PMe3 THF n / a n / a

6 72a 69a A P P h 3 THF n / a n / a

7 72a 69a B P B U 3 THF 6 8 73
8 72a 69a C P B U 3 THF 77 76
9 72a 69a D P B U 3 THF 60 72
10 72a 69a A P B U 3 THF 81 72
11 72a 3 8 A P B U 3 THF 72 83
12 72b 69b A P B U 3 THF 70 69

A = 4 eq DIC + 4 eq HOBt, 3 eq PR3; B = 3 eq DIC + 3 eq HOBt, 2 eq PR3; C = 4 eq DCC + 4 eq HOBt, 
3 eq PR3; D = 3 eq DCC + 3 eq HOBt, 2 eq PR3
*lsolated yield o f crude glycopeptide based upon resin loading; n/a indicates initial glycosyl amide 
formation was unsuccessful
‘Determined by HPLC; all compounds exhibited satisfactory FAB and ESI MS

Of the various combinations of conditions and reagents tried, the optimum would 

appear to be the use of 4 eq of activated amino acid and 3 eq PBus in THF. The 

polystyrene resins have adequate swelling properties in THF in addition to it being a 

good solvent for HOBt and the large majority of protected amino acids. Using MeCN or 

dioxane as solvent resulted in reduced yield and purity of the glycopeptide, whereas the 

amino acid coupling reaction surprisingly did not seem to proceed in CH2CI2 at all.

The use of DCC instead of DIC to activate the amino acid resulted in a comparative 

yield and purity of the desired product. However, DIC was more convenient since its 

diisopropyl urea by-product had considerably better solubility in organic solvents than 

DCU, which required extensive post-reaction washing to dissolve and separate from the

Malkinson, J P ; Falconer, R A ; Toth, I Synthesis o f  C-terminal glycopeptides from resin-bound 
glycosyl azides via a modified Staudinger reaction. J. Org. Chem. 2000, 65, 5249-5252.
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resin particles. The use of a reduced molar excess of reactants resulted in a slightly 

reduced yield of glycopeptide of comparable purity.

Using tertiary phosphines other than PBug also resulted in failure of the coupling 

reaction. Reaction with the highly reactive PMeg at ambient temperature most likely 

favours the elimination of nitrogen to form the trimethyl iminophosphorane, which will 

not then readily react with the activated amino acid to form a glycosyl amide. 

Conversely, reaction of the glycosyl azide with PPhs is often slow at ambient 

temperature and, again, the desired glycosyl amide was not produced at all. These 

results are in agreement with the solution-phase work of Inazu and co-workers^^’̂ ^̂ . 

Finally, removal of the carbohydrate 0-acetyl protecting groups was accomplished 

successfully prior to or after cleavage from the resin, resulting in glycopeptides of 

similar yield and purity. Removal prior to cleavage was more convenient since the 

product had only to be lyophilised once, and precipitation (using ether) of the fully 

deprotected glycopeptide after cleavage was generally easier. The reaction was 

compatible with both A^-Fmoc and A^-Boc SPPS strategies on a variety of resins.

The optimal conditions found from the above trial reactions were applied to the Fmoc 

strategy synthesis of the radiolabelled, C-terminal glycopeptide conjugates of TT-232. 

Resin-bound azide 69a was treated with a THF solution of activated (A/“-Fmoc 

protected, side-chain 0-rBu protected) Thr in the presence of PBus. After initial 

glycosyl amide formation, the A^-Fmoc group was removed and the TT-232 sequence 

extended as above. Three peptides were prepared: one with an unmodified AAterminus, 

one Avith LAA lb , and one with LAA Ic at the A^-terminus (corresponding to the 

unlabelled conjugates prepared above). The three conjugates were radioacetylated as 

described previously, followed by TFA cleavage, isolation and purification, to afford 

the linear, radiolabelled conjugates 73-75.

2.11 Intestinal Epithelial Absorption of Radiolabelled Conjugates

The transport of each of the five cyclic and ten linear radiolabelled lipid- and/or sugar- 

modified TT-232 conjugates was determined using human intestinal epithelial (Caco-2)

HO

ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe‘
HO

73 n=0 m=0
74 n=9 m=1
75 n=11 m=1 
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cell monolayers.

Solutions of the radioacetylated conjugates in HBSS were prepared to a final 

concentration of 0.1 mM. Preliminary toxicity studies on four representative peptides 

(above) demonstrated that the integrity of Caco-2 cell monolayers was not significantly 

altered by 3 h exposure to peptides at that concentration. Prior to dilution with HBSS, 

the peptides were solubilized with DMSO (the final concentration of DMSO in the 

solutions did not exceed 0.5%).

Solutions of the conjugates were applied to the apical sides of the cell monolayers 

(donor chambers), followed by incubation for 3 h at 37 °C. Samples were withdrawn 

from the acceptor chambers at 1 h intervals and analysed in a liquid scintillation 

counter. The accumulated radioactivity was determined for each time point, and the Papp 

coefficient calculated*^* for each peptide. These results are shown in Figure 35. The 

mean Papp values of three parallel determinations are shown. Refer to p i55 for key to 

radiolabelled peptide structures.

40  ------------

C-mannitol
permeability

(control)

Radioacetylated Peptide

Figure 35: Permeabilities (Papp) of radiolabelled peptides through Caco-2 cell monolayers

Changes in the barrier properties of the monolayers were also determined by measuring 

the TEER after 3 h exposure to the peptides, as a percentage of that of control 

monolayers (not exposed) (Figure 36).

In general, the Papp values for the cyclic peptides (64-68) were higher than those for the 

linear peptides, being somewhat similar to the Papp for the *"*C-mannitol control. The 

conjugation of an LAA at the A-terminus of the cyclic TT-232, with (67) or without (65,
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6 6 ) a spacer, did not lead to significant increases in the observed permeability. The 

cyclic peptides have restricted conformational flexibility (and possibly reduced 

molecular radii) compared to their linear precursors, which may enhance paracellular 

flux. Additionally, cyclization allows the formation of intramolecular H-bonds, 

reducing the number of solute-solvent H-bonds that can potentially be formed. This may 

allow the cyclic conjugates to exploit transcellular as well as paracellular routes of 

absorption.

The linear peptides have Papp values that are considered to be very low, significantly 

lower than that for the paracellular marker ^"^C-mannitol, but not atypical of peptides of 

this type and size. Conjugation of one or more LAAs at the N- (54-56, 58) or C- 

terminus (62) did not result in increased permeability -  the Papp values for the 

lipopeptides are similar to that for the unmodified, bis-Acm protected linear analogue 

50, or are even slightly reduced. Additional conjugation of a sugar at the C-terminus, 

while improving solubility, did not result in increased permeation either.

Linear peptides, particularly those containing amino acid residues with polar side- 

chains, have significant H-bonding potential. The TT-232 sequence contains several 

polar amino acids, as well as two (Lys and DTrp) with ionizable side-chains. These 

conjugates may be restricted to the size-dependent, aqueous paracellular pathway. LAA 

conjugation may serve to increase the lipophilicity of the peptide, but this increase alone 

may not be sufficient to allow the conjugates to undergo transcellular flux (significant 

H-bonding potential also). Reduction in H-bonding potential is often a more important 

factor than increasing lipophilicity to improve the absorption of peptides^*’̂ .̂

The exceptions to the observed poor permeability are the A'-terminal glycolipid- 

modified cyclic (6 8 ) and linear (63) peptides. These peptides had Papp values 

significantly higher than the mannitol controls, and much greater (particularly for the 

linear conjugate) than their respective unmodified peptides. The observed Papp values 

for these glycolipid conjugates are higher than would be expected for structurally 

similar peptides of this size. Such atypical permeabilities may indicate involvement of 

active processes -  either active transport across the monolayers, or inhibition of a 

transporter or system that may restrict the flux of the other conjugates (e.g. a P- 

glycoprotein-like efflux system).

Some of the peptides (with the notable exceptions of the unmodified peptides 50 and 64, 

and the C-glycopeptide 73), particularly those modified with long alkyl side-chain 

LAAs, had poor solubility in HBSS, and signs of precipitation were noted. This may 

have led to the calculation of lower observed Papp values than the actual values, since
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the concentrations available for absorption in the donor solutions would have been 

lower than expected.

«  140

® 120

E  100

64 65 66 67 68 S 0 S 4  55 S6 58 63 62 73 74 75

Radioacetylated Peptide

Figure 36: TEER o f Caco-2 cell monolayers immediately following exposure to peptides

None of the peptides negatively influenced the TEERs of the cell monolayers, 

indicating that monolayer integrity was not adversely affected by exposure. The TEERs 

were not significantly different from those of the unexposed control monolayers, with 

the exception of cells exposed to lipopeptide 55, which had significantly increased 

resistance. This phenomenon was also seen in preliminary studies on the unlabelled 

peptides 15 and 32. Again, this may indicate incorporation of the lipopeptide into the 

lipid bilayer, resulting in the observed change in resistance.

For some conjugates, the amounts remaining in the donor chambers at the end of the 3 h 

exposure times were lower than would be expected on the basis of their permeability. 

Again, this may be indicative of accumulation of the peptides in the cell membranes, or 

within the cells themselves.

2.12 Synthesis of New A-Terminal Sugar and Glycolipid Conjugates

Prompted by these results, further series of conjugates modified at the A-terminus with 

a sugar or glycolipid moiety were prepared.
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The glycosyl building block 31 was conjugated alone at the //-terminus of the 

deprotected peptide-resin 48. De-O-acetylation, TFA cleavage and standard work-up 

afforded the //-terminal glycopeptide 76.

OH

HO
MO. DPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NH2

HO
0

76

The corresponding protected A-(glycosyl)succinamic acid building block of the 

disaccharide maltose was prepared according to the same synthetic route as for the 

monosaccharide (glucose). Maltose (77) was fully acetylated using AC2O in the 

presence of iodine, followed by generation of the anomeric azide 79. The azide was then 

catalytically reduced to the corresponding glycosylamine 80, which was acylated using 

succinic anhydride, affording the free carboxyl-containing building block 81 (Scheme 

34).

■OAc•OAcOH

HO-
» . AcO.HO. OAc OAcOH

A cOAoOHO

.OAc AcO.HO. AcO.
AcO A cOHO 'OH

O A cOAc

AcO

O Ac■OAc
AcOAdo

.NH2 AcO.AcO. ■OH
AdoA cO

Scheme 34

Reagents and Conditions: (a) A c f i, 0 ‘C, 2 h then RT, I ‘/ ih
(b) IMSN 3 , SnCU; dry CH2CI2 , RT; 18 h
(c) H2 , Pd(C) ; dry MeOH; RT; IS h
(d) Succinic anhydride, DMAP; dry CH/Cls/pyridine; 0 XI, 1 h then RT, 3 h

This building block was then coupled to the free amino group of peptide-resin 48, to 

give the fully protected, resin-bound, A-terminal disaccharide-modified TT-232 

conjugate. A disaccharide-based glycolipid conjugate was also prepared by additionally 

incorporating a 2 -aminooctadecanoic acid ( I d )  residue between the //-terminal amino 

acid of the TT-232 sequence, and the glycosyl building block 81 Removal of the sugar 

0-acetyl protecting groups was carried out prior to TFA cleavage, using methanolic
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hydrazine. Standard work-up and lyophilisation resulted in the disaccharide- and 

glycolipid-modified conjugates 82 and 83. Initial attempts to prepare these conjugates 

using A/“-Boc-based SPPS were unsuccessful since the 0-linked disaccharides were 

unstable to the conditions of HF cleavage. Acidolysis of the disaccharide at the 

glycosidic linkage led to conjugates modified with only a monosaccharide (glucose).

DPheCys(Acm)T yrOT rpLysCys(Acm)Thr—ISH2

-'m  82 n=0 m=0
83 n=15 m=1

The monosaccharide (31) and disaccharide (81) building blocks were also used for 

coupling to the deprotected A-terminus of peptide-resin 61 (modified with an LAA at 

the C-terminus). Deprotection/cleavage resulted in peptides 84 and 85, modified with a 

sugar at the iV-terminus and a lipid at the C-terminus.

•OH
HO-

■ r r "
HO. ■DPheCys(Acm)T yrOT rpLysCys(Acm)Thr

HO

84.OH

HO. OH
HO

.OHHO. 'DPheCys(Acm)T yrOT rpLysCys(Acm)Thr^
HO

85

In addition to these simple, glucose- and maltose-based glycosyl amide building blocks, 

an 0-linked p-glucuronide unit was prepared. P-Glucuronide-based glycopeptides 

represented an attractive target since some tumours and peritumoural tissues have been 

reported to contain elevated levels of p-glucuronidase enzymes^^^’*̂ ,̂ potentially 

allowing cleavage of the glycoside to release the parent peptide.

The P-glucuronide glycosyl building block was synthesised starting from 1,2,3,4-tetra- 

C-acetyl-P-D-glucopyranuronic acid (35). Tetraacetate 35 was converted to its 

corresponding caesium salt 8 6  by treatment with caesium carbonate, followed by 

méthylation with methyl iodide, using a procedure modified from that of Wang and co-
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workers This led to the facile preparation of the fully protected, pure p-anomer 87, as 

opposed to the mixture of anomers resulting from the commonly used synthesis of 

Bollenback and co-workers*^^. The anomeric 0-acetyl was removed selectively (8 8 ) 

with hydrazine acetate^^^, followed by preparation of the trichloroacetimidate 89, using 

trichloroacetonitrile and sodium hydride^^ .̂

Reaction between imidate 89 and benzyl glycolate, in the presence of TMSOTf^^"* gave 

the fully protected P-glucuronide 90. The benzyl ester was removed catalytically, 

affording the desired free carboxyl-containing building block 91 (Scheme 35).

H O ^O

A cO

35

OS*- 0 ^ 0

AcO^V.---
A cO  

86

O A c '

M eO ^^^O  

A c O * - ^ ^ '- \ - - - '^ v
AcO-X, -̂—

A cO  

87

O A c

M eO . M eO . M eO .

A cO A cO e A cO

A cO A cO A cO

A cO A cO

89
'OH A cO

90 R=Bn
91 R=H

o. IH88

O R

003

Scheme 35

Reagents and Conditions: (a) C s^O y, M e 0 H/H2 0 ; 0 ‘C; 30 min
(b) Mel; dry DMF; RT; 16 h
(c) H ^ -N H iC H ^ O O H ; dry DMF; 50 V ; 12 min
(d) CCljCN, NaH; dry C H ^ h ; RT; 30 min
(e) H O -C H rC O O B n, TMSOTf; dry C H ^W , RT; 2 h 
(j) H 2, Pd(C); dry THF; RT; 18 h

P-glucuronide 91 was coupled via its free carboxyl to the free amine of peptide-resin 48, 

using HBTU/HOBt/DIEA activation. De-O-acetylation, cleavage and isolation were 

carried out as previously. Initial attempts to remove the methyl ester protection of the 

resulting glycopeptide 92, using dilute NaOH in aqueous methanol, were unsuccessful.

HO
DPheCys(Acm)TyrOTrpLysCys(Acm)Thr— NH;

92
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2.13 TV-Terminal Thiourea-Linked Glycopeptides

Coupling of sugars, either directly or via spacers, to the free amino termini of peptides 

can alternatively be achieved using the highly reactive glycosyl isothiocyanates^^^, 

forming thiourea-linked glycopeptides.

Tetra-O-acetyl glycosyl isothiocyanates 95a-c were prepared, starting from unprotected 

galactose, mannose and glucose. These three sugars were acetylated to generate their 

respective pentaacetates (93a-b, 28). Afrer conversion of each to its corresponding 

bromosugar (94a-c) using HBr/AcOH^^^, the respective isothiocyanates 95a-c were 

synthesised by reaction with potassium thiocyanate (KSCN) in the presence of 

tetrabutylammonium bromide. The representative reaction scheme for galactose is 

shown in Scheme 36.

AcOHO AcOOH •OAc )Ac

Ac( Ac(
HO AcO AcO'OH

OAc
93a 94a

•OAc

Ac( Ac(
.NOSAci Ac(

AcO
NOS 95c95b

^ '9  ^ O A c

AcO

95a

Scheme 36

Reagents and Conditions: (a) A c fi, I2 ; 0 °C, 2 h then RT, 1 h
(b) HBr/AcOH, Ac^O; dry C H ^ h ; RT; 3 h
(c) KSCN, TBABr; dry MeCN; reflux; 2 h

The isothiocyanate of A^-acetylglucosamine was also prepared. Glucosamine 

hydrochloride was fully acetylated (96) using AciO/pyridine, followed by conversion to

Cr*NH3 OH

AcO AcO'

AcO-AcO

AcNHAcNH

)Ac

OAc

C AcO

96

Aci OS

97 Cl
AcNH

98

Scheme 37

Reagents and Conditions: (a) Acfi/pyridine; RT; 18 h
(b) HCl, AcCl; -15 to RT; 72 h
(c) KSCN, TBAHS; dry MeCN; reflux; 2 h
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chlorosugar 97 by reaction with 97 reacted with KSCN as above to afford the

desired isothiocyanate 98 (Scheme 37).

Direct reaction between a glycosyl isothiocyanate and the A^-terminal free amine was 

unlikely to be compatible with standard SPPS. Under the acidic conditions of cleavage, 

the thiourea can rearrange, and the carbonyl carbon of the preceding amide bond 

undergo nucleophilic attack by the sulphydryl-like function so formed. This leads to 

cleavage of the amide bond, with concomitant formation of a cyclic thiazolinone. The 

thiazolinone can undergo rearrangement in the presence of aqueous acid to form a 

thiohydantoin (Scheme 38). This reaction is the basis of the Edman degradation (a 

procedure for the stepwise sequencing of peptides), in which phenyl isothiocyanate is 

used^^ .̂

O + HjN- 
thiazolinone

0
thiohydantoin

Scheme 38: Mechanism o f  thiohydantoin formation

In preliminary syntheses, the deprotected peptide-resin 9 (prepared by A^-Boc SPPS) 

was washed well with 10% NEt] in DMF to ensure neutralisation of the amino groups. 

