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1. Introduction

Biological phenomena are based on chemical transformations and
depend on the structure and interactions of the molecules involved. In
principle, all biological processes can be reduced to chemical ones:
biology is molecular.[1] Today, many biological phenomena (such as
biological signal transduction) are being both investigated and
understood in molecular detail, and the increasingly important field of
structural biology is becoming more prominent on the horizon of
organic chemistry.[2] Due to the high performance of organic synthesis
today even the most complicated of those natural and active compounds
which are recognized as biologically relevant can be synthesized; non-
covalent interactions between large natural molecules that determine
processes such as protein-protein and protein-DNA interactions, and
recognition phenomena at cell surfaces, are the focus of
“supramolecular chemistry”. As the kinds and dimensions of the
subjects of biological and organic chemical research have become more
similar, these sciences have begun to permeate one another, and at their
interface, a growing interdisciplinary field has been established: bio-
organic chemistry.

In this review, the successful interlocking of biological and organic
chemical research, will be presented using “biological signal
transduction” as an example of current relevance.[3]

2. Biological signal transduction[4,5] 

For multicellular organisms to maintain functional and survival
capacity, the growth, differentiation, and metabolism of a large number
of cells must be coordinated via synthesis, secretion and recognition of
signal molecules, sometimes over relatively large distances. Once the
signal has been conveyed through the plasma membrane of the target
cell, the message is relayed into the cell interior via intracellular signal
cascades, and a reaction is triggered. According to their physical
characteristics, extracellular signal substances (hormones) are
recognized by receptors in the cell interior (lipophilic hormones such as
steroids and thyroid hormone) or they are bound to receptors on the cell
surface (hydrophilic hormones such as peptide hormones). Finally, the
signal is switched off and the reaction of the cell to the signal substance

ends. The activity of the latter class of hormones and associated signal
mediation has been the subject of particularly intensive bio-organic
research. In the following section, the Ras signal cascade is outlined as
an example of the most important intracellular signal cascades relevant
to this class of hormones.

2.1 Signal transduction via receptor-tyrosine kinases and non-
receptor-tyrosine kinases - the Ras/MAP kinase signal
transduction cascade[5,6-14]

Many of the polypeptide hormones influencing cell proliferation and
differentiation bind to cell surface receptors which have tyrosine kinase
activity, so-called receptor tyrosine kinases (RTKs).

The receptor tyrosine kinases (monomeric in the active form) are made
up of an extracellular binding domain, a single membrane-spanning α−
helix and a cytosolic domain with tyrosine kinase activity. On binding
an extracellular ligand, the receptors dimerize and the kinase domain of
one receptor molecule recognizes and phosphorylates tyrosine residues
of the other monomeric unit (Scheme 1). The phosphorylated receptors
are subsequently recognized by adaptor molecules. Of particular
importance is the protein Grb2 (growth factor receptor binding protein
2); this binds, with the help of a so-called SH2 (sarcoma homology 2)
domain, to the peptide sequence of the receptor in which the
phosphotyrosine is located. Grb2 also contains two SH3 domains that
recognize proline-rich sequences in another adaptor protein, Sos (son of
sevenless, named after a Drosophila mutant) (Scheme 1).

Scheme 1

Sos then interacts with the inactive, GDP-binding form of the protein
Ras (from rat sarcoma) which is located in the membrane. Ras
exchanges GDP for GTP following interaction with the Grb/Sos
complex, which acts as a kind of “molecular glue”, thus Grb/Sos
functions as a guanine nucleotide exchange factor (GEF). This activates
Ras which then acts as a molecular switch, diverting the signal arriving
from the tyrosine kinase receptor by noncovalent protein-protein
interactions to a cascade of protein phosphorylations and into the cell
interior (Scheme 1).
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The activated, GTP-binding form of Ras binds to the N-terminus of the
serine/threonine kinase Raf and thus localizes Raf on the plasma
membrane. With its C-terminus, Raf now binds the protein kinase MAP
kinase kinase (from mitogen activated protein), also known as MEK
(from MAP and ERK, extracellular signal regulated kinase), and
phosphorylates it. This activates MEK which has tyrosine and serine/
threonine kinase activity and it phosphorylates the protein MAP kinase,
which is a serine/threonine-specific kinase.

The activated MAP kinase now diffuses into the cell nucleus and
phosphorylates transcription factors there, such as the ternary complex
factor (TCF, also known as ELK-1) and the Jun protein, which are
thereby activated and stimulate expression of the corresponding genes.

The Ras pathway is highly conserved in different species,[5,6-8] such as
yeast, worms, flies and mammals. Furthermore, it has recently been
shown that in mammalian cells, there are at least three more signal
transduction pathways, based on the same scheme as the Ras pathway,
which conduct different extracellular signals to the cell nucleus.[11]

Other signal transduction cascades, for example via Janus kinases and
STAT molecules [15,16] or via the T-cell receptor,[17,18] will not be
discussed in this review.

3. Inhibition of protein tyrosine kinases (PTKs)

PTKs play an important role in cellular signal transduction and
influence the correct course of many genetic programs, e.g. in the Ras
signal cascade (see 2.1). Also half of all proto-oncogenes discovered so
far code for proteins with PTK activity;[19] thus, there is an intensive
search underway for selective inhibitors of PTKs.[20] Such substances
would enable selective interruption of signal transduction cascades and
the branching of various signal paths, in order to gain a better
understanding of the molecular sequence of signal transmission; they
could provide ways to treat diseases associated with abnormal PTK
activity, such as cancer, psoriasis, restenosis or septic shock.[20a]

Examples of natural substances with PTK-inhibiting activity are
Scheme 1
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radicicol 1,[21] lavendustin A 2,[22] and the tyrphostines 3,[20a,b,e] (Fig.
1).

Figure 1

Radicicol 1, a metabolite of the microparasite Monocillium nordinii has
a variety of biological activities. In addition to its activity as an
antifungal antibiotic[23] and a tranquilizer,[24] radicicol was particurlarly
intensively examined for its selective and potent PTK-inhibitory
activity.[25] Since the natural substance is difficult to isolate,
development of an efficient total synthesis (only one is published so
far[26]) provides the opportunity to produce enough material for
biological and medical studies. Particular challenges for the synthesis
were the construction of the 14-member macrolactone and of the
conjugate dienone epoxide with a E and Z double bond.

Lavendustin A 2 selectively inhibits the protein tyrosine kinase activity
of the EGF receptor, whilst it only has a weak effect on the activity of
the cAMP-dependent kinase (PKA) or PKC.[27] Lavendustin A, and

analogues, could be synthesized using combinatorial chemistry. The
basic skeleton can be assembled from three aromatic units by simple and
effective reactions and it can be bound to the solid phase via phenolic
functions or via the carboxylic acid.[28]

Tyrphostines 3 are used as inhibitors of tumor growth,[29] and of
synthetic PTKs. They are also well investigated as initiators of cell
differentiation.[30] Numerous tyrphostines have been prepared and used
for biological studies. This class of compounds belongs to the most
often and successfully used chemical reagents for biological studies.
[20b]

4. Inhibition of the Ras protein farnesyl transferase (PFTase)

Ras proteins function as central switches for signals emitted by growth
factors that direct cell growth, cell differentiation and other genetic
programs.[31] The Ras proteins must be associated with the membrane
to perform this function. They are anchored in the membrane by co- and
post-translational modification of the C-terminus of the polypeptide
with lipid residues which bind the protein to membranes.[32] To this end,
the cysteine of the C-terminal CAAX sequence (C is cysteine, A is
generally an aliphatic amino acid, X is methionine, serine, alanine or
glutamine) is first enzymatically farnesylated during biosynthesis of a
precursor protein, then the AAX part is cleaved off by a specific
protease and finally the free terminal cysteine is converted to the methyl
ester. In addition, in H- and N-Ras, a further lipid modification of
cysteine occurs by formation of palmitoyl thioesters in the immediate
vicinity of the CAAX motif. It has been shown that the farnesylation is
essential for the transforming activity of mutated Ras proteins.[33]

Inhibition of this lipid modification opens up various possibilities for
study of signal transduction processes and for development of
alternative medical-chemical strategies.