Reaction with tetra-O-acetyl galactosyl isothiocyanate in the presence of base went 

quickly to completion (<30 min) as determined by the Kaiser test. The sugar 0-acetyl 

protecting groups were removed and the peptide cleaved using the high HF procedure. 

Isolation and analysis of the peptide indicated that the main product was, as expected, 

the 7V-terminally truncated peptide 99, with the thiourea-linked glycopeptide 100 as only 

a minor constituent of the crude mixture.

H— Cys(Acm)TyrDTrpLysCys(Acm)Thr— NH2 
99
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DPheCys(Acm)TyrOTrpLysCys(Acm)Thr— NH2

100

Since thiazolinone formation proceeds via a cyclic intermediate (Scheme 38), it was 

envisaged that the incorporation of a spacer between the 7^-terminal amino acid and the 

thiourea-linked sugar would inhibit or even prevent intermediate formation. The use of 

a p- or y-amino acid as the TV-terminal residue would mean that cyclic intermediates, 

were they to form, would have to be of larger, more unfavourable, ring sizes.

The spacers used were incorporated as //-Fm oc protected P-alanine (101) and TV̂ -Dde 

protected yAbu (51). Each of these amino acids was coupled separately to portions of 

peptide-resin 48, and deprotected using the appropriate procedure. The preparation of 

the two spacer-modified peptide-resins (102,103) is shown in Scheme 39.

FmocHN

101

OH

O

DdeH

51

O

OH

Scheme 39

Boc SAcm

'OfBu

OfBu

102
NHBoc

SAcm SAcm

103
Nmoc

Reagents and Conditions: (a) Fmoc-/Mla-OH, HBTU, HOBt, DIEA: DMF, 20 min
(b) 20% piperidine; DMF; 2 x  10 min
(c) Dde-yAbu-OH HBTU, HOBt, DIEA; DMF; 20 min
(d) 5% H ^ -N H yH P ; DMF; 3 x 3 min
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The TV-terminal pAla conjugated peptide-resin 102 was divided into three portions. The 

first portion was treated with a dry CH2CI2 solution of isothiocyanate 95b in the 

presence of base, the second with 95c and the third with the TV-acetylglucosamine- 

derived 98. In each case, the completion of the reaction was monitored by the Kaiser 

test. Subsequent to 0-acetate removal, standard TFA cleavage and isolation gave 

glycopeptides 104-106.

OH
Acm Acm

DPheCysTyrDTrpLysCysThr— NH2

S 0
104 R=OH R'=H
105 R=H R'=OH
106 R=H R'=NHAc

This procedure was repeated for the yAbu conjugated peptide-resin 103, affording 

glycopeptides 107-109.

OH

Y DPheCysTyrDTrpLysCysThr— NH2

107 R=OH R'=H
108 R=H R'=OH
109 R=H R'=NHAc

A third spacer was also used. The amino group of />-aminobenzoic acid (pABA) was 

protected as its TV-Dde derivative 110 (Scheme 40). Protected amino acid 110 was

OH

110
Scheme 40

Reagents and Conditions: (a) DdeOH (4), NEtj; dry EtOH; reflux; 48 h

coupled to peptide-resin 48 using HBTU/HOBt/DIEA activation, followed by the use of
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5% hydrazine in DMF for the deprotection step. The success of deprotection could not 

be monitored conventionally since primary arylamines are unreactive to the conditions 

of the Kaiser test. At this stage, the resin was divided into three portions and the 

conjugations performed as above. As the progress of the reactions could not be 

monitored in these cases, each isothiocyanate coupling was performed twice for 

extended reaction times. Analysis of the cleaved peptide conjugates indicated the 

presence of A-Dde protected peptide 111 as the sole product of each of the three

DdeHN

.DPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NH2

111

syntheses. It appears that removal of the A-Dde protecting group prior to the 

isothiocyanate reactions was unsuccessful in each case. It is possible that the conditions 

required for A-Dde removal in this case were substantially harsher than those used. This 

may be a consequence of stabilisation by the electron withdrawing influence of the 

amide function para to the protected arylamino group.

The A-terminal glycopeptides 76, 82-85 and 92, and the TV-terminal thiourea-linked 

glycoconjugates 104-109 described above are shortly to be examined to determine their 

anti-proliferative activity.

2.14 Conclusions

Lipopeptides modified at the N- or C-termini with one or more lipoamino acids were 

simply prepared using standard solid-phase peptide synthetic methodology. Synthesis 

was compatible with both Boc- and Fmoc-based SPPS strategies, coupling the 

lipoamino acids as their A“-Boc or A/“-Dde protected derivatives respectively. Harsher 

conditions than those reported previously were found necessary for the complete 

removal of A“-Dde protection.

Simple TV-terminal glycopeptides were prepared by coupling appropriately protected 

glycosyl building blocks with free carboxyl-containing anomeric substituents. This 

approach was used successfully with monosaccharide-, disaccharide- and uronic acid- 

based building blocks. Disaccharides and 0-glycosides are not stable to the conditions 

ofHF cleavage.
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iV-terminal glycopeptides were also prepared by reacting glycosyl isothiocyanates with 

the free amino group of the resin-bound peptide, producing thiourea-linked 

glycoconjugates. Incorporation of a P- or y-amino acid spacer as the A^terminal residue 

was required to prevent A^terminal truncation via thiohydantoin formation during 

acidolytic cleavage. Truncation occurred to a small degree when a pAla spacer was 

used, but was not noted with a yAbu spacer. Thiourea-linked conjugates based upon 

glucose, galactose, mannose and A-acetylglucosamine were prepared.

C-terminal glycopeptides could conveniently be prepared from resin-bound glycosyl 

azides. 2,3,4-tri-O-acetyl-1 -azido-1 -deoxy-p-D-glucopyranuronic acid was readily 

prepared and isolated in good yield and could easily be loaded onto a variety of 

derivatised resins. Reduction to generate the glycosylamine, and subsequent coupling of 

the first amino acid did not proceed fully to completion, resulting in low yields and 

mixtures of by-products which could not easily be separated from the desired 

glycopeptides. The use of a modified Staudinger reaction allowed the preparation of C- 

terminal glycopeptides of good purity and in good yield, and was compatible with both 

Boc- and Fmoc-based SPPS strategies.

Glycosyl building blocks were introduced as their 0-acetyl protected derivatives. O- 

acetyl protection could be removed most conveniently prior to cleavage, using 

methanolic hydrazine, or, alternatively, after cleavage and isolation, using methanolic 

ammonia.

Iodine-directed oxidation could be carried out rapidly on the solid-phase, producing 

cyclic peptides that were essentially free from unwanted peptide by-products. This 

approach exploits the classical advantages of solid-phase synthesis since all functional 

groups which could undergo modification remain protected throughout oxidation, and 

the excess reagents used can be removed simply by thorough washing. This is in 

contrast to solution-phase oxidation after cleavage, since cyclic peptides produced by 

this method had to be separated from often very similar by-products by careful 

preparative HPLC. The use of CCLj to extract the excess iodine following solution- 

phase oxidation was inappropriate for lipoamino acid-modified peptides, significant 

émulsification occurring as a consequence of their surfactant properties.

All of the lipoamino acid and/or sugar modified TT-232 conjugates retained a degree of 

the parent peptide’s anti-proliferative activity on the cell-lines tested. The unmodified 

linear peptide was not as active as the cyclic TT-232. The fact that some activity was 

retained suggests that the bis-Acm protected linear precursor can adopt the 

conformation required for activation of the target receptor or protein, and that this
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conformation is stabilised by cyclization of the peptide. Lipoamino acid conjugation 

(with or without a spacer) resulted in no change or a slight reduction in the activity of 

the cyclic peptide, but an increase in activity of the linear peptide. Activity was often 

dependent upon the particular cell-line tested. The additional conjugation of a glycosyl 

moiety, while improving water solubility, generally led to a reduction in activity. 

Activity was dose dependent. Reduced activity (compared to the parent peptide) at the 

lower concentrations suggests a reduction in the ability to bind to the target receptor or 

protein.

Exposure to various concentrations of the parent TT-232 peptide or to its linear 

precursor did not cause significant lysis of rat erythrocytes or disruption of the integrity 

of Caco-2 cell monolayers. A similar pattern was seen for conjugates modified with 

lipoamino acids of short alkyl side-chain length. Increasing the alkyl side-chain length, 

or conjugation of a glycolipid moiety, resulted in increased toxicity, demonstrated by 

erythrocyte lysis and disruption of monolayer integrity, particularly after prolonged 

exposure to higher concentrations.

The inherently poor permeation of peptides across Caco-2 cell monolayers could not 

adequately be monitored by analytical HPLC. The small concentrations of peptides 

transported to the basolateral side of the monolayers were below the detection limits of 

the analytical method used. The peptides could be conveniently radiolabelled by 

acétylation of their A-terminal free amino groups using tritiated acetic anhydride. 

Peptides of similar size and amino acid composition to the TT-232 conjugates have 

significant hydrogen-bonding potential. Since hydrogen-bonding potential is likely to be 

the limiting factor in transcellular flux, it needs to be overcome to some extent for a 

peptide to be absorbed by that route, rather than by the restricted, size-dependent 

paracellular route.

The cyclic peptides had higher apparent permeability coefficients than their 

corresponding linear peptides. The restricted conformation, reduced molecular radii and 

intramolecular hydrogen-bonding of the cyclic peptides are all factors which may lead 

to enhanced paracellular and transcellular transport, resulting in the observed increased 

permeation. It is likely that the cyclic peptides are absorbed by both of these routes. 

Lipoamino acid conjugation (with or without a spacer) did not lead to improvement in 

the permeabilities of the parent cyclic or linear peptides. The lipopeptides gained 

improved lipophilicity as seen by decreased water solubility and increased RP-HPLC 

retention times, but improving lipophilicity alone was not sufficient to gain improved 

permeability (no reduction in hydrogen-bonding potential). The absorption of these
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peptides is likely to be restricted to the paracellular route. This could be confirmed by 

examination of permeability in the presence of penetration enhancers that perturb the 

tight junctions.

The glycolipid-modified conjugates demonstrated significantly improved 

permeabilities. It is likely that these conjugates are able to act as substrates for active 

transport processes, or act as inhibitors of efflux systems for which the other peptides 

and conjugates are substrates. Further studies examining basolateral-to-apical transport 

and the effects on permeability of known inhibitors of the various active transport 

carriers and efflux systems, as well as the examination of other, structurally similar, 

conjugates would be required to confirm this.

None of the conjugates had a detrimental effect on the integrity of the monolayers at the 

concentrations tested. Some conjugates demonstrated an ability to partition into, and 

accumulate within, the membranes and/or the cell monolayers. This may be indicative 

of incomplete translocation of the conjugates across the monolayers within the time 

period studied.
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3. SUMMARY AND FUTURE WORK

The preparation of TV-terminal glycolipid-modified conjugates may represent a means by 

which to improve the absorption of biologically active peptides from the gastrointestinal 

tract. The nature of the lipoamino acid and glycosyl building blocks used means that 

this type of chemical modification can be applied to most peptides of therapeutic 

potential.

While the glycolipid-modified conjugates had generally improved permeabilities 

through Caco-2 cell monolayers with respect to the parent peptides, this improvement 

alone may be insufficient for peptides of this size to be effectively absorbed after oral 

administration. Peptides are subject to rapid and extensive enzymatic degradation by 

peptidases and proteases in the gut. Both glycosylation^"^’*̂ ’̂  ̂ and lipoanuno acid 

conjugation^^ have been shown to afford the peptide a degree of protection from 

enzymatic degradation. Further studies are required to examine the stability of these 

glycolipid conjugates in the presence of various proteolytic enzymes. Such studies may 

also elucidate whether the glycolipid moiety is cleaved enzymatically to release the 

parent peptide.

As well as examining the mechanism(s) by which these conjugates gain improved 

transport across Caco-2 cell monolayers (above), further work will be undertaken in an 

attempt to optimise conjugate permeability by modifying the nature of the glycolipid. 

By varying the glycosyl and lipid components, the linkage between them and the 

linkage to the peptide, the contribution that each makes to the improvement of 

permeability can be examined. An homologous series of glycolipid-modified peptides 

will be prepared, varying the length of the alkyl side-chains, and compared to 

conjugates modified with a glycosyl moiety alone. The conjugate system could also be 

extended to include C-terminal glycolipid-modified peptides, and conjugates based 

upon other lipids. Conjugates based upon racentically pure lipoamino acid L- and D- 

isomers could also be compared.
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4. EXPERIMENTAL SECTION

4.1 General Remarks
All moisture-sensitive reactions were carried out under a nitrogen atmosphere using 

oven-dried glassware. Solvents were dried according to established practices and were 

freshly distilled prior to use. Reactions were monitored by thin-layer chromatography 

(TLC) on silica gel 60 F254 (Merck), visualising with UV light and/or by charring with 

an ethanolic solution of sulphuric acid. Following extractive work-up, organic solvents 

were dried over MgS0 4 , filtered by gravity, and the solvents removed under reduced 

pressure. Colunm chromatography was performed on silica gel 60 (230-400 mesh). 

Mass spectra were recorded on a VG Analytical ZAB-SE instrument using FAB 

ionisation, a Fisons VG-TOF spectrometer using MALDI-TOF MS, or a Finnigan 

MassLab Navigator quadrupole instrument using ES ionisation. ^H-NMR (500 MHz) 

spectra were recorded at room temperature in CDCI3 solution, using a Bruker AM 500 

instrument.

4.2 Peptide Synthesis
A“-Boc and A/“-Fmoc protected amino acids were obtained from Novabiochem 

(Nottingham, UK). For A“-Boc SPPS, side-chain protecting groups used were Acm for 

Cys, 2-Br-Z for Tyr, For for oTrp, 2-Cl-Z for Lys and Bzl for Thr. For A“-Fmoc SPPS, 

side-chain protecting groups used were Acm for Cys, tBu for Tyr and Thr, and Boc for 

DTrp and Lys. Peptide synthesis grade DMF was obtained from Rathbum (Walkerbum, 

Scotland). Biograde TFA was obtained from Halocarbon (River Edge, NJ, USA). All 

other reagents and solvents were of analytical grade or better, and were used without 

further purification.

AT-Boc strategy synthesis of peptide a-carboxamides was accomplished manually by a 

stepwise solid-phase procedure on MBHA derivatised copoly(styrene-l% DVB) resin 

(0.59-0.67 mmol/g substitution), in 0.3-0.9 mmol scale. The resin was allowed to swell 

in DMF for 30 min, followed by 1 min pre-treatment with TFA, and thorough washing 

with DMF. The first and subsequent couplings were performed in DMF using a 2.5-fold 

molar excess (over resin substitution) of protected amino acid, activated with equimolar 

quantities of HBTU and HOBt. DIE A (5-fold molar excess) was used to both neutralise 

the resin and for in situ activation of the protected amino acids. V“-Boc deprotections 

were carried out using neat TFA ( 2 x 1  min). DMF was used to wash the resin after
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each coupling and deprotection step. All couplings and deprotections were monitored 

using the Kaiser test for free amino groups, repeating unsuccessful couplings where 

required. After final A^-Boc deprotection, the peptide-resin was washed with DMF, 

CH2CI2, then CH2Cl2-MeOH 1 :1 , and allowed to dry briefly (30 min) by drawing air 

through the resin bed. The peptide-resin was then transferred to a desiccator and dried in 

vacuo over KOH to constant weight. Peptides were removed from the resin by 

acidolysis using anhydrous HP, containing 10% w/v /?-cresol for l ‘/4-2 h at -5  to 0 ®C. 

After distillation of the HP, the crude peptides were precipitated using cold, anhydrous 

diethyl ether, and the precipitates separated by gravity filtration through a sintered glass 

filter, washing with plenty of fresh ether. The precipitates were extracted into 95% 

aqueous acetic acid and lyophilised. Boc-Gly-PAM derivatised resins (0.83 mmol/g 

substitution) were used for the synthesis of peptide acids (deprotected with TPA prior to 

first coupling).

A“-Pmoc strategy synthesis of peptide a-carboxamides was achieved manually on Rink 

amide MBHA derivatised resin (0.64 mmol/g substitution), in 15-40 pmol scale. The 

resin was swelled thoroughly in DMP, followed by removal of the A/-Pmoc protecting 

group by treatment with 20% v/v piperidine in DMP (10 + 20 min). All couplings 

proceeded in DMP, employing 2.5-fold molar excesses of protected amino acids, 

activated using HBTU/HOBt/DIEA. A“-Pmoc deprotections were performed using 20% 

piperidine in DMP (2 x 10 min). A/“-Dde deprotections were performed by treatment 

with 5% v/v hydrazine monohydrate in DMP ( 3 x 5  min), followed by treatment with 

-5%  w/v NH3 in MeOH (5 min). The success of couplings and deprotections was 

monitored using the Kaiser test. Unsuccessful couplings were repeated using DMP- 

NMP 1:1 as the solvent. After final A^-Pmoc deprotection, the resin was washed (DMP, 

CH2CI2, CH2Cl2/MeOH) and dried in vacuo over KOH to constant weight. Peptides 

were cleaved from the resin by mild acidolysis using TPA-H2O-TIS 95:2.5:2.5 for 2 h at 

RT. Following cleavage, the TPA was removed under reduced pressure, followed by 

precipitation of the peptide using anhydrous ether, filtering and washing. The crude 

product was extracted into 95% aqueous acetic acid and lyophilised. Pmoc-Gly-Wang 

derivatised resins ( 1 .0 0  mmol/g substitution) were used for the synthesis of peptide 

acids.