In screening tests, natural substances with PFT-inhibiting activity, such
as pepticinnamin E 4 (Fig. 1),[34] were found.

A total synthesis[35] of pepticinnamin E 4 was of a considerable interest
to determine the absolute configuration of the unusual central amino
acid. Also due to the modular construction of pepticinnamin E, the
development of a synthesis of this PFT inhibitor permits various
derivatizations and the combinatorial synthesis of analogues with
modified biological activity.

Substances that act in competition to the peptide, in particular to the
CAAX motif, should have particularly advantageous selectivity of
inhibition toward other enzymes since geranylgeranyltransferases prefer
different sequence motifs (CAAL, where L is leucine) to the
PFTases.[33] Benzodiazepines 5 (Fig. 1) are CAAX peptidomimetics
with a central unit that imitates a β-turn. In addition, they bring the NH2
terminus of the cysteine analogue and the COOH terminus of the
methionine in spatial proximity; these can then complex a Zn2+ ion
which is essential for activity of the PFTase and binding of the peptide
substrate.

Peptides analogues, such as 6 (Fig. 1)[36] (analogues of CAAX peptides
in which peptide amide bonds are replaced by ether and amine groups)
are also effective PFT-inhibitors.

Such compounds have not only shown pronounced in vitro activity but
they also gave very promising results in in vivo investigations. Thus,
PFT inhibitors are actively being investigated as new drugs for the
treatment of cancer. 

5. Peptide conjugates as tools for study of biological signal
transduction

The proteins involved in transduction of signals from the plasma
membrane into the cell nucleus often have additional covalently linked
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structural units which are absolutely necessary for fulfillment of their
biological function (Fig. 2). For example, the cell surface receptors for
growth factors (see Scheme 1), and the ligands recognized by them, are
often glycoproteins in which serine, threonine and asparagine units are
linked to oligosaccharides (see 7, Fig. 2). The signal-transmitting
proteins located in the membrane, such as the Ras protein, are lipid-
modified at cysteine and glycine residues (see 8). In many cases, the
signals are passed on by phosphorylating proteins to be switched on at
serine, threonine (see 9) and tyrosine residues; DNA, which is often the
target of the signal cascade, exists as a nucleoprotein in which serine,
threonine or tyrosine are linked as phosphoric acid esters to the nucleic
acid chain (see 10).

Figure 2 

For the study of biological phenomena in which such protein conjugates
are involved, peptides which embody the characteristic linkage region
between the peptide backbone and the side chain modifications may
serve as efficient reagents.[3]

Synthesis of such peptide conjugates is hindered by their
multifunctionality (the use of orthogonally stable protecting groups[37]

is necessary), and by their acid- and base sensitivity. Thus at pH>9, the
side chain functions are cleaved from the glycosides 7, the lipid-
modified peptides 8 and the phospho- and nucleopeptides 9 and 10 in a
β-elimination; the thioester in 8 hydrolyzes spontaneously in aqueous
solution at pH >7. In acid, there is a danger of anomerization or even
cleavage of the N- and O-glycosidic bonds in 7 and 10 and the olefins of
the farnesyl residue in 8 are easily attacked by acids. In the synthesis of
the peptide conjugates of type 7-10, all reactions must take place under
mild conditions.

The chemistry of the peptide conjugates has received much attention in
the last two decades; this has led to development of high performance
synthesis methods and use of modified peptides in biological studies. 