Analytical RP-HPLC of the peptides was carried out on an analytical Vydac C4 Protein 

column (25.0 cm x 4.6 mm). Separation was achieved using a linear gradient at a flow- 

rate of 1.2 ml/min effected by a Waters 600S controller and 616 pump running Solvent
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A: 0.1% TFA; Solvent B: 0.1% TFA in 90% MeCN; 0% B to 100% B over 20 min, 

100% B for 10 min, then 100% B to 0% B over 2 min (Method A), or 0% B to 70% B 

over 20 min, then 70% B to 0% B over 5 min (Method B). HPLC grade MeCN and 

water were filtered through a 0.2 |Lim nylon membrane filter and degassed with helium 

flow prior to use. Separation was monitored with a Waters 486 absorbance detector at 

214 nm. Retention time and purity were determined using Waters Millennium 

Chromatography Manager software. Preparative RP-HPLC was carried out on a TSK- 

GEL Cô column (25.0 cm x 21.0 mm). Separation was achieved using a linear gradient 

at a fiow-rate of 8 ml/min effected by two Applied Biosystems 400 Solvent Delivery 

System pumps, running Solvent A: 0.1% TFA; Solvent B: 0.1% TFA in 90% MeCN; 

0% B to 20% B over 30 min, 20% B to 80% B over 120 min, then 80% B to 100% B 

over 30 min (Method C). Separation was monitored with an Applied Biosystems 783A 

Programmable Absorbance Detector at 230 nm. Chromatograms were recorded on a 

Servoscribe RE 511.20 single channel chart recorder. Pure fi*actions were pooled and 

lyophilised. Semi-preparative RP-HPLC was performed on a Zorbax Cg column (25.0 

cm X 9.4 mm) at a fiow-rate of 4 ml/min. Separation was achieved using the same 

instrumentation and gradient as described for preparative separation.

4.3 Determination of Anti-Proliferative Activity
The tumour cell-lines SW620, PC3, A2058, A431 and HT29 were obtained from the 

American Type Culture Collection (Rockville, MD, USA). The cells were cultivated at 

37 °C in RMPI 1640 or Leibovitz’s L-15 media, supplemented with 10% foetal calf 

serum (all from SEBAK, Aidenbach, Germany). The cells were seeded in 96-well 

microplates, and then incubated with 2, 20, 50 or 100 pg/ml concentrations of the test 

peptides, in the absence of foetal calf serum, for 24 or 48 h at 37 ®C. Untreated cells 

were used as control.

A freshly prepared solution of MTT in sterile PBS was added to each well to give a 

final concentration of 1 mg/ml in the culture medium. After incubation for 2 h at 37 °C, 

100 pi of extraction buffer (20% w/v sodium dodecyl sulphate in 50% v/v aqueous 

DMF, pH 4.7) was added. After 16 h incubation at 37 ®C, the optical densities of the 

extracted formazan solutions were measured at 570 nm in a 96-well multiscanner, 

employing the extraction buffer as the blank. The mean corrected OD for at least eight 

parallel determinations was calculated, and the percentage inhibition of cell 

growth/survival determined by comparison with the untreated control.
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4.4 Rat Erythrocyte Lysis
Solutions of the test peptides and the 74 kDa dextran and 34 kDa polylysine controls 

were prepared in pH 7.4 PBS to final concentrations of 1, 10 and 100 pg/ml. A 1% w/v 

solution of Triton X-100 was also prepared. 100 pi aliquots of each test peptide and 

control, at each concentration were loaded in quadruplicate into wells on an ELISA 

plate. Four wells were loaded with 100 pi of PBS to act as blanks. 100 pi of a freshly 

prepared 2% w/v suspension of centrifuged rat erythrocytes in PBS was added to each 

solution. Three identical ELISA plates were prepared. The plates were covered and 

incubated at 37 °C for 1,4 or 24 h. Following incubation, the plates were centrifuged at 

2 0 0 0  rpm for 10  min and 1 0 0  pi aliquots of the supernatant solutions transferred to fresh 

plates. The absorbance of each solution was measured and the mean calculated for the 

four parallel determinations. The mean absorbances were corrected by subtraction of the 

mean absorbance for the PBS blanks, and the percentage of total lysis calculated by 

comparison with the Triton X-100 control.

4.5 Intestinal Epithelial Absorption of Peptides
Absorption studies were performed using differentiated human intestinal epithelial 

(Caco-2) cell monolayers, cultivated in permeable cell culture inserts.

Cell culture. The human intestinal epithelial cell-line Caco-2 was obtained from the 

American Type Culture Collection (Rockville, MD, USA). The cells were cultivated^^^ 

on polycarbonate filters (Transwell® cell culture inserts; 12 mm diameter; 0.4 pm pore 

size; Costar (Cambridge, MA, USA)). The monolayers were used in transport 

experiments 21-33 days after seeding.

Integrity of Caco-2 cell monolayers after exposure to peptides. The transport of ^̂ C- 

mannitol in the apical-to-basolateral direction was studied in the presence of 0 .1-0 .2  

mM concentrations of the peptides. The monolayers were washed and allowed to 

equilibrate in HBSS containing 25 mM Hepes for 30 min at 37 ®C. The test peptides 

were solubilized with DMSO if required and diluted with HBSS to a final concentration 

of 0.1 or 0.2 mM. The solutions were sterile filtered, mixed with ^^C-mannitol, pre

warmed to 37 °C and added to the donor chambers. The transport was followed for 3 h 

at 37 °C, in air, under mild agitation (100 rpm). Monolayers not exposed to peptides 

were used as controls. Samples from the acceptor solutions were withdrawn at 1 h 

intervals and analysed in a liquid scintillation counter. The accumulated radioactivity
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for each time point was determined and the Papp coefficient (cm/s) calculated according 

to the equation:

P = ^ - L  
dt Aco

where dQ/dt (mol/s) is the permeability rate at steady-state flux in the receiver chamber, 

A (cm^) is the surface area of the cell monolayer and co (mol/ml) is the initial 

concentration in the donor chamber^^^. The mean Papp for four parallel determinations 

was calculated.

Transport of radiolabelled peptides across monolayers. The monolayers were 

washed and allowed to equilibrate in HBSS for 30 min at 37 °C. The radiolabelled 

peptides were solubilized with DMSO (the final concentration of DMSO did not exceed 

0.5% v/v) and diluted to a final concentration of 0.1 mM with HBSS. The solutions of 

the peptides were pre-warmed to 37 °C and 0.4 ml added to the apical sides of the cell 

monolayers (donor chambers). The monolayers were incubated for 3 h under mild 

agitation ( 1 0 0  rpm) and samples withdrawn from the acceptor solutions at 1 h intervals 

(replacing with fresh HBSS). Transport of ^"^C-marmitol was also determined as control. 

The samples were analysed in a liquid scintillation counter and the Papp coefficients 

calculated as above. The mean Papp for three parallel determinations was calculated. 

Transepithelial electrical resistance (TEER). The TEER of the monolayers was 

determined prior to and after 3 h exposure to solutions of the peptides, using an 

Endohm™ tissue resistance chamber with planar electrodes (World Precision 

Instruments (Sarasota, FL, USA)). The TEER values (Qcm^) were calculated after 

subtraction of the resistance of cell culture inserts without cells, and were compared to 

TEER values of untreated (control) monolayers.

2-aminodecanoic acid (la). Sodium (2.50 g, 0.11 mol) was carefully dissolved in 85 

ml dry ethanol. Diethyl acetamidomalonate (24.3 g, 0.11 mol) was added, followed by

1-bromooctane (29.0 g, 0.15 mol). After heating under reflux for 48 h, the reaction 

mixture was cooled and poured onto -150 ml ice-water. The solid intermediate formed 

was filtered off and washed with copious amounts of cold water. The intermediate was 

dried and transferred to a large (2 1) round-bottomed flask. Concentrated hydrochloric 

acid (180 ml) and DMF (20 ml) were added and the reaction allowed to proceed under 

reflux with vigorous stirring for 48 h. After cooling, the reaction mixture was poured 

into ethanol-water 3:1 and neutralised by the addition of concentrated aqueous NH3. 

The precipitate was collected by vacuum filtration, washing with plenty of ethanol-
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water 3:1, then ether-acetone. Drying afforded the title compound as a fine white 

powder (17.4 g, 84%).

2 -aminododecanoic acid (lb), 2 -aminotetradecanoic acid (Ic), 2 -aminoocta- 

decanoic acid (Id) and 2 -aminoeicosanoic acid (le) were each prepared from their 

appropriate 1-bromoalkanes using the procedure described for la  above. Yields were 

82% for lb , 94% for Ic, 84% for Id  and 96% for le.

2-(r^/t-butoxycarbonylammo)decanoic acid (2a). Lipoamino acid la  (20.0 g, 0.11 

mol) was suspended in 400 ml rBuOH-HzO 2:3 and the pH adjusted to 13 by the 

addition of 8  M aqueous NaOH. A solution of di-fgrr-butyl dicarbonate (35.0 g, 0.16 

mol) in 80 ml rBuOH was added and the pH re-adjusted to 11-12. The reaction was 

allowed to proceed at RT, with vigorous stirring, for 18 h. The solution was diluted with 

300 ml water and solid KHSO4 added to pH 3. The oil was extracted twice into EtOAc, 

and the organic phases combined, dried, filtered and concentrated. The residue was 

crystallised from minimal MeCN. Filtration and washing with cold MeCN gave the 

protected amino acid as white solid (23.9 g, 78%). FAB MS (C15H29NO4) 287.21 m/z 

(%) 188 [M-Boc+H]* (72), 210 [M-Boc+Na]^ (13), 310 [M+Na]* (100), 332 [M+2Na- 

H]^ (28). ‘H-NMR (CDCI3). 8  0.88 (t, 3H, CH3), 1.27 (m, 12H, 6 CH2), 1.45 (s, 9H, 

C(CH3)3), 1.67-1.85 (m, 2H, PCH;), 4.29 (m, IH, aCH), 4.95 (s, IH, NH). 

2 -(rer/-butoxycarbonylamino)alkanoic acids 2 b-e were prepared from their lipoamino 

acid precursors Ib-e using the procedure described for 2 a above. 

2-(re/t-butoxycarbonyiamino)dodecanoic acid (2b). 73% yield. FAB MS

(C17H33NO4) 315.24 m/z (%): 154 (53), 170 (87), 216 [M-Boc+H]'" (8 6 ), 260 [M- 

Boc+2Na-H]'" (69), 338 [M+Na]'" (100), 360 [M+2Na-Hf (19). 'H-NMR (CDCI3): 5 

0.87 (t, 3H, CH3), 1.26 (m, 16H, 8 CH2), 1.46 (s, 9H, € ( ^ 3)3), 1.67-1.84 (m, 2H, 

PCH2), 4.28 (m, IH, aCH), 4.98 (s, IH, NH).

2-(r^/t-butoxycarbonylammo)tetradecanoic acid (2c). 71% yield. FAB MS

(C19H37NO4) 343.27 m/z (%): 198 (47), 244 [M-Boc+H]''' (46), 266 [M-Boc+Na]* (4), 

288 [M-Boc+2Na-H]* (39), 366 [M +Naf (100), 388 [M+2Na-H]* (41), 476 [M+Cs]^ 

(7), 498 [M+Cs+Na-Hf (11). 'H-NMR (CDCI3): 5 0.90 (s, 3H, CHj), 1.21 (m, 20H, 

IOCH2), 1.42 (s, 9H, C(CH3)3), 1.67 (m, 2H, PCH2), 4.27 (m, IH, aCH), 5.01 (s, IH, 

NH).

2-(^e/t-butoxycarbonylamino)octadecanoic acid (2d). 76% yield. FAB MS

(C23H45NO4) 3 9 9 .3 3  m/z (%): 300 [M-Boc+H]* (35), 322 [M-Boc+Naf (9), 422 

[M+Na]* (100), 444 [M+2Na-H]^ (7). 'H-NMR (CDCb): 5 0.90 (m, 3H, CH3), 1.22 (m.
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28H, 1 4 % ) ,  1.41 (s, 9H, (^CHs)]), 1.74 (m, 2H, pCHz), 4.26 (m, IH, aCH), 5.01 (s, 

IH, NH).

2 -(^^rr-butoxycarbonylamino)eicosanoic acid (2e). 80% yield. FAB MS (C25H49NO4) 

427.37 m/z (%): 328 [M-Boc+H]'" (26), 350 [M-Boc+Na]* (8 ), 450 [M+Na]'" (100). ‘H- 

NMR (CDCI3): 5 0.90 (m, 3H, CH;), 1.24 (m, 32H, 16 CH2), 1.40 (s, 9H, C(CH3);), 2.11 

(m, 2H, pCHî), 4.20 (m, IH, aCH), 5.10 (d, IH, NH).

2-acetyldimedone (4). Acetic anhydride (5.50 ml, 58.3 mmol) was added to a solution 

of DMAP (8.00 g, 65.6 mmol) in 150 ml dry CH2CI2. The reagents were stirred for 2 h 

at RT under N2. Dimedone (7.00 g, 50.0 mmol) was added and the reaction allowed to 

proceed for 18 h at RT in the dark. The solution was extracted three times with 1 M 

HCl, dried, filtered and concentrated. The residue was taken-up in hexane and cooled to 

-15 °C. The product was collected by vacuum filtration. Washing with cold (-15 °C) 

hexane and drying afforded the title compound as a pale yellow crystalline solid (6.89 g, 

76%). FAB MS (C10H 14O3) 182.09 m/z (%): 165 [M O H f (28), 183 [M+H]'" (100), 205 

[M+Na]+ (8 ). ‘H-NMR (CDCb): 5 1.06 (s, 6 H, 2CH;), 2.35 (s, 2H, CHz), 2.52 (s, 2H, 

CHz), 2.59 (s, 3H, C(OH)CH3).

2-((4,4-dimethyi-2,6-dioxocyclohex-l-ylldene)ethylamino)decanoic acid (5a). Lipo

amino acid la  (5.00 g, 26.7 mmol) was suspended in 100 ml dry ethanol. 2- 

acetyldimedone (4) (5.35 g, 29.4 mmol) and triethylamine (5.63 ml, 40.1 mmol) were 

added and the reaction allowed to proceed under reflux for 18 h. After cooling, the 

reaction mixture was concentrated, the residue taken-up in EtOAc and washed twice 

with 1 M HCl. The EtOAc solution was dried, filtered and concentrated, and the residue 

triturated with ether. Filtration and washing (ether, hexane) afforded the title compound 

as a white solid (7.51 g, 80%). ES MS (C20H33NO4) 351.24 m/z (%): 352.3 [M+H]* 

( 1 0 0 ), 374.4 [M+Na]^ (9). ‘H-NMR (CDCb): 8  0.87 (t, 3H, (0CH3), 0.98 (s, 6 H, 2CH;), 

1.28-1.31 (m, 12H, 6 CH2), 1.78 (m, 2H, PCH2), 2.32 (s, 4H, 2 CH2CO), 2.49 (s, 3H, 

C(NH)CH3), 4.47 (m, IH, aCH), 9.34 (br s, IH, COOH).

2-((4,4-dimethyl-2,6-dioxocyclohex-l-ylidene)ethylamino)alkanoic acids 5b-e were 

prepared from their lipoamino acid precursors Ib-e using the procedure described for 5a 

above.

2-((4,4-dimethyl-2,6-dioxocyciohex-l-ylidene)ethylamino)dodecanoic acid (5b).

74% yield. FAB MS (C22H37NO4) 379.27 m/z (%): 380 [M+H]^ (100), 402 [M+Na]'" 

(9). ‘H-NMR (CDCb): 8  0.87 (t, 3H, (0CH3), 0.98 (s, 6 H, 2CH;), 1.27-1.32 (m, 16H,
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8 CH2), 1.79 (m, 2H, pCHi), 2.35 (s, 4H, 2 CH2CO), 2.52 (s, 3H, C(NH)CH3), 4.47 (m, 

IH, aCH).

2-((4,4-dimethyl-2,6-dioxocyclohex-l-ylidene)ethylammo)tetradecanoic acid (5c). 

82% yield FAB MS (C22H37NO4) 407.30 m/z (%); 408 [M+H]* (100), 430 [M+Na]'" 

(17). 'H-NMR (CDCI3); 6  0.86 (t, 3H, (ûCHs), 1.01 (s, 6 H, 2 CH3), 1.23 (m, 20H, 

IOCH2), 1.79 (m, 2H, PCH2), 2.36 (s, 4H, 2 CH2CO), 2.54 (s, 3H, C(NH)CH3), 4.47 (m, 

IH, aCH).

2-((4,4-dimethyl-2,6-dioxocyclohex-l-ylidene)ethylamino)octadecanoic acid (5d).

85% yield ES MS (C28H49NO4) 463.37 m/z (%); 464.5 [M+H]"' (100). 'H-NMR 

(CDCI3): 5 0.88 (t, 3H, (0CH3), 1.05 (s, 6H, 2 CH3), 1.25-1.29 (m, 28H, 1 4 % ) .  1.97 

(m, 2H, PCH2), 2.47 (s, 4H, 2 CH2CO), 2.55 (s, 3H, C(NH)CH3), 4.42 (m, IH, aCH), 

10.27 (br s, IH, COOH).

2>((4,4-dimethyl-2,6-dioxocyciohex-l-ylidene)ethylamino)eicosanoic acid (5e). 85%

yield. ES MS (C30H53NO4) 491.40 m/z (%): 492.5 [M+H]^ (100), 514.6 [M-t-Na]* (7). 

'H-NMR (CDCI3): 8  0.89 (t, 3H, (0CH3), 1.06 (s, 6 H, 2CHj), 1.24 (m, 32H, 1 6 % ) ,  

2.02 (m, 2H, P % ) ,  2.49 (s, 4H, 2 % C 0 ) ,  2.55 (s, 3H, C(NH)CH3), 4.35 (m, IH, 

aCH).

H-DPheCys(Acm)T y r(2-Br-Z)DT rpLys(2-Cl-Z)Cys( Acm)Thr(Bzl)-NH-Resin (9).

MBHA resin (2.00 g, 0.59 mmol/g substitution, 1.18 mmol) was washed and swelled in 

DMF for 30 min in a solid-phase reaction vessel. The resin was drained and treated with 

10 ml of TFA for 1 min, followed by washing with DMF. Boc-Thr(Bzl)-OH (0.91 g, 

2.95 mmol), HBTU (1.12 g, 2.95 mmol) and HOBt (0.45 g, 2.95 mmol) were dissolved 

in 6 -8  ml DMF and DIEA (1.03 ml, 5.90 mmol) added. After standing for 1 min, the 

solution was added to the drained resin and the suspension mixed using a mechanical 

shaker for 10-15 min. Following successful coupling (Kaiser test), the resin was drained 

and washed with DMF. The loaded resin was suspended in 8-10 ml TFA and mixed 

(mechanical shaker) for 1 min, after Wiich the TFA was replaced and mixing continued 

for a further 1 min. The drained resin was washed well with DMF. These steps of 

coupling and deprotection were repeated for Boc-Cys(Acm)-OH, Boc-Lys(2-Cl-Z)-OH, 

Boc-DTrp-OH, Boc-Tyr(2-Br-Z)-OH, Boc-Cys(Acm)-OH and Boc-DPhe-OH in 

succession.

H-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (10). Peptide-resin 9 (0.59 mmol) 

was washed with DMF, CH2CI2 then CH2Cl2/MeOH and dried in a desiccator. The dried 

peptide-resin (2.0 g) was transferred to a teflon cleavage vessel and />-cresol (2.0 g, 19
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mmol) added. The peptide was removed from the resin using the high HF method, 

followed by precipitation and washing with cold ether. The crude peptide was extracted 

into 95% AcOH and lyophilised. Preparative HPLC (Method C) afforded the linear 

peptide 10 (362 mg, 56%). ES MS (C51H70N12O11S2) 1090.47 m/z (%): 1091.4 [M+H]'" 

(100), 1113.5 [M+Na]'" (36), 546.4 [M+2H]^'" (30). RP-HPLC (Method A): R, = 10.66 

min.

4-(f^/t-butoxyearbonylamino)butanoic acid (12). To a solution of 4-aminobutanoic 

acid (5.00 g, 48.5 mmol) and di-rer/-butyl dicarbonate (13.7 g, 63.1 mmol) in 120 ml 

/BUOH-H2O 1:2 was added an 8  M aqueous solution of NaOH (7.88 ml, 63.1 mmol). 

The reaction was allowed to proceed, stirring vigorously, for 18 h at 40 °C. The reaction 

mixture was diluted with 150 ml water and solid KHSO4 added to pH 3. The product 

was extracted twice into EtOAc, the organic phases combined and washed once with 1 

M KHSO4. The EtOAc solution was dried, filtered and concentrated and the residue 

crystallised from EtOAc-hexane to give the title compound (8.18 g, 83%). FAB MS 

(C9H17NO4) 203.12 m/z (%): 164 (71), 204 [M+H]+ (100), 226 [M+Na]* (9). 'H-NMR 

(CDClj): 6  1.42 (s, 9H, 3 CH3), 1.97 (m, 2H, PCH2), 2.48 (t, 2H, aCH2), 3.12 (m, 2H, 

YCH2), 5.03 (s, IH, NH).

H-C1 0 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (13). JV“-Boc protected 

lipoamino acid 2a was coupled to deprotected peptide-resin 9 (0.30 mmol), followed by 

A“-Boc deprotection. After thorough washing and drying, the peptide was removed 

from the resin using the high HF method, followed by precipitation and washing with 

cold ether. The crude peptide was extracted into 95% AcOH and lyophilised. 

Preparative HPLC (Method C) afforded the linear lipopeptide 13 (219 mg, 59%). ES 

MS (CeiHggN,3 0 ,282) 1259.62 m/z (%): 1260.6 [M+H]"  ̂ (1 0 0 ), 1282.6 [M+Na]''’ (11). 

RP-HPLC (Method A): Rt = 14.17, 14.48 min.

Lipopeptides 14-16 were prepared by coupling the appropriate lipoamino acid(s) to the 

deprotected peptide-resin 9 using the procedure described for 13 above. 

H-C1 2 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (14). 52% yield. ES MS 

(C63H93N 13O12S2) 1287.65 m/z (%): 1288.7 [M+H]"' (100), 1310.8 [M+Na]''' (27), 644.9 

[M+2H]^* (64). RP-HPLC (Method A): R, = 14.70,14.98 min. 

H-C18-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (15). 46% yield. MALDI- 

TOP MS (C69H105N 13O12S2) 1371.74 m/z (%): 1236 (47), 1372 [M+H]* (33), 1394 

[M+Na]"' (100), 1471 (48). RP-HPLC (Method A): R, = 16.50,17.32.
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H-C2 0 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (16). 40% yield. MALDI- 

TOF MS (C7iH,o9N bO |2S2) 1399.78 m/z (%): 1401 [M+H]* (50). 1423 [M+Na^ (100). 

1573 (46). RP-HPLC (Method A): R, = 18.79,19.74.

H-C1 0 C 1 0 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (17). 49% yield.

MALDI-TOF MS (C7iH,o:N,4 0 ,3S2) 1428.77 m/z (%): 1430 [M+H]+ (23), 1452 

[M+Na]"' (100). RP-HPLC (Method A): R, = 17.25,18.12.

H-C12-GIyGlyDPheCys(Acm)Ty roT rpLysCys(Acm)Thr-NH2 (18). Boc-Gly-OH 

was coupled to deprotected peptide-resin 9 (0.59 mmol), followed by A“-Boc 

deprotection. The steps of coupling and deprotection were repeated for Boc-Gly-OH 

and A/“-Boc protected lipoamino acid 2b. After thorough washing and drying, the 

peptide was removed from the resin using the high HF method, followed by 

precipitation and washing with cold ether. The crude peptide was extracted into 95% 

AcOH and lyophilised. Preparative HPLC (Method C) afforded the linear lipopeptide 

18 (504 mg, 61%). MALDI-TOF MS (C67H99N15O14S2) 1401.69 m/z (%): 1403 [M +Hf 

(7), 1425 [M+Na]" (100). RP-HPLC (Method A): R, = 14.13 min. 

H-C12-YAbuGlyGlyDPheCys(Acm)TyrDT rpLysCys(Acm)Thr-NH2 (19). Lipo

peptide 19 was prepared starting from deprotected peptide-resin 9 (0.59 mmol), using 

the procedure described for 18 above, additionally coupling Boc-yAbu-OH (12) prior to 

lipoamino acid 2b. 62% yield. MALDI-TOF MS (C71H106N 16O15S2) 1486.75 m/z (%): 

1378 (24), 1444 (17), 1488 [M+H]" (11), 1510 [M+Na]" (100). RP-HPLC (Method A): 

R t= 13.98 min.

H-DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (20). Linear peptide 10 (200 mg, 0.18 

mmol) was dissolved in 600 ml AcOH-water 4:1. A solution of iodine (0.46 g, 1.83 

mmol) in AcOH-water 4:1 (50 ml) was added slowly and the reaction allowed to 

proceed at RT until HPLC/MS indicated that no starting peptide remained (-20 h). 

Minimal finely divided zinc was added very gradually until the yellow solution had 

been decolorized. The solution was filtered and lyophilised, and the crude product 

purified by preparative HPLC (Method C), affording the cyclic peptide 20 ( 6 8  mg, 

39%). MALDI-TOF MS (C4;H5;N,o0 9 S2) 946.38 m/z (%): 901 (12), 947 [M+H]" (28), 

969 [M+Na]" (100), 1113 (9). RP-HPLC (Method A): R, = 9.55 min.

Cyclic peptides 21-23 were prepared from their bis-Acm protected linear precursors 13, 

14 and 18 using the procedure described for 20 above.

H-C1 0 -DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (21). 51% yield. MALDI-TOF MS 

(C55H77NiiO,oS2) 1115.53 m/z (%): 1117 [M+H]" (8 ), 1139 [M+Na]" (100). RP-HPLC 

(Method A): Rt = 14.11, 14.39 min.
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H-C1 2 -DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (22). 43% yield MALDI-TOF MS 

(CstHsiNuOioSj) 1143.56 m/z (%): 1143 [M+H]* (21), 1167 [M+Na]* (100), 1311 

(14). RP-HPLC (Method A): R, = 14.77,15.05 min.

H-C1 2 -GlyGlyDPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (23). 38% yield. ES MS 

(QiHgTNuOijSj) 1257.60 m/z (%): 1258.7 [M+H]* (100), 1280.7 [M+Na]* (19). RP- 

HPLC (Method A): Rt = 14.28 min.

H-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-C10-Gly-OH (26). Boc-Gly-PAM resin 

(0.50 g, 0.83 mmol/g substitution, 0.42 mmol) was washed and swelled in DMF for 30 

min in a solid-phase reaction vessel. The resin was treated with TFA (5 ml, 2 x 1 min), 

washed with DMF and drained. DIEA (360 pi, 2.08 mmol) was added to a DMF 

solution of protected lipoamino acid 2a (0.30 g, 1.04 mmol), HBTU (0.39 g, 1.04 

mmol) and HOBt (0.16 g, 1.04 mmol), and the solution added to the resin. The 

suspension was mixed for 10-15 min and success of coupling monitored by the Kaiser 

test. After treatment with TFA, the cycles of coupling deprotection were repeated for 

protected Thr, Cys, Lys, DTrp, Tyr, Cys and DPhe in succession. After thorough 

washing and drying, the peptide was removed from the resin using the high HF method, 

followed by precipitation and washing with cold ether. The crude peptide was extracted 

into 95% AcOH and lyophilised. Preparative HPLC (Method C) afforded the title 

peptide (312 mg, 57 %). MALDI-TOF MS (C63H91N 13O14S2) 1317.62 m/z (%): 932 

(52), 1250 (26), 1340 [M+Na]* (100). RP-HPLC (Method A): R, = 13.25 min. 

l,2v3,4,6-penta-0-acetyl-a-D-giucopyranose (28). D-Olucose (50.0 g, 0.28 mol) was 

suspended in 250 ml acetic anhydride and stirred at 0 ®C. Iodine (2.50 g, 9.84 mmol) 

was added slowly over 30 min and the reaction allowed to proceed for 2 h at 0 °C, then 

a further 1 h at RT. The reaction mixture was diluted with CH2CI2, washed twice with 1 

M Na2S2 0 3 , then dried, filtered and concentrated. The residue was ciystallised from 

EtOAc-hexane 1:2 to afford the title compound as a white solid (96.1 g, 89%). FAB MS 

(C,6H2 2 0 ii) 390.12 m/z (%): 331 [M-OAc]* (100), 413 [M+Na]* (65), 523 [M+Cs]* 

(98). 'H-NMR (CDCI3): 5 2.01,2.02,2.04,2.09,2.18 (5s, 15H, 50Ac), 4.11 (m, 2H, H- 

5 and H-6 ), 4.26 (dd, IH, H-6 ’), 5.09 (dd, IH, H-4), 5.14 (t, IH, H-3), 5.47 (t, IH, H-2), 

6.33 (d, IH, H-1,71,2=3 .6  Hz).

2^,4,6-tetra-O-acetyl-P-D-glucopyranosyl azide (29). Pentaacetate 28 (5.00 g, 12.8 

mmol) was dissolved in 10-15 ml dry CH2CI2 under N2. Trimethylsilyl azide (4.24 ml,

32.1 mmol) and tin (IV) chloride (0.75 ml, 6.41 mmol) were added and the reaction 

allowed to proceed for 18 h at RT under N2. The solution was diluted with CH2CI2 and 

extracted twice with sat. NaHC0 3  and once with brine. The organic phase was dried,
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filtered and concentrated to leave the title compound as a white solid (3.92 g, 82%). 

FAB MS (C14H 19N3O9) 373.11 m/z (%): 331 [M-Nj]* (13), 396 [M+Na]’" (7), 506 

[M+Cs]" (100). 'H-NMR (CDClj): 8  1.99, 2.02, 2.07, 2.09 (4s, 12H, 40Ac), 3.81 (m, 

IH, H-5), 4.15, 4.27 (2m, 2H, H- 6  and H-6 '), 4.65 (d, IH, H-1, J u = 8 .8  Hz), 4.94 (t, 

IH, H-2), 5.09, 5.21 (2t, 2H, H-3 and H-4).

2^,4,6-tetra-0-acetyl-|3-i>-glucopyranosylamine (30). Glycosyl azide 29 (7.80 g, 20.9 

mmol) was dissolved in 50 ml dry MeOH and the solution flushed with N2. 10% Pd on 

activated charcoal (300 mg) was added and the reaction maintained under a constant 

pressure of H2 with vigorous stirring for 24 h at RT. The suspension was filtered 

through celite and the solvent removed under reduced pressure to afford the title 

compound as a colourless syrup (6.70 g, 92%). The residue was used immediately for 

the preparation of glycosyl amide 31. FAB MS (C14H21NO9) 347.12 m/z (%): 169 (79), 

331 [M-NH2]^ (34), 370 [M+Na]'" (100).

A^-(2,3,4,6-tetra-0-acetyl-P-D-gIucopyranosyl)succinamic acid (31). To a solution of 

glycosylamine 30 (6.70 g, 19.3 mmol) in 80 ml dry CH2CI2 at 0  °C were added dry 

pyridine (7.81 ml, 96.5 mmol) and DMAP (90 mg, 0.74 mmol). A solution of succinic 

anhydride (4.83 g, 48.3 mmol) in dry CH2CI2 was added dropwise over 30 min and the 

reaction allowed to proceed for 30 min at 0 °C, and a further 3 h at RT. The solution 

was washed three times with 1 M HCl, once with brine, then dried, filtered and 

concentrated to leave a white foam. The title compound was crystallised from EtOAc- 

hexane (6.61 g, 77%). FAB MS (C18H25NO12) 447.14 m/z (%); 331 [M- 

NHC0 (CH2)2C0 0 H]" (93), 448 [M+H]" (6 8 ), 470 [M+Na]" (100), 580 [M+Cs]" (55). 

'H-NMR (CDCU): 8  2.03, 2.05, 2.06, 2.08 (4s, 12H, 40Ac), 2.49 (t, 2H, CH2CON), 

2.70 (m, 2H, CH2COO), 3.80 (m, IH, H-5), 4.05 (dd, IH, H-6 ), 4.28 (dd, IH, H-6 ’), 

4.92 (dd, IH, H-2), 5.05 (dd, IH, H-4), 5.24 (dd, IH, H -1,71 ,2=9 .0  Hz), 5.28 (dd, IH, 

H-3), 6.52 (d, IH, NH), 8.01 (br s, IH, COOH).

HO-Glc-NHCOC2H4CO-C14-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (32).

MBHA resin (1.00 g, 0.59 mmol/g substitution, 0.59 mmol) was washed and swelled in 

DMF for 30 min in a solid-phase reaction vessel. The synthesis was continued using the 

procedure described for peptide-resin 9 above, replacing Boc-oTrp-OH with the side- 

chain protected Boc-oTrp(For)-OH. A“-Boc protected lipoamino acid 2c was coupled to 

the deprotected peptide-resin, followed by A^-Boc removal. To a solution of 31 (0.66 g, 

1.47 mmol), HBTU (0.56 g, 1.47 mmol) and HOBt (0.23 g, 1.47 mmol) in 4-6 ml DMF 

was added DIEA (510 pi, 2.95 mmol). After standing for 1 min, the solution was added
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to the drained resin and coupling allowed to proceed for 10-15 min, followed by 

washing with DMF. The resin was suspended in 10 ml DMF-piperidine 10:1 at 0 °C, 

and mixed under mild agitation for 2 h at °C. After washing, the resin was treated with 8 

ml MeOH-hydrazine monohydrate 7:1 for 18 h at RT. After thorough washing and 

drying, the peptide was removed from the resin using the high HF method, followed by 

precipitation and washing with cold ether. The crude peptide was extracted into 95% 

AcOH and lyophilised. Preparative HPLC (Method C) afforded the linear conjugate 32 

(498 mg, 54%). MALDI-TOF MS (Cv^HnzNwOieSz) 1576.77 m/z (%): 1599 [M+Na]'" 

(100). RP-HPLC (Method A): R, = 15.43 min.