5.1 Lipid-modified peptides

Signal transducing proteins that are located in the plasma membrane
often carry covalently attached lipid residues.[38,39] Thus, the C-termini
of many G-protein-coupled receptors (GPCRs) are S-palmitoylated on
cysteines, non-receptor tyrosine kinases (NRTKs) and the Gα subunits
of heterotrimeric G proteins are N-myristoylated at N-terminal glycines
and are often S-palmitoylated in the immediate vicinity as well. The γ-
subunits of the G proteins contain an S-farnesylated or S-
geranylgeranylated cysteine and the Ras proteins are S-farnesylated and
S-palmitoylated (Fig. 3). The Ras proteins only fulfill their signal
tranducing function if they are membrane bound, which is achieved by
lipid modification.

Figure 3

Enzymatic protective group techniques[37] are particularly effective
methods for synthesis of acid- and base-labile lipid-modified peptides.
Thus, the choline ester was developed as an enzyme-labile carboxy
protective group that can be released under very mild conditions using
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butyrylcholine esterase from horse serum; at the same time it ensures
better solubility in the aqueous media due to its ionic character.[40] An
example of its use is in the synthesis of the S-palmitoylated and S-
farnesylated characteristic lipopeptide 16 of the human N-Ras protein
(Scheme 2). The S-palmitoylated tripeptide choline ester 13 was
obtained starting from the cysteine derivative 11 and in the most
important step of the synthesis, 13 was selectively deprotected at the C-
terminus without attack at the thioester. Extension of the peptide chain
of the selectively demasked tripeptide 14 with the S-farnesylated
tripeptide methyl ester 15 gave the target compound 16 with high yield.

Scheme 2

To enable synthesis of acid- and base-labile lipid-modified peptides by
N-terminal extension of the peptide chain, it was necessary to develop
the first enzyme-labile urethane protective group for the amino function
of peptides (Scheme 3).[41] A new strategy was developed in which the
enzyme removes a urethane without direct attack on the urethane
structure. The p-acetoxybenzyloxycarbonyl (AcOZ) group used for this
purpose contains a functional group (an acetate) that the biocatalyst (an
esterase or lipase) can recognize and which is bound via an enzyme-
labile bond (an ester) to a second functional group (a p-hydroxybenzyl
urethane); following cleavage of the enzyme-labile bond, the urethane
undergoes spontaneous fragmentation with release of the desired

peptide conjugate (Scheme 3). Depending on the acyl residue selected
(e.g. acetate or phenylacetate), enzymes with different selectivity (e.g.
acetyl esterase or penicillin G acylase) can be used.

Scheme 3

Using the AcOZ urethane, the essential C-terminal lipid-modified
heptapeptide ester 23 of the human N-Ras protein was constructed
(Scheme 4).[41] Deblocking of the urethane-protected farnesylated
tripeptide methyl ester 17 by enzyme-initiated fragmentation of the
AcOZ group delivered the selectively deprotected peptide. Successive
extension of the peptide chain with an AcOZ dipeptide 18 and renewed
lipase-mediated release of the urethane protective group gave the
pentapeptide 20; this was condensed with the AcOZ-masked dipeptide
21 to give the fully protected lipid-modified heptapeptide 22. Enzymatic
removal of the N-terminal urethane from 22 yielded the amino-
deblocked Ras heptapeptide 23.

Such conjugates could also be assembled using classical methods. If
only base-labile palmitic acid thioesters are present in the compound to
be demasked, the acid-labile Boc group may be used; acid-labile S-
farnesyl-cysteine-containing peptides can be deblocked at the N-
terminus by cleavage of the Fmoc urethane.[42] In addition to the
enzymatic techniques, Pd(0)-mediated release of allyl esters is an
efficient method for synthesis of sensitive lipid-modified peptides.[43]