HO-Glc-NHCOC2H4CO-C14-DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (33). Cyclic 

peptide 33 was prepared from its bis-Acm protected linear precursor 32 using the 

procedure described for 20 above. 39% yield. ES MS (C69H 100N 12O17S2) 1432.68 m/z 

(%): 1433.5 [M+H]* (100), 1455.6 [M+Na]* (8 ). RP-HPLC (Method A): R, = 15.71 

min.

l,2^,4-tetra-6Lacetyl-P-D-glucopyranuronic acid (35). D-Glucuronic acid (6.00 g, 

30.9 mmol) was suspended in 85 ml acetic anhydride and stirred at 0 ®C. Iodine (425 

mg, 1.67 mmol) was added slowly and stirring continued for 2 h at 0 ®C, then a further 1 

h at RT. The solution was cooled to 0 °C, 30 ml dry MeOH added dropwise and the 

solution allowed to stand for 18 h at RT. The solution was concentrated and the residue 

taken-up in 1 0 0  ml CH2CI2, extracted twice with 1 M Na2S2 0 3 , dried, filtered and 

concentrated. The white residue was taken-up in a mixture of ether, hexane and CHCI3 

and concentrated again. Addition of ether, filtering and washing afforded the title 

compound as a fine white powder (9.20 g, 82%). FAB MS (Ci4H]8 0 n) 362.08 m/z (%): 

303 [M-OAc]* (34), 325 [M-OAc+Na]* (64), 385 [M+Na]* (8 6 ), 407 [M+2Na-H]* 

(100). 'H-NMR (CDCb): 5 2.02, 2.03, 2.04, 2.11 (4s, 12H, 40Ac), 4.24 (m, IH, H-5),

5.13 (m, IH, H-2), 5.29 (m, 2H, H-3 and H-4), 5.79 (d, IH, H-1, Li,2=7 .3  Hz). Anal. 

Calcd for C iA gO ,,: C, 46.41; H, 4.97. Found: C, 46.24; H, 5.01. 

2,3,4-tri-O-acetyl-l-azido-l-deoxy-p-D-gIucopyranuronic acid (37). To a solution of 

35 (2 .0 0  g, 5.52 mmol) in dry CH2CI2 (40 ml) under N2 was added trimethylsilyl azide 

(1.87 ml, 13.8 mmol) and tin (IV) chloride (0.32 ml, 2.76 mmol). The reaction was 

allowed to proceed for 18 h at RT under N2. The solution was diluted with CH2CI2, 

extracted twice with 1 M KHSO4, dried, filtered and concentrated to yield the title 

compound as a solid white foam (1.64 g, 8 6 %). FAB MS (C12H15N3O9) 345.08 m/z (%): 

303 [M-N3]* (35), 368 [M+Na]* (100), 390 [M+2Na-H]* (22). 'H-NMR (CDCb): 5
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2.02, 2.04, 2.07 (3s, 9H, BOAc), 4.17 (d, IH, H-5), 4.75 (d, IH, H-1, J u = 8 .8  Hz), 4.96 

(m, IH, H-2), 5.28 (m, 2H, H-3 and H-4). Anal. Calcd for C 12H 15N3O9: C, 41.74; H, 

4.35; N, 12.17. Found: C, 41.65; H, 4.40; N, 12.19.

Immobilisation of 37 onto MBHA resin (38). MBHA resin (1.96 g, 0.59 mmol/g 

substitution, 1.16 mmol) was washed and swelled in dry DMF for 30 min in a solid- 

phase reaction vessel. To a solution of azide 37 (1.21 g, 3.51 mmol) and HOBt (0.54 g, 

3.51 mmol) in minimal dry DMF at 0 °C was added DIG (0.55 ml, 3.51 mmol) and the 

solution stirred for 10 min at 0 °C. The solution and DIEA (0.61 ml, 3.51 mmol) were 

added to the resin and the suspension mixed for 3 h. The resin was drained, washed and 

dried in vacuo over KOH to constant weight (2.33 g, 99%, 0.50 mmol/g loading). 

AcO-GlcA(NH-Resin)-NH-Thr(Bzl)-Cys(Acm)-Lys(2-Cl-Z)-DTrp-Tyr(2-Br-Z)-Cys 

(Acm)-DPhe-Boc (40). Loaded resin 38 (0.59 g, 0.30 mmol) was washed and swelled in 

DMF for 30 min. The drained resin was treated with propane-1,3-dithiol (3.00 ml, 29.9 

mmol) and triethylamine (4.14 ml, 29.9 mmol) for 18 h. After thorough washing, a 

solution of Boc-Thr(Bzl)-OH (0.23 g, 0.74 mmol), HBTU (0.28 g, 0.74 mmol) and 

HOBt (0.11 g, 0.74 mmol) in DMF, and DIEA (256 pi, 1.48 mmol) was added to the 

resin and coupling allowed to proceed for 1 h. The resin was drained and washed and 

the coupling step repeated. The resin was treated with a DMF solution of acetic 

anhydride (0.56 ml, 5.90 mmol) and DIEA (1.01 ml, 5.90 mmol) for 30 min. After 

treatment with TFA, the cycles of coupling and deprotection were repeated (as 

described for peptide-resin 9 above) for protected Cys, Lys, DTrp, Tyr, Cys and DPhe in 

succession.

HO-GlcA(NH2)-NH-ThrCys(Acm)LysDT rpTyrCys(Acm)DPhe-H (41). Peptide-resin 

40 was deprotected using TFA, washed, then suspended in MeOH-hydrazine 

monohydrate 7:1 (4 ml) and the suspension mixed for 18 h. After thorough washing and 

drying, the peptide was removed from the resin using the high HF method, followed by 

precipitation and washing with cold ether. The crude peptide was extracted into 95% 

AcOH and lyophilised. Semi-preparative HPLC (Method C) afforded the linear 

conjugate 41 (60 mg, 32%). MALDI-TOF MS (C57H79N 13O16S2) 1265.52 m/z (%): 

1213 (51), 1287 [M+Na]* (63), 1311 [M+2Na]* (100). RP-HPLC (Method A): R, = 

10.50 min.

HO-GlcA(NH2)-NH-ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe-C12-H (42). Peptide 

resin 40 (0.15 mmol) was treated with TFA and washed. A“-Boc protected lipoamino 

acid 2b was coupled to the deprotected peptide-resin, followed by A“-Boc removal. The 

resin was suspended in MeOH-hydrazine monohydrate 7:1 (4 ml) and the suspension
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mixed for 18 h. After thorough washing and drying, the peptide was removed from the 

resin using the high HF method, followed by precipitation and washing with cold ether. 

The crude peptide was extracted into 95% AcOH and lyophilised. Semi-preparative 

HPLC (Method C) afforded the linear conjugate 42 (57 mg, 26%). MALDI-TOF MS 

(CegHioîN,4 0 ,782) 1462.70 m/z (%): 1485 [M+Na]'" (83), 1509 [M+2Na]'" (100). RP- 

HPLC (Method A): R, = 14.15,15.17 min.

HO-GlcA(NH2)-NH-ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe-C14-H (43). Linear 

conjugate 43 was prepared by coupling lipoamino acid 2c to the (deprotected) peptide- 

resin 40 using the procedure described for 42 above. 24% yield. MALDI-TOF MS 

(C?,Hio6N,4 0 ,782) 1490.73 m/z (%): 1419 (42), 1491 [M+H]" (100), 1513 [M+Na]" 

(73). RP-HPLC (Method A): R, = 14.92, 15.70 min.

H-DPheCys(Acm)T y r(ffiu)DT rp(Boc)Lys(Boc)Cys(Acm)Thr(/Bu)-NH-Resin (48).

Rink amide MBHA resin (1.50 g, 0.64 mmol/g substitution, 0.96 mmol) was washed 

and swelled in DMF for 30 min. The resin was treated with 20% piperidine in DMF (10 

ml) for 2 0  min, drained, the 2 0 % piperidine replaced and the treatment continued for a 

further 10 min. Fmoc-Thr(rBu)-OH (0.99 g, 2.50 mmol), HBTU (0.95 g, 2.50 mmol) 

and HOBt (0.38 g, 2.50 mmol) were dissolved in 6 -8  ml DMF and DIEA (0.87 ml, 5.00 

mmol) added. After standing for 1 min, the solution was added to the washed resin and 

the suspension mixed for 20 min. Following successful coupling (Kaiser test), the resin 

was drained and washed with DMF. The loaded resin was suspended in 20% piperidine 

( 8  ml) and mixed for 10  min, after which the 2 0 % piperidine was replaced and mixing 

continued for 10 min. The resin was washed well with DMF. The steps of coupling and 

deprotection were repeated for Fmoc-Cys(Acm)-OH, Fmoc-Lys(Boc)-OH, Fmoc- 

DTrp(Boc)-OH, Fmoc-Tyr(/Bu)-OH, Fmoc-Cys(Acm)-OH and Fmoc-oPhe-OH in 

succession. The deprotected peptide-resin was washed (DMF, CH2CI2, CH2Cl2/MeOH) 

and dried in vacuo over KOH to constant weight (2.60 g, 99%, 0.37 mmol/g loading). 

(^H)Ac-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (50). Peptide-resin 48 (100 

mg, 36.7 pmol) was washed and swelled in dry DMF, then washed and swelled in dry 

CH2CI2. 1.25 ml of a 1 mCi/ml solution of ̂ H-acetic anhydride in dry CH2CI2 and DIEA 

(1 0 0  pi, 0.58 mmol) were added to 1 ml of dry CH2CI2. The solution was added to the 

drained resin and the suspension mixed for 2 h. DIG (100 pi, 0.63 mmol) was added and 

mixing continued for a further 2 h. The resin was drained and washed with DMF. A 

solution of acetic anhydride (69 pi, 0.73 mmol) and DIEA (128 pi, 0.73 mmol) in DMF 

was added and the reaction allowed to proceed for 30 min. After thorough washing and 

drying, the resin was suspended in 2 ml TFA-H2O-TIS 95:2.5:2.5 and the suspension
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stirred gently for 2 h at RT. The resin particles were filtered off and the TFA solution 

concentrated, followed by precipitation and washing with cold ether. The crude peptide 

was extracted into 95% AcOH and lyophilised, affording radioacetylated peptide 50 (39 

mg, 94%). ES MS (C53H72N12O12S2) 1132.48 m/z (%): 1133.5 [M+H]'" ( 1 0 0 ), 1155.5 

[M+Na]* (13). RP-HPLC (Method A): R, = 11.23 min.

4-((4,4-dimethyl-2,6-dioxocyclohex-l-ylidene)ethylammo)butanoic acid (51). 4-

aminobutanoic acid (1.00 g, 9.71 mmol) and 2-acetyldimedone (4) (1.94 g, 10.7 mmol) 

were dissolved in 20 ml dry ethanol. Triethylamine (1.36 ml, 9.71 mmol) was added 

and the reaction allowed to proceed under reflux for 18 h. After cooling, the solution 

was concentrated and the residue taken-up in CH2CI2. The CH2CI2 solution was washed 

twice with 1 M HCl, dried, filtered and concentrated. Trituration of the residue with 

ether, filtering and washing (ether) afforded the title compound as a white crystalline 

solid (1.63 g, 63%). FAB MS (C,4H2iN0 4 ) 267.15 m/z (%): 268 [M+H]* (100), 290 

[M+Na]* (39). 'H-NMR (CDCI3): 5 1.02 (s, 6 H, 2 CH3), 2.01 (m, 2H, PCH2), 2.38 (s. 

4H, 2 CH2CO), 2.48 (s. 2H, aCH2), 2.56 (s. 3H, C(NH)CH3). 3.49 (m, 2H, YCH2). 

(^)Ac-C10-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (52). A“-Dde protected 

lipoamino acid 5a was coupled to deprotected peptide-resin 48 (50 mg, 18.4 pmol) 

which had been washed and swelled in DMF. After treatment with 5% hydrazine 

monohydrate in DMF ( 3 x 5  min), and 5% w/v NH3 in MeOH, the resin was washed 

with dry DMF, then washed and swelled in dry CH2CI2. 625 pi of a 1 mCi/ml solution 

of ̂ H-acetic anhydride in dry CH2CI2 and DIEA (50 pi, 0.29 mmol) were added to 1 ml 

of dry CH2CI2. The solution was added to the drained resin and the suspension mixed 

for 2 h. DIG (100 pi, 0.63 mmol) was added and mixing continued for a further 2 h. The 

resin was drained and washed with DMF. A solution of acetic anhydride (35 pi, 0.37 

mmol) and DIEA (64 pi, 0.37 mmol) in DMF was added and the reaction allowed to 

proceed for 30 min. After thorough washing and drying, the peptide was removed from 

the resin by TFA cleavage, followed by precipitation and washing with cold ether. The 

crude peptide was extracted into 95% AcOH and lyophilised, affording radioacetylated 

lipopeptide 52 (21 mg, 88%). ES MS (C63H91N 13O13S2) 1301.63 m/z (%); 1302.6 

[M+H]* (100), 1324.7 [M+Na]* (47). RP-HPLC (Method A); R, = 14.72,15.01 min. 

Radioacetylated lipopeptides 53-56 were prepared by coupling the appropriate 

lipoamino acid(s) to deprotected peptide-resin 48 using the procedure described for 52 

above.
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(^H)Ac-C1 2 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (53). 37% yield. ES MS 

(C65H95N 13O13S2) 1329.66 m/z (%): 1330.6 [M+H]"" (100), 1352.7 [M+Na]"" (54). RP- 

HPLC (Method A): Rt = 15.27, 15.51 min.

(^H)Ac-C18-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (54). 81% yield. ES MS 

(C71H107N 13O13S2) 1413.76 m/z (%): 1414.7 [M+H]'' (100), 1436.7 [M +Naf (28). RP- 

HPLC (Method A): Rt= 17.47, 17.63 min.

(^H)Ac-C2 0 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (55). 91% yield. ES MS 

(C73H111N13O13S2) 1441.79 m/z (%): 1442.7 [M+H]'' (100), 1464.8 [M+Na]" (58). RP- 

HPLC (Method A): Rt = 18.15,18.37 min.

(^H)Ac-C1 0 C 1 0 -DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (56). 74% yield. ES 

MS (C73H110N 14O14S2) 1470.78 m/z (%): 1471.7 [M+H]" (100), 1493.7 [M+Na]" (24). 

RP-HPLC (Method A): Rt = 16.38,16.68 min.

(^H)Ac-C12-GlyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (57). Fmoc-Gly- 

OH was coupled to deprotected peptide-resin 48 (50 mg, 18.4 pmol), followed by A“- 

Fmoc deprotection. The steps of coupling and deprotection were repeated for Fmoc- 

Gly-OH and protected lipoamino acid 5b. After radioacetylation and capping using the 

procedure described for 52 above, the resin was washed and dried, and the peptide 

removed from the resin by TFA cleavage, followed by precipitation and washing with 

cold ether. The crude peptide was extracted into 95% AcOH and lyophilised, affording 

radioacetylated lipopeptide 57 (20 mg, 75%). ES MS (C69H101N 15O15S2) 1443.70 m/z 

(%); 1444.6 [M+H]" (100), 1466.7 [M+Na]" (31). RP-HPLC (Method A): Rt = 14.87 

min.

(^H)Ac-C1 2 -YAbuGlyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (58).

Radio acetylated lipopeptide 58 was prepared using the procedure described for 57 

above, additionally coupling Dde-yAbu-OH (51) prior to lipoamino acid 5b. 6 8 % yield. 

ES MS (C73H108N 16O16S2) 1528.76 m/z (%): 1529.7 [M+H]" (100), 1551.7 [M+Na]" 

(23). RP-HPLC (Method A): Rt = 14.75 min.

H-DPheCys(Acm)T y r(Æu)DT rp(Boc)Lys(Boc)Cys(Acm)Thr(/Bu)-Cl OGly-O-Resin 

(61). Fmoc-Gly-Wang resin (200 mg, 1.00 mmol/g substitution, 0.20 mmol) was 

washed and swelled in DMF. The resin was treated with 20% piperidine in DMF (3 ml; 

2 X 10 min), washed and drained. Protected lipoamino acid 5a was coupled and 

deprotected, and the cycles of coupling and appropriate deprotection repeated for 

protected Thr, Cys, Lys, DTrp, Tyr, Cys and DPhe in succession. The peptide-resin was 

washed thoroughly and dried in vacuo over KOH to constant weight (399 mg, 85%, 

0.43 mmol/g loading).
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(^H)Ac-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-C10-Gly-OH (62). Deprotected 

peptide-resin 61 (50 mg, 21.6 pmol) was radioacetylated and capped using the 

procedure described for 52 above. After thorough washing and drying, the peptide was 

removed from the resin by TFA cleavage, followed by precipitation and washing with 

cold ether. The crude peptide was extracted into 95% AcOH and lyophilised, affording 

radioacetylated lipopeptide 62 (28 mg, 95%). ES MS (C65H93N 13O15S2) 1359.64 m/z 

(%): 1360.5 [M+H]"" (100). RP-HPLC (Method A); Rt = 13.86 min. 

(^HAcO)HO-Gle-NHCG(CH2)2CG-C14-DPheCys(Acm)TyrDTrpLysCys(Aciii)Thr- 

NH2 (63). Protected lipoamino acid 5c was coupled to peptide-resin 48 (100 mg, 36.7 

fimol), followed by A/“-Dde removal. To a solution of 31 (49 mg, 0.11 mmol), HBTU 

(42 mg, 0.11 mmol) and HOBt (17 mg, 0.11 mmol) in DMF was added DIEA (38 pi, 

0.22 mmol). The solution was added to the resin and coupling allowed to proceed for 20 

min. After washing, the resin was treated with 2 ml MeOH-hydrazine monohydrate 7:1 

for 18 h at RT. The resin was washed and swelled in dry DMF then dry CH2CI2. 1.25 ml 

of a 1 mCi/ml solution of ^H-acetic anhydride in dry CH2CI2 and DIEA (100 pi, 0.58 

mmol) were added to 1 ml of dry CH2CI2. The solution was added to the drained resin 

and the suspension mixed for 2 h. DIG (100 pi, 0.63 mmol) was added and mixing 

continued for a further 2 h. After thorough washing and drying, the peptide was 

removed from the resin by TFA cleavage, followed by precipitation and washing with 

cold ether. The crude peptide was extracted into 95% AcOH and lyophilised, affording 

radioacetylated conjugate 63 (42 mg, 73%). ES MS (C75H 112N 14O19S2) 1576.77 m/z 

(%): 1577.6 [M+H]'" (100). RP-HPLC (Method A): R, = 15.15 min. 

(^)Ac-DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (64). Peptide-resin 48 (50 mg, 18.4 

pmol) was washed and swelled in DMF. The resin-bound, radioacetylated linear 

precursor peptide was prepared using the procedure described for 50 above. Prior to 

drying and cleavage, the resin was suspended in minimal DMF and a solution of iodine 

(47 mg, 0.18 mmol) in 3 ml DMF added. The suspension was mixed under mild 

agitation for 1 h at RT. The resin was washed thoroughly with DMF, CH2CI2 and CCI4, 

then with DMF, CH2CI2 and CH2Cl2/MeOH. After drying, the peptide was removed 

from the resin by TFA cleavage, followed by precipitation and washing with cold ether. 

The crude peptide was extracted into 95% AcOH and lyophilised, affording 

radiolabelled cyclic peptide 64 (13 mg, 72%). ES MS (C47H60N 10O10S2) 988.39 m/z 

(%): 989.4 [M+H]'" (100), 1011.5 [M+Na]* (73). RP-HPLC (Method A): R, = 11.17 

min.
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Radiolabelled cyclic peptides 65-68 were prepared from their respective resin-bound 

linear precursors 52,53,57 and 63 using the procedure described for 64 above. 

(^H)Ac-C1 0 -DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (65). 42% yield. ES MS 

(C57H79Ni,OiiS2) 1157.54 m/z (%); 1158.5 [M+H]* (100), 1180.6 [M+Na]* (45). RP- 

HPLC (Method A): R, = 14.44,14.76 min.

(*H)Ac-C1 2 -DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (6 6 ). 37% yield. ES MS 

(C59H«3NnOiiS2) 1185.57 m/z (%): 1186.5 [M+H]* (100), 1208.6 [M+Na]* (39),

1230.5 [M+2Na-H]* (18). RP-HPLC (Method A): R, = 15.30, 15.56 min. 

(’H)Ac-C1 2 -GlyGlyDPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (67). 8 6 % yield. ES MS 

(C63H89N 13O13S2) 1299.61 m/z (%); 1300.6 [M+H]* (96), 1322.7 [M+Na]* (100). RP- 

HPLC (Method A); Rt = 14.85 min.

(’HAcO)HO-Glc-NHCOC2H4CO-C14-DPhe-c(CysTyrDTrpLysCys)-Thr-NH2 (68).

38% yield. ES MS (C69HiooN,20i7S2) 1432.68 m/z (%): 1433.5 [M+H]* (100), 1455.6 

[M+Na]* (42). RP-HPLC (Method A): R, = 15.40 min.

Immobilisation of 37 onto Rink amide MBHA resin (69a). Rink Amide MBHA resin 

(1.50 g, 0.64 mmol/g substitution, 0.96 mmol) was washed and swelled in dry DMF for 

30 min. The resin was treated with 20% piperidine in DMF (2x10 min) and washed well 

with dry DMF. To a solution of azide 37 (0.83 g, 2.40 mmol) and HOBt (0.37 g, 2.40 

mmol) in dry CH2CI2 at 0 ®C was added DIG (0.38 ml, 2.40 mmol) and the solution 

stirred for 10 min at that temperature. The solution was concentrated and the residue 

taken-up in dry DMF. This solution and DIEA (0.42 ml, 2.40 mmol) were added to the 

resin and the suspension mixed for 18 h. The resin was drained, washed thoroughly and 

dried in vacuo over KOH to constant weight (1.44 g, 90%, 0.63 mmol/g loading). 

Immobilisation of 37 onto Merrifield resin (69b). To a solution of azide 37 (0.85 g, 

2.46 mmol) in MeOH (20ml) at 0 °C was added a solution of caesium carbonate (0.40 g,

1.23 mmol) in MeOH-water 4:1 (8  ml), dropwise over 10 min. After standing for a 

further 30 min, the solution was concentrated to dryness, co-evaporating with toluene 

and benzene, and the residue taken-up in dry DMF. The solution was added to 

Merrifield resin (1.99 g, 0.72 mmol/g substitution, 1.43 mmol) which had been washed 

and swelled in dry DMF. The suspension was warmed to 50 °C and stirred for 18 h, 

then transferred to a solid-phase reaction vessel. The resin was washed thoroughly 

(DMF, DMF-water 1:1, DMF, CH2CI2 then CH2Cl2/MeOH) and dried in vacuo over 

KOH to constant weight (2.30 g, 95%, 0.59 mmol/g loading).

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-n (72a; Table 6, Entry 1). Dried resin 69a 

(100 mg, 63.0 pmol) was washed and swelled in dry DMF under N2 for 30 min, then
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washed and swelled in dry THF. To a solution of Fmoc-Leu-OH (89 mg, 0.25 mmol, 4 

eq) and HOBt (39 mg, 0.25 mmol, 4 eq) in dry THF at 0 ®C was added DIG (40 |nl, 0.25 

mmol, 4 eq) and the solution stirred for 10 min at 0 °C. The solution was added to the 

resin, followed by tri-«-butyl phosphine (47 pi, 0.19 mmol, 3 eq) and the suspension 

mixed for 18 h under N2. The resin was drained and washed well with DMF, then 

treated with 20% piperidine in DMF (2 x 10 min). After deprotection, an indication of 

the success of glycosyl amide formation was obtained using the Kaiser test. Coupling 

and deprotection cycles were repeated for protected Phe, Gly, Gly and Tyr in 

succession. After thorough washing and drying, the peptide was removed from the resin 

by TFA cleavage, followed by precipitation and washing with cold ether. The crude 

peptide was extracted into 95% AcOH and lyophilised. The lyophilised peptide was 

dissolved in -5%  w/v NH3 in MeOH (5 ml) and stirred for 2 h at RT. The solvent was 

removed under reduced pressure, and the crude glycopeptide 72a lyophilised from 95% 

AcOH (36 mg, 79%). ES MS (C34H47N7O11) 729.33 m/z (%): 323.5 (46), 555.5 [M- 

sugar+H]'" (22), 730,5 [M+H]"" (100), 752.5 [M+Na]'" (9). FAB MS m/z (%): 555 [M- 

sugar+H]" (10), 613 (25), 730 [M+H]'" (100), 752 [M+Na]'" (35). RP-HPLC (Method 

B):R, = 9.97min(72%).

Glycopeptide 72a was resynthesised using the procedure described above, varying the 

conditions and reagents as stated.

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6 , Entry 3). Dry MeCN was 

used as the solvent for the glycosyl amide formation step. 56% yield. ES MS 

(C34H47N7O11) 729.33 m/z (%): 323.5 (100), 570.5 (20), 730.5 [M+H]'" (87), 752.4 

[M+Na]'" (21). FAB MS m/z (%): 486 (100), 730 [M+H]" (25), 752 [M+Na]'" (20). RP- 

HPLC (Method B): Rt = 9.87 min (44%).

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6 , Entry 4). D ry  d io x a n e  w a s  

u s e d  a s  th e  s o lv e n t  f o r  t h e  g ly c o s y l  a m id e  f o r m a t io n  s te p .  51% y ie ld .  ES MS 

(C34H47N7O11) 729.33 m /z  (%): 323.5 (100), 555.5 [M-sugar+H]" (28), 730.5 [M+H]"

(83), 752.4 [ M + N a ]"  (12). FAB MS m /z  (%): 555 [M-sugar+H]" (13), 631 (36), 730 

[M+H]" (69), 752 [ M + N a ]"  (93). RP-HPLC (Method B): R, = 9.85 min (6 6 %). 

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6 , Entry 7). 3 e q  o f  a c t iv a te d  

a m in o  a c id  a n d  2  e q  o f  P B u s  w e r e  u s e d  f o r  th e  g ly c o s y l  a m id e  f o r m a t io n  s te p .  6 8 %  

y ie ld .  ES MS (C34H47N7O11) 729.33 m /z  (%): 323.5 (47), 555.5 [M - s u g a r + H ] ^  (22),

730.5 [M+H]^ (100), 752.4 [ M + N a ]^  (7). FAB MS m /z  (%): 577 [ M -s u g a r + N a ]^  (14), 

730 [M+H]^ (27), 752 [ M + N a ] '' (100), 862 [ M + C s ] '' (27). RP-HPLC ( M e th o d  B): Rt =

9.82 m in  (73%).
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HO-GIcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6, Entry 8). 4 eq of amino 

acid activated with DCC and HOBt, and 3 eq of PBus were used for the glycosyl amide 

formation step. 77% yield. ES MS (C34H47N7O11) 729.33 m/z (%): 323.5 (60), 555.5 

[M-sugar+H]"" (21), 730.5 [M+H]"" (100), 752.5 [M+Na]'" (6). FAB MS m/z (%): 577 

[M-sugar+Na]^ (20), 730 [M+H]"" (31), 752 [M+Na]*" (100). RP-HPLC (Method B): Rt 

= 9.80 min (76%).

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6, Entry 9). 3 eq of amino 

acid activated with DCC and HOBt, and 2 eq of PBug were used for the glycosyl amide 

formation step. 60% yield. ES MS (C34H47N7O11) 729.33 m/z (%): 323.5 (46), 555.5 

[M-sugar+H]*" (22), 730.5 [M+H]*" (100), 752.5 [M+Na]*" (5). FAB MS m/z (%): 555 

[M-sugar+H]*" (25), 730 [M+H]*" (14), 752 [M+Na]*" (100). RP-HPLC (Method B): Rt =

9.82 min (72%).

HO-GIcA(NH2)-NH-LeuPheGlyG!yTyr-H (72a; Table 6 , Entry 10). The synthesis 

was performed as for 72a (Table 6, Entry 1) above. Prior to cleavage, the peptide-resin 

was treated with MeOH-hydrazine monohydrate 7:1 (2 ml) for 18 h at RT. After 

thorough washing and drying, the peptide was removed from the resin by TFA 

cleavage, followed by precipitation and washing with cold ether. The crude peptide was 

extracted into 95% AcOH and lyophilised, affording crude glycopeptide 72a (37 mg, 

81%). ES MS (C34H47N7O11) 729.33 m/z (%): 323.5 (68), 555.5 [M-sugai+H]'" (12),

730.5 [M+H]* (100), 752.4 [M+Na]* (7). FAB MS m/z (%): 635 (42), 730 [M+H]* (74), 

752 [M+Na]* (100). RP-HPLC (Method B): R, = 9.95 min (72%). 

HO-GlcA(NH2)-NH-LeuPheGlyGlyTyr-H (72a; Table 6 , Entry 11). Dried resin 38 

(200 mg, 0.12 mmol) was washed and swelled in dry DMF under N] for 30 min, then 

washed and swelled in dry THF. To a solution of Boc-Leu-OH-HzO (116 mg, 0.46 

mmol, 4 eq) and HOBt (71 mg, 0.46 mmol, 4 eq) in dry THF at 0 °C was added DIC 

(73 pi, 0.46 mmol, 4 eq) and the solution stirred at 0 °C for 10 min. The solution was 

added to the resin, followed by tri-«-butyl phosphine (86 pi, 0.35 mmol, 3 eq) and the 

suspension mixed for 18 h under N]. The resin was washed well with DMF, then treated 

with TFA ( 2 x 1  min). Coupling and deprotection cycles were repeated for protected 

Phe, Gly, Gly and Tyr in succession. After thorough washing and drying, the peptide 

was removed from the resin using the high HF method, followed by precipitation and 

washing with cold ether. The crude peptide was extracted into 95% AcOH and 

lyophilised. The lyophilised peptide was dissolved in -5% w/v NH3 in MeOH (5 ml) 

and stirred for 2 h at RT. The solvent was removed under reduced pressure, and the 

crude glycopeptide 72a lyophilised from 95% AcOH (61 mg, 72%). ES MS
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(C34H47N7O11) 729.33 m/z (%): 323.5 (21), 730.5 [M+H]"" (100). FAB MS m/z (%): 730 

[M+H]^ (100), 752 [M+Na]"' (36). RP-HPLC (Method B): Rt = 9.88 min (83%). 

HO-GlcA-NH-LeuPheGlyGlyTyr-H (72b; Table 6 , Entry 12). Dried resin 69b (200 

mg, 0.12 mmol) was washed and swelled in dry DMF under N2 for 30 min, then washed 

and swelled in dry THF. The synthesis was continued using the procedure described for 

72a (Table 6 , Entry 11) above, affording glycopeptide 72b (60 mg, 70%). ES MS 

(C34H46N6O12) 730.32 m/z (%): 555.5 [M-sugar+H]'" (10), 731.5 [M+H]'" (100). FAB 

MS m/z (%): 439 (47), 731 [M+H]^ (46), 753 [M+Na]'" (100). RP-HPLC (Method B): 

Rt = 9.95 min (69%).

HO-GlcA(NH2>-NH-ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe-Ac(^) (73). Dried 

resin 69a (150 mg, 88.5 pmol) was washed and swelled in dry DMF under N2 for 30 

min, then washed and swelled in dry THF. To a solution of Fmoc-Thr(rBu)-OH (141 

mg, 0.35 mmol) and HOBt (54 mg, 0.35 mmol) in dry THF at 0 °C was added DIC (56 

pi, 0.35 nrniol) and the solution stirred for 10 min at 0 ®C. The solution was added to 

the resin, followed by tri-«-butyl phosphine (65 pi, 0.27 mmol) and the suspension 

mixed for 18 h under N2. The resin was drained and washed and treated with 20% 

piperidine in DMF (2 x 10 min). Coupling and deprotection cycles were repeated for 

protected Cys, Lys, DTrp, Tyr, Cys and DPhe in succession. Radioacetylation and 

capping were carried out as described for 52 above. After washing, the resin was 

suspended in MeOH-hydrazine monohydrate 7:1 (2 ml) and mixed for 18 h. After 

washing and drying, the peptide was removed from the resin by TFA cleavage, followed 

by precipitation and washing with cold ether. The crude peptide was extracted into 95% 

AcOH and lyophilised, affording radioacetylated conjugate 73 (76 mg, 62%). ES MS 

(C59H81N 13O17S2) 1307.53 m/z (%): 1308.4 [M+H]* (100), 1330.5 [M+Na]* (16). RP- 

HPLC (Method A): Rt = 11.25 min.

HO-GlcA(NH2)-NH-ThrCys(Acm)LysDT rpT y rCys(Acm)DPhe-C12-Ac(^H) (74).

Radioacetylated conjugate 74 was prepared using the procedure described for 73 above, 

additionally coupling and deprotecting /V“-Dde lipoamino acid 5b prior to 

radioacetylation. 58% yield. ES MS (C71H104N14O18S2) 1504.71 m/z (%): 1505.6 

[M+H]"" (100), 1527.6 [M+Na]'" (18). RP-HPLC (Method A): Rt = 14.92,15.16 min. 

HO-GlcA(NH2)-NH-ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe-C14-Ac(^H) (75). 

Radioacetylated conjugate 75 was prepared using the procedure described for 73 above, 

additionally coupling and deprotecting 7/“-Dde lipoamino acid 5c prior to 

radioacetylation. 54% yield. ES MS (C73H 108N14O18S2) 1532.74 m/z (%): 1533.6 

[M+H]^ (100), 1555.6 [M+Na]'" (17). RP-HPLC (Method A): Rt = 15.70, 15.88 min.
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HO-Glc-NHCOC2H4CO-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (76). The

peptide-resin 48 (50 mg, 18.4 pmol) was washed and swelled in DMF for 30 min. To a 

solution of 31 (25 mg, 55.2 pmol), HBTU (21 mg, 55.2 pmol) and HOBt (8  mg, 55.2 

pmol) in DMF was added DIEA (19 pi, 0.11 mmol). The solution was added to the 

resin and couphng allowed to proceed for 20 min. After washing, the resin was treated 

with 2 ml MeOH-hydrazine monohydrate 7:1 for 18 h at RT. After washing and drying, 

the peptide was removed from the resin by TFA cleavage, followed by precipitation and 

washing with cold ether. The crude peptide was extracted into 95% AcOH and 

lyophilised, affording glycopeptide 76 (17 mg, 6 8 %). ES MS (CGiHggNnOigS:) 1351.58 

m/z (%): 1352.5 [M+H]* (100), 1374.5 [M+Na]* (20). RP-HPLC (Method A): R, = 

10.87 min.

2^,4,6-tetra-0-acetyl-a-D-glucopyranosyl-(l->4)-l,2,3,6-tetra-0-acetyl-P-D-glucop- 

yranose (78). Maltose (77) (5.00 g, 13.9 mmol) was suspended in 25 ml acetic 

anhydride and stirred at 0 °C. Iodine (0.25 g, 0.98 mmol) was added slowly and the 

reaction allowed to proceed for 2 h at 0 °C, then a further 1 h at RT. The reaction was 

diluted with CH2CI2, washed twice with 1 M Na2S2 0 s, then dried, filtered and 

concentrated. The residue was taken-up in warm MeOH and water added to precipitate. 

The precipitate was collected by vacuum filtration and suspended in ether. Filtration, 

washing and drying afforded the title compound as a white solid (4.62 g, 49%). FAB 

MS (C28H38O19) 678.20 m/z (%): 331 [AcO-Glc]^ (100), 419 (40), 558 [M-20Ac-2H]^ 

(19), 618 [M-OAc-H]"^ (30), 701 [M+Na]"" (50). ^H-NMR (CDCI3): Ô 2.00, 2.01, 2.01,

2.02, 2.05, 2.10,2.13 (7s, 24H, 80Ac), 3.84 (dq, IH , H-5), 3.94 (dt, IH , H-5’), 4.03 (m, 

IH, H-6 ), 4.06 (m, IH , H-6 ’), 4.22 (m, IH , H-6 ), 4.24 (m, IH , H-6 ’), 4.44 (dd, IH , H- 

4), 4.86 (dd, IH, H-4’), 4.97 (t, IH , H-3), 5.05 (t, IH , H-3’), 5.29 (t, IH , H-2’), 5.35 (t, 

IH, H-2), 5.40 (d, IH , H-1 ’,J],2=3 .9  Hz), 5.74 (d, IH , H-1,71 ,2=8.1  Hz). 

2^,4,6-tetra-0-acetyl-a-D-glucopyranosyl-(l->4)-2,3,6-tri-0-acetyl-P-D-gIucopyra- 

nosyi azide (79). Peracetate 78 (4.00 g, 5.90 mmol) was dissolved in 2 0  ml dry CH2CI2 

under N2. Trimethylsilyl azide (2.00 ml, 14.7 mmol) and tin (IV) chloride (0.35 ml, 2.95 

mmol) were added and the reaction allowed to proceed for 18 h at RT under N2. The 

solution was diluted with CH2CI2 and extracted twice with sat. NaHC0 3  and once with 

brine. The organic phase was dried, filtered and concentrated to leave the title 

compound as a white solid (3.62 g, 93%). FAB MS (C26H35N3O17) 661.20 m/z (%): 656 

(22). 684 [M+Na]* (100). 'H-NMR (CDCb): S 2.00, 2.01, 2.02, 2.03, 2.04, 2.10, 2.15 

(7s, 21H, 70Ac), 3.79 (m, IH, H-5), 3.94 (m, IH, H-5’), 4.03-4.07 (m, 2H, H- 6  and H-
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6 ’), 4.23 (d, IH, H-6 ), 4.25 (t, IH, H-6 ’), 4.50 (dd, IH, H-4), 4.70 (d, IH, H-1, J u = 8 .6  

Hz), 4.78 (t, IH, H-2), 4.85 (dd, IH, H-4’), 5.05 (t, IH, H-3’), 5.25 (t, IH, H-3), 5.35 (t, 

IH, H-2’), 5.41 (d, IH, H-1’, Ji,2=3 .9  Hz).

2^,4,6-tetra-0-acetyl-a-D-glucopyranosyl-(l—>4)-2^,6-tri-0-acetyI-P-D-glucopyra- 

nosylamine (80). Azide 79 (3.50 g, 5.29 mmol) was dissolved in 30 ml dry MeOH and 

the solution flushed with N2. 10% Pd on activated charcoal (200 mg) was added and the 

reaction maintained under a constant pressure of H2 with vigorous stirring for 18 h. The 

suspension was filtered through celite and the solvent removed under reduced pressure 

to afford the title compound as a pale yellow syrup (3.16 g, 94%). The residue was used 

immediately for the preparation of glycosyl amide 81. MALDI-TOF MS (C26H37NO17) 

635.21 m/z (%): 362 (46), 658 [M+Na]'" (100), 1278 (47).

JV-(2^,4,6-tetra-0-acetyl-a-D-gIucopyranosyl-(l->4)-2^,6-tri-0-acetyl-P-D-glucop- 

yranosyl)succinamic acid (81). To a solution of glycosylamine 80 (3.16 g, 4.97 mmol) 

in 40 ml dry CH2CI2 at 0 °C were added dry pyridine (2.01 ml, 24.9 mmol) and DMA? 

(50 mg, 0.41 mmol). A solution of succinic anhydride (1.10 g, 10.9 mmol) in dry 

CH2CI2 was added dropwise over 30 min and the reaction allowed to proceed for 30 min 

at 0 °C, and a further 3 h at RT. The solution was washed three times with 1 M HCl, 

once with brine, then dried, filtered and concentrated. The residue was crystallised from 

EtOAc-hexane to yield the title compound as a white crystalline solid (3.07 g, 84%). ES 

MS (C30H41NO20) 735.22 m/z (%); 758.3 [M+Na]'" (100), 780.3 [M+2Na-Hf (19). 'H- 

NMR (CDCI3): S 1.99, 2.01, 2.02, 2.05, 2.09, 2.13 (6 s, 21H, 70Ac), 2.47 (m, 2H, 

CH2CON), 2.69 (m, 2H, CH2COO), 3.79 (m, IH, H-5), 3.93 (m, IH, H-5’), 3.97 (m, 

IH, H-6 ), 4.05 (dd, IH, H-6 ’), 4.21 (d, IH, H-6 ), 4.24 (d, IH, H-6 ’), 4.43 (dd, IH, H-4), 

4.78 (t, IH, H-3), 4.85 (dd, IH, H-4’), 5.05 (t, IH, H-3’), 5.28 (t, IH, H-2’), 5.33-5.39 

(m, 3H, H-1, H-1’ and H-2), 6.44 (d, IH, NH).

HO-Mal-NHCOC2H4CO-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (82). The

glycopeptide 82 was prepared by coupling A/-(glycosyl)succinamic acid 81 to the 

deprotected peptide-resin 48 using the procedure described for 76 above. 43% yield. ES 

MS (C67H95N 13O23S2) 1513.61 m/z (%): 1133.5 [M-sugar-i-Ac+H]'" (78), 1155.7 [M- 

sugar-t-Ac+Na]"  ̂(34), 1514.5 [M+H]* (100), 1536.5 [M +Naf (26). RP-HPLC (Method 

A): Rt = 10.48 min.

HO-MaI-NHCOC2H4CO-C18-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (83).

Conjugate 83 was prepared using the procedure described for 82 above, additionally 

coupling protected lipoamino acid 5d prior to A-(glycosyl)succinamic acid 81. 55%
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yield ES MS (C85H130N 14O24S2) 1794.88 m/z (%): 1415.6 [M-sugaH-Ac+H]"" (31),

1797.1 [M+H]'" (100). RP-HPLC (Method A): R, = 16.43 min.

HO-Glc-NHCO(CH2)2CO-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-C10-Gly-OH

(84). Conjugate 84 was prepared by coupling iV-(glycosyl)succinamic acid 31 to the 

deprotected peptide-resin 61 using the procedure described for 76 above. 59% yield ES 

MS (C73Hi06N,4O2iS2) 1578.71 m/z (%): 1332.6 [M-sugar-t-H+12]'" (26), 1593.6 

[M+H+12]'" (100), 1615.6 [M+Na+12]'" (28). RP-HPLC (Method A): R, = 12.70 min. 

HO-Mal-NHCO(CH2)2CO-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-C10-Gly-OH

(85). Conjugate 85 was prepared by coupling /'/-(glycosyl)succinamic acid 81 to the 

deprotected peptide-resin 61 using the procedure described for 76 above. 58% yield. ES 

MS (C79H,i6Nu026S2) 1740.76 m/z (%); 1374.5 [M-sugai+Ac+H+12f (100), 1396.6 

[M-sugar-i-Ac+Na+12]^ (58), 1755.6 (M-t-H+Uf (56). RP-HPLC (Method A): R, = 

12.57 min.

Methyl 1,2^,4-tetra-O-acetyl-p-D-glucopyranuronate (87). Tetraacetate 35 (4.18 g,

11.5 mmol) was dissolved in MeOH and stirred at 0 °C. A solution of caesium 

carbonate (1.88 g, 5.78 mmol) in MeOH-water 9:1 was added dropwise over 10 min and 

the reaction allowed to proceed for a further 20 min at 0 ®C. The solvents were removed 

under reduced pressure, co-evaporating with toluene and benzene. The residue was 

taken-up in dry DMF, methyl iodide (0.94 ml, 15.0 mmol) added, and the reaction 

allowed to proceed for 16 h at RT. The solution was concentrated and the residue taken- 

up in CH2CI2. The CH2CI2 solution was washed twice with sat. NaHCOg, dried, filtered 

and concentrated. The residue was dissolved in minimal CHCI3 and loaded onto a pad 

of silica gel (5 cm x 5 cm). The residue was eluted with several portions of hexane, then 

EtOAc. The EtOAc elutions were pooled and concentrated, the residue triturated with 

ether and the product collected by vacuum filtration. Washing (ether) and drying 

afforded the title compound as a fine white powder (3.32 g, 77%). FAB MS (C15H20O11) 

376.10 m/z (%): 215 (41), 257 (52), 317 [M-OAc]^ (100), 399 [M+H]+ (47). ‘H-NMR 

(CDCI3); 8  2.01, 2.02, 2.10 (3s, 12H, 40Ac), 3.73 (s, 3H, COOMe), 4.16 (d, IH, H-5),

5.13 (t, IH, H-2), 5.23 (t, IH, H-4), 5.29 (t, IH, H-3), 5.75 (d, IH, H-1, Ju=7 .7  Hz). 

Methyl 2,3,4-tri-0-acetyl-a,P-D-glucopyranuronate (8 8 ). Methyl ester 87 (2.27 g, 

6.04 mmol) was dissolved in dry DMF (50 ml) and hydrazine acetate (0.72 g, 7.85 

mmol) added. The reaction was allowed to proceed for 12 min at 50 °C, and the solution 

diluted with CH2CI2. The solution was washed twice with water, dried, filtered and 

concentrated (co-evaporating with xylene) to afford the title compound as a pale yellow 

oil (1.98 g, 98%). The residue was used immediately and without further purification
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for the preparation of trichloroacetimidate 89. FAB MS (CnHigOio) 334.09 m/z (%): 

317 [M-OH]'" (45), 358 [M+Na+H]'" (100), 400 [MAc+Na+H]'" (24), 468 [M+Cs+H]'" 

(91), 510 [MAc+Cs+H]'" (24).

Methyl (2^,4-tri-0-acetyl-a-D-glucopyranosyl)uronate trichloroacetimidate (89).

Triacetate 8 8  (1.98 g, 5.93 mmol) was taken-up in 50 ml CH2CI2 and trichloro- 

acetonitrile (5.97 ml, 59.3 mmol) added. The solution was stirred at RT under N2. A 

60% dispersion of NaH in mineral oil (166 mg, 4.15 mmol) was added and the reaction 

allowed to proceed for 30 min at RT under N2. The reaction mixture was filtered 

through celite and the filtrate concentrated. Column chromatography of the crude 

residue (EtOAc-hexane 1:2) yielded the title compound as a white solid (1.19 g, 42%). 

FAB MS (C15H18NO10CI3) 477.00 m/z (%): 500 [M+Na]"" (22), 610 {M+CsŸ (100). 

NMR (CDCI3): Ô 2.00, 2.03, 2.04 (3s, 9H, 30Ac), 3.74 (s, 3H, COOMe), 4.48 (d, IH, 

H-5), 5.14 (dd, IH, H-2), 5.26 (t, IH, H-3), 5.61 (t, IH, H-4), 6.62 (d, IH, H-1,71,2=3.6 

Hz), 8.72 (s, 1H,NH).

Methyl (2-(benzyloxy)-2-oxoethyl 2^,4-tri-0-acetyl-P-D-g)ucopyranosid)uronate 

(90). Imidate 89 (1.06 g, 2 .2 1  mmol) was dissolved in 50 ml dry CH2CI2. Benzyl 

glycolate (314 pi, 2.21 mmol) then trimethylsilyl triflate (20 pi, 0.11 mmol) were added 

and the reaction stirred for 2-3 h at RT under N2. Triethylamine (0.5 ml) was added to 

quench the reaction, and the solution washed once with 1 M KHSO4 and once with sat. 

NaHC0 3 . The organic phase was dried, filtered and concentrated. Column 

chromatography of the crude residue (EtOAc-hexane 1:2) yielded the title compound as 

a white crystalline solid (0.65 g, 61%). FAB MS (C22H26O12) 482.14 m/z (%): 317 [M- 

OCHjCOOBn]* (75), 505 [M +Naf (100). 'H-NMR (CDCI3): 5 2.02, 2.03 (2s, 9H, 

30Ac), 3.74 (s, 3H, COOMe), 4.03 (d, IH, H-5), 4.35 (s, 2H, OCH2COO), 4.74 (d, IH, 

H-1, Ji,2=7 .5  Hz), 5.07 (t, IH, H-2), 5.18 (s, 2H, CH2PI1), 5.23 (t, IH, H-4), 5.28 (t, IH, 

H-3), 7.34-7.37 (m, 5H, Ar).

Methyl (carboxymethyl 2,3,4-tri-0-acetyl-P-D-glucopyranosid)uronate (91). Benzyl 

ester 90 (0.45 g, 0.93 mmol) was dissolved in dry THF. 10% Pd on activated charcoal 

(60 mg) was added and the reaction maintained under a constant pressure of H2 with 

vigorous stirring for 18 h. The reaction mixture was filtered through celite, 

concentrated, the residue taken-up in CH2CI2 and the solution re-concentrated, affording 

the title compound as a white foam (0.37 g, quantitative). FAB MS (C15H20O12) 392.10 

m/z (%): 127 (55), 155 (100), 317 [M-OCH2COOH]"' (24), 415 [M+Na]'" (70), 437 

[M+2Na-H]* (4). 'H-NMR (CDCI3): 5 2.02, 2.03, 2.07 (3s, 9H, 30Ac), 3.76 (s, 3H,
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COOMe), 4.08 (d, IH, H-5), 4.36 (d, 2H, OCH2COO), 4.73 (d, IH, H-1, Ji,2=7.4 Hz), 

5.06 (dd, IH, H-2), 5.24 (t, IH, H-3), 5.30 (t, IH, H-4).

HO-GlcA(Me)-OCH2CO-DPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (92). The

glycopeptide 92 was prepared by coupling 0-(glycosyl)glycolic acid 91 to the 

deprotected peptide-resin 48 using the procedure described for 76 above. 59% yield. ES 

MS (C60H82N 12O19S2) 1338.53 m/z (%): 1339.4 [M+H]"" (100), 1361.5 [M+Na]^ (41). 

RP-HPLC (Method A): Rt = 10.26 min.

Pentaacetates 93a and 93b were prepared from D-galactose and D-mannose using the 

procedure described for 28 above.

1^3,4,6-penta-0-acetyl-a,|3-i>-galactopyraDOse (93a). 84% yield. FAB MS

(C16H22OU) 390.12 m/z (%): 331 [M-OAc]'" (100), 413 [M +Naf (44), 523 [M+Cs]^ 

(81). 'H-NMR (CDCb): 5 2.00, 2.05, 2.06, 2.11, 2.18 (5s, 15H, 50Ac), 4.03-4.19 (m, 

3H, H-6, H-6’ and H-5), 5.09 (dd, IH, H-2), 5.35 (dd, IH, H-3), 5.44 (d, IH, H-4), 5.71 

(d, lH ,H -l,yu=8.9H z).

l,2,3,4,6-penta-0-acetyl-a,p-D-mannopyranose (93b). The product did not crystallise 

from EtOAc-hexane and was isolated as a syrup. 86% yield. FAB MS (C16H22O11) 

390.12 m/z (%): 331 [M-OAc]* (37), 523 [M+Cs]* (100). 'H-NMR (CDCIj); 8 2.01, 

2.05, 2.09, 2.17, 2.21 (5s, 15H, 50Ac), 4.04-4.32 (m, 3H, H-6, H-6’ and H-5), 5.26- 

5.36 (m, 3H, H-2, H-3 and H-4), 5.48 (d, IH, H -ip, Ju=3 .8  Hz), 6.09 (d, IH, H-lot, 

/ij= 1 .8  Hz).

2^,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide (94a). 45% HBr in acetic acid 

(10 ml) and acetic anhydride (0.50 ml) were stirred together under N2 for 4 h. A 

solution of pentaacetate 93a (5.00 g, 12.8 mmol) in dry CH2CI2 (20 ml) was added and 

the reaction allowed to proceed for 3 h at RT under N2. The reaction mixture was 

diluted with 100 ml CH2CI2 at -15 °C and washed twice with 500 ml ice-cold water, 

then once with 500 ml cold brine. The organic phase was dried, filtered and 

concentrated to yield the title compound as a yellow oil (4.60 g, 87%). The residue was 

used immediately for the preparation of isothiocyanate 95a. FAB MS (Ci4Hi9 0 9 Br)

410.02, 412.02 m/z (%): 331 [M-Br]* (100), 433, 435 [M+Na]''’ (27, 24), 534, 545 

[M +Csf (77,75).

Bromosugars 94b and 94c were prepared from pentaacetates 93b and 28 using the 

procedure described for 94a above.

2^,4,6-tetra-O-acetyl-a-D-mannopyranosyl bromide (94b). 89% yield. FAB MS 

(Ci4H„0,Br) 410.02,412.02 m/z (%): 331 [M-Br]+ (100), 433, 435 [M+Na]* (54, 50), 

534,545[M +Csf (89, 86).
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2^,4,6-tetra-O-acetyI-a-D-glucopyranosyl bromide (94c). 91% yield. FAB MS 

(Ci4H |,0 ,Br) 410.02, 412.02 m/z (%): 331 [M-Br]'" (80), 433, 435 [M+Na]* (34, 31), 

534, 545 [M +Csf (71,69).

2,3,4,6-tetra-O-acetyl-P-D-gaiactopyranosyi isothiocyanate (95a). To a solution of 

potassium thiocyanate (2.17 g, 22.4 mmol) in 500 ml dry MeCN was added 

tetrabutylammonium bromide (0.90 g, 2.80 mmol) and the mixture stirred for 1 h at RT. 

A solution of bromosugar 94a (4.60 g, 11.2 mmol) in dry MeCN was added and the 

reaction allowed to proceed under reflux for 2 h. The reaction mixture was cooled, 

filtered and concentrated. The residue was taken-up in CHCI3, re-filtered and 

concentrated. Column chromatography of the crude residue (EtOAc-CHCls 1:5) yielded 

the title compound as a white crystalline solid (2.92 g, 67%). FAB MS (C15H19NO9S) 

389.08 m/z (%): 331 [M-NCS]'" (100), 412 [M+Na]'" (10), 522 [M+Cs]* (89). 'H-NMR 

(CDCU); 5 1.98,2.04,2.10,2.16 (4s, 12H, 40Ac), 3.95 (m, IH, H-5), 4.12 (m, 2H, H-6  

and H-6 ’), 4.96 (m. IH, H-1, y,.2=8 .9  Hz), 4.99 (dd, IH, H-3), 5.28 (m, IH, H-2), 5.39 

(d,lH ,H -4).

Isothiocyanates 95b and 95c were prepared from bromosugars 94b and 94c using the 

procedure described for 95a above.

2^,4,6-tetra-O-acetyl-a-D-mannopyranosyi isothiocyanate (95b). 51% yield. FAB 

MS (C15H19NO9S) 389.08 m/z (%): 331 [M-NCS]* (84), 412 [M +Naf (13), 522 

[M +Csf (100). 'H-NMR (CDCI3); 5 2.01, 2.06, 2.10, 2.17 (4s, 12H, 40Ac), 4.08 (m, 

IH, H-5), 4.14,4.27 (2m, 2H, H-6  and H-5’), 5.27 (m, 2H, H-3 and H-4), 5.32 (m, IH, 

H-2), 5.55 (d, IH, H-1,7,,2=2 .0  Hz).

2^,4,6-tetra-O-acetyl-p-D-glucopyranosyl isothiocyanate (95c). 71% yield. FAB MS 

(CisHisNOgS) 389.08 m/z (%): 331 [M-NCSf (94), 412 [M+Naf (4), 522 [M+Cs]^ 

(100). 'H-NMR (CDCb): 5 2.00, 2.01, 2.10, 2.10 (4s, 12H, 40Ac), 3.74 (m, IH, H-5),

4.14 (m, IH, H-6), 4.24 (dd, IH, H-6’), 5.02 (d, IH, H-1, Ju=8.9 Hz), 5.09-5.20 (m, 

3H, H-2, H-3 and H-4).

2-acetamido-l^,4,6-tetra-0-acetyl-2-deoxy-a,p-D-glucopyranose (96). Glucosamine

hydrochloride (5.00 g, 23.2 mmol) was suspended in 75 ml pyridine-acetic anhydride

3:2 and the reaction allowed to proceed for 18 h at RT. The reaction mixture was

concentrated, co-evaporating with toluene, and the residue taken-up in CH2CI2. The

solution was washed once with water, twice with 1 M HCl and once with brine. The

organic phase was dried, filtered and concentrated. Recrystallisation from EtOAc-

hexane, filtering and washing afforded the title compound as a white solid (7.10 g,

85%). FAB MS (C16H23NO10) 389.13 m/z (%): 242 (38), 330 [M-OAcf (100), 338
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(22), 390 [M+H]+ (12), 412 [M+Na]* (11), 522 [M+Cs]"" (10). 'H-NMR (CDCU): 8

1.90,2.00, 2.04,2.10,2.15 (5s, 15H, 5Ac), 3.97 (m, IH, H-5), 4.02, 4.20 (2m, 2H, H-6  

and H-6 ’), 4.45 (m, IH, H-2), 5.14-5.22 (m, 2H, H-3 and H-4), 5.74 (d, IH, H-1, 

Ju=9.0  Hz), 6.13 (d, IH, NH).

2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-a-D-glucopyranosyI chloride (97). Hydrogen 

chloride was bubbled through acetyl chloride (150 ml) for -15 min at -15 ®C. Acetate 

96 (3.00 g, 7.71 mmol) was added cautiously and the solution allowed to warm 

gradually to RT. The reaction was allowed to proceed for 72 h at RT. The solution was 

concentrated under reduced pressure, co-evaporating with toluene, and taken-up in cold 

CH2CI2. The CH2CI2 solution was washed twice with cold water, once with brine, then 

dried, filtered and concentrated to give the title compound as a pale yellow residue (1.77 

g, 63%). The residue was used immediately for the preparation of isothiocyanate 98. 

FAB MS (C,4H2oNOgCl) 365.09 m/z (%): 331 [M-Cl]^ (18), 366 [M+H]'' (100), 388 

[M+Na]*(75).

2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-p-D-glucopyranosyl isothiocyanate (98). To

a solution of potassium thiocyanate (1.56 g, 15.9 mmol) in 300 ml dry MeCN was 

added tetrabutylammonium hydrogen sulphate (0.67 g, 1.98 mmol) and the mixture 

stirred for 30 min at RT. A solution of chlorosugar 97 (2.90 g, 7.93 mmol) in dry MeCN 

was added and the reaction allowed to proceed under reflux for 2 h. The reaction 

mixture was cooled, filtered and concentrated. The residue was taken-up in CHCI3, re

filtered and concentrated. Column chromatography of the crude residue (EtOAc-hexane 

2:3) yielded the title compound as a white crystalline solid (1.09 g, 74%). FAB MS 

(C15H20N2O8S) 388.09 m/z (%); 330 [M-NCS]"^ (100), 411 [M+Na]* (20), 521 [M+Cs]* 

(65). 'H-NMR (CDCI3): 8  2.00,2.02,2.04,2.09 (4s, 12H, 4Ac), 3.75 (m, IH, H-5), 3.99 

(m, IH, H-2), 4.11, 4.21 (2m, 2H, H- 6  and H-6 ’), 5.06 (t, IH, H-4), 5.24 (d, IH, H-1, 

Ju=9.6  Hz), 5.24 (t, IH, H-3), 5.94 (d, IH, NH).

H-pAla-DPheCys(Acm)Tyr(rBu)DTrp(Boc)Lys(Boc)Cys(Acm)Thr(ffiu)-NH-Resin

(102). Deprotected peptide-resin 48 (300 mg, 0.11 mmol) was washed and swelled in 

DMF. To a solution of Fmoc-pAla-OH (8 6  mg, 0.28 mmol), HBTU (105 mg, 0.28 

mmol) and HOBt (42 mg, 0.28 mmol) in DMF was added DIEA (96 pi, 0.55 mmol). 

The solution was added to the resin and coupling allowed to proceed 20 min. The resin 

was washed and treated with 20% piperidine in DMF (2 x 10 min). After thorough 

washing, the peptide-resin was dried in vacuo over KOH.

130



H-YAbu-DPheCys(Acm)T y r(^Bu)DT rp(Boc)Lys(Boc)Cys(Acm)Thr(ffiu)-NH-Resin

(103). Peptide-resin 103 was prepared by coupling A^-Dde protected yAbu (51) to 48, 

followed by appropriate deprotection, using the procedure described for 102 above. 

HO-Man-NHCS-pAlaDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (104). One 

third of peptide-resin 102 (36.9 pmol) was washed and swelled in dry DMF for 30 min, 

washed with 10% triethylamine in dry DMF, then washed and swelled in dry CH2CI2. 

Isothiocyanate 95b (57 mg, 0.15 mmol) was dissolved in 2 ml dry CH2CI2 and 

triethylamine (8 pi, 59.0 pmol) added. The solution was added to the resin and the 

reaction allowed to proceed for 30 min. Completion was monitored by the Kaiser test. 

The resin was washed and treated with MeOH-hydrazine monohydrate 7:1 (2 ml) for 18 

h. After thorough washing and drying, the peptide was removed from the resin by TFA 

cleavage, followed by precipitation and washing with cold ether. The crude peptide was 

extracted into 95% AcOH and lyophilised, affording glycopeptide 104 (23 mg, 50%). 

ES MS (C6iH86N hO ,7S3) 1382.55 m/z (%); 1113.5 [M-sugar-PAla+Naf (15), 1162.5 

[M-sugai+H]^ (23), 1184.6 [M-sugar+Na]'" (47), 1243.5 [M-HOMan+Na]* (61), 1383.4 

[M+H]'" (89), 1405.5 [M+Na]* (100). RP-HPLC (Method A): R, = 10.88 min. 

Glycopeptides 105 and 106 were prepared by coupling isothiocyanates 95c and 98 to 

peptide-resin 102 using the procedure described for 104 above. 

HO-Glc-NHCS-[3AlaDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (105). 63%

yield. ES MS (CeiH^NMOiTS;) 1382.55 m/z (%): 1091.4 [M-sugar-PAla+H]* (9),

1162.5 [M-sugar+H]* (36), 1383.4 [M+H]* (100), 1405.4 [M+Na]^ (17). RP-HPLC 

(Method A): Rt = 11.06 min.

HO-GlcNAc-NHCS-pAlaDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (106). 

51% yield. ES MS (C63Hg9Ni;0nS3) 1423.57 m/z (%): 1091.4 [M-sugar-PAla+H]'" (6),

1162.5 [M-sugai+H]"’ (32), 1184.5 [M-sugar+Na]'" (14), 1424.4 [M+H]^ (100), 1446.5 

[M+Na]* (33). RP-HPLC (Method A): R, = 10.97 min.

Glycopeptides 107-109 were prepared by coupling isothiocyanates 95b, 95c and 98 to 

peptide-resin 103 using the procedure described for 104 above. 

HO-Man-NHCS-YAbuDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (107). 46% 

yield. ES MS (CezHggNMOnS;) 1396.56 m/z (%): 1176.5 [M-sugar+H]'" (100), 1198.5 

[M-sugar+Na]^ (21), 1235.4 [M-HOMan+Hf (38), 1397.4 [M+H]* (84), 1419.5 

[M+Na]^ (15). RP-HPLC (Method A): R, = 10.92 min.

HO-GIc-NHCS-YAbuDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (108). 44%

yield. ES MS (C62H88N 14O17S3) 1396.56 m/z (%): 1176.5 [M-sugar+H]"" (32), 1198.5
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[M-sugar+Na]^ (10), 1397.4 [M+H]^ (100), 1419.5 [M+Na]* (26). RP-HPLC (Method

A): Rt= 11.02 min.

HO-GlcNAc-NHCS-YAbuDPheCys(Acm)TyrDTrpLysCys(Acm)Thr-NH2 (109). 

37% yield. ES MS (C64H „N ,5 0 i7S3) 1437.59 m/z (%): 1176.5 [M-sugar+H]'" (16), 

1438.4 [M+H]* (100), 1460.5 [M+Na]'" (27). RP-HPLC (Method A): R, = 10.93 min. 

4-((4,4-dimethyl-2,6-dioxocycIohex-l-ylidene)ethylamino)benzoic acid (110). 4- 

aminobenzoic acid (2.00 g, 14.6 mmol) and 2-acetyldimedone (4) (3.45 g, 19.0 mmol) 

were dissolved in 40 ml dry ethanol. Triethylamine (3.07 ml, 21.9 mmol) was added 

and the reaction allowed to proceed under reflux for 48 h. After cooling, the solution 

was concentrated and the residue taken-up in CH2CI2. The solution was washed twice 

with 1 M KHSO4 and twice with 1 M HCl, then dried, filtered and concentrated. 

Trituration with ether, vacuum filtration and washing afforded the title compound as a 

fine white solid (3.33 g, 76%). FAB MS (C17H19NO4) 301.13 m/z (%): 302 [M+H]* 

(100). ‘H-NMR (CDCI3): 8  1.08 (s, 6 H, 2 CH3), 2.47 (s, 4H, 2CHz), 2.58 (s, 3H, 

C(NH)CH3), 7.26 (d, 2H, Ar meta to COOH), 8.17 (d, 2H, Ar ortho to COOH).
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ABBREVIATIONS

pA B A  4-aminobutanoic acid

Acm acetamidomethyl

ATP adenosine triphosphate

BBB blood-brain barrier

Boc terr-butoxycarbonyl

BOP (1 //-benzotriazol-1 -yloxy )tris(dimethylamino) phosphonium

hexafluorophosphate 

Bpoc 2-(4-biphenyl)isopropoxycarbonyl

CNS central nervous system

Cyc cyclic

DAG diacylglycerol

DCC Ây/V’-dicyclohexylcarbodiimide

DCU A ^ ’-dicyclohexylurea

Dde 1 -(4,4-dimethyl-2,6-dioxocyclohex-1 -ylidene)ethyl

D ie  A^-diisopropylcarbodiimide

DIEA A^-diisopropylethylamine

DMAP AyV-dimethylaminopyridine

DMF A^-dimethylformamide

DMS dimethyl sulphide

DMSG dimethyl sulphoxide

DVB divinylbenzene

EDT ethanedithiol

EGF(R) epidermal growth factor (receptor)

ELISA enzyme-linked immunosorbent assay

ES(I) electrospray (ionisation)

FAB fast-atom bombardment

Fm 9-fluorenylmethyl

Fmoc 9-fluorenylmethoxycarbonyl

For formyl

GABA 4-aminobutanoic acid

GH growth hormone

GHRH growth hormone-releasing hormone

GIT gastrointestinal tract
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HBSS Hank’s balanced salt solution

HBTU 2-( 1/7-benzotriazol-1 -yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate

Hmb 2-hydroxy-4-methoxybenzyl

HOAt 1 -hydroxy-7-azabenzotriazole

HOBt 1 -hydroxybenzotriazole

IGF insulin-like growth factor

IP3 inositol 1,3,5-triphosphate

LAA lipoamino acid

LHRH luteinizing hormone-releasing hormone

MALDI-TOF matrix-assisted laser desorption ionisation (time-of-flight)

MBHA 4-methylbenzylhydrylamine

/?MeOBzl /7<3ra-methoxybenzyl

MS mass spectrometry

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NMP A-methylpyrrolidone

Np /?am-nitrophenyl

Nps 2-nitrophenylsulphenyl

OD optical density

PAM 4-hydroxymethylphenylacetamidomethyl

PBS phosphate-buffered saline

PDT propane-1,3-dithiol

Pfp pentafluorophenyl

P-gP P-glycoprotein

PIP2 phosphatidyl inositol biphosphate

PK protein kinase

PLC phospholipase-C

PSA pre-formed symmetrical anhydride

Prot unspecified protecting group

PyBOP ( 1//-benzotriazol-1 -yloxy )tris(pyrrolidino) phosphonium 

hexafluorophosphate

RA Rink amide

RP-HPLC reversed-phase high performance liquid chromatography

RT room temperature

SPPS solid-phase peptide synthesis
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SRIF somatotropin-release inhibitory factor

SS somatostatin

Su V-hydroxysuccinimidyl

Ta triiodothyronine

T4 thyroxine

TBABr tetrabutylammonium bromide

TBAHS tetrabutylammonium hydrogensulphate

TBTU 2-( l//-benzotriazol-1 -yl)-l, 1,3,3-tetramethyluronium tetrafluoroborate

TEER transepithelial electrical resistance

TFA trifluoroacetic acid

TFMSA trifluoromethanesulphonic acid

THF tetrahydrofuran

TIS triisopropylsilane

TMS trimethylsilyl

TMSOTf trimethylsilyl triflate

TRH thyrotrophin-releasing hormone

Trt triphenylmethyl

pTSA /7ûrra-toluenesulphonic acid

TSH thyroid-stimulating hormone

VIP vasoactive intestinal peptide

Xaa unspecified amino acid

Xan xanthenyl

Z benzyloxycarbonyl
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KEY TO PEPTIDE STRUCTURES

vc'U i‘DPheCysTyrOTrpLysCysThr— NH2

m
20 n=0,m=0 21 n=7,m=1 22 n=9,m=1

GlyGlyDPheCysTyrOTrpLysCysThr— NH2

OH

DPheCysTyrOTrpLysCysThr— NH2rrHO

33

l A ‘DPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NH2

m
10 n=0,m=0 15 n=15,m=1 16 n=17,m=1 17 n=7,m=2

GlyGlyDPheCys(Acm)TyrDTrpLysCys(Acm)Thr— NH2

OH
Acm Acm

HO
DPheCysTy rDTrpLysCysThr— NH2r roHO

O H
32

H— DPheCys(Acm)TyrDTrpLysCys(Acm)nir‘

,0

HO

lhrCys(Acm)LysDTrpTyrCys(Acm)DPhe'
HO

41 n=0,m=0 42 n=9,m=1 43 n=11,m=1
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KEY TO RADIOLABELLED PEPTIDE STRUCTURES

PH)Ac- U i

> 1 .

DPheCysTyrOTrpLysCysThr— NH2

m
64 n=0,m=0 65 n=7,m=1 66 n=9,m=1

GlyGlyDPheCysTyrDTrpLysCysThr— NH2

OH

DPheCysTyrOTrpLysCysThr— NH2rr
68

(3H)Ac'

H O

^DPheCys(Acm)TyrOTrpLysCys(Acm)Thr— NH2

50 n=0,m=0 54 n=15,m=1 55 n=17,m=1 56 n=7,m=2

(3H)AcHN^JL^ GlyGlyOPheCys(Acm)TyrOTrpLysCys(Acm)Thr— NH2

H 58

OH

rr
63

Acm Acm

^DPheCysTyrOTrpLysCysThr— NH2

I* ?
(3H)Ac— OPheCys(Acm)TyrOTipLysCys(Acm)Thr‘̂ ^ ^

62 Jh  ̂ ^
O H

OH

ThrCys(Acm)LysDTrpTyrCys(Acm)DPhe'
HO

73 n=0,m=0 74 n=9,m=1 75 n=11,m=1

U
N>.Ac(3H)

m
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