For example the S-palmitoylated and S-geranylgeranylated C-terminus
29 of the human R-Ras protein was built up using this method (Scheme
5 ).[44] To this end, the S-palmitoylated cysteinyl tripeptide allyl ester 24
was synthesized from (BocGlyGlyCysOAll-S)2 by reductive cleavage of
the disulfide followed directly by S-acylation. Pd(0)-mediated removal
of allyl ester afforded the desired carboxylic acid 25, which was
elongated by coupling with proline allyl ester 26. A further allyl ester
cleavage delivered the S-palmitoylated tetrapeptide carboxylic acid 27
in high yield. Finally, the synthesis was completed by coupling 27 with
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S-geranylgeranylated cysteine methyl ester 28 to give the desired R-Ras
peptide 29. All Pd(0)-catalyzed allyl ester cleavage reactions proceeded
without any undesired side reaction. In no case could a β-elimination or
a nucleophilic attack on the activated thioesters be observed.

This protective group technique has demonstrated its potential in the
development of a flexible building block system for synthesis of
different lipid-modified N-Ras peptides carrying additional fluorophoric
groups (Fig. 4); due to the fluorophore properties, these conjugates can
be followed in biological and biophysical experiments (see below).

Lipid-modified peptides have been used to obtain knowledge about the
importance of the lipid residues in the function of lipid-modified
proteins. In a series of biophysical investigations of the thermodynamics
of insertion of lipid-modified model peptides in vesicles, functioning as
model membranes, the contribution of the lipids to lipopeptide
membrane affinity was determined.[45-47] This showed that an N-
myristoyl or an S-farnesyl group alone cannot contribute enough
hydrophobic character to maintain stable membrane insertion of
peptides, and therefore also of proteins.

Biophysical model experiments on the kinetics of transfer of lipid-
modified peptides from one model membrane to another[49,50] showed

that peptides and proteins that only carry a single lipid modification are
rapidly inserted into the membrane (within seconds) yet they are also
rapidly exchanged between two different membranes. The half time for
transfer of a singly farnesylated or palmitoylated peptide is in the region
of seconds. For peptides that are N-myristoylated and S-palmitoylated,
or S-palmitoylated and S-farnesylated, the half times are in the region of
hours to days. These values are significantly larger than the half time for
exchange of S-acyl groups of membrane associated proteins in vivo (1-2
h or less).

These double lipid modifications give stable membrane binding in a
biological context and on a biologically relevant timescale, and can be
used as specific structural motifs to localize and anchor proteins in
special subcellular membranes. In fact, the N-myristoyl/S-palmitoyl
motif is found in non-receptor tyrosine kinases and the α-subunit of
heterotrimeric G proteins, and H-Ras and N-Ras are S-palmitoylated
and S-farnesylated.

This hypothesis was tested by in vivo studies with fluorescently labeled
N-myristoylated[51] and S-farnesylated peptides.[43,50,51] Peptides 30
and 31 (Fig. 4), which represent forms of the N-terminus of the human
non-receptor tyrosine kinase Lck and the C-terminus of human N-Ras
protein with a single lipid modification, were S-palmitoylated in
fibroblast cells. The palmitoylation was also observed for peptides in
which the myristoyl residue had been exchanged for other fatty acids
(C10 to C16) or the farnesyl residue for other alkyl groups (n-undecyl, n-
octyl, trans-geranyl).

Scheme 4

Scheme 5
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The site of palmitoylation and the intracellular distribution of peptides
with a double lipid modification were determined using fluorescent
microscopy techniques. This showed that the doubly lipid-modified
peptides formed from 30 and 31 were concentrated in the plasma
membrane of fibroblast cells; this took place under conditions (15°C)
which exclude intracellular transport, for example, by vesicles. For
analogous serinyl peptides such as 32 which do not become acylated,
such a selective distribution was not observed; the S-n-alkylated and
geranylated analogues of 31 showed similar behavior. 30, 31 and 32
were introduced into cells by fusion of the fibroblast membrane with
vesicles containing the fluorescently labeled peptide. The results were
also confirmed by microinjection of 33 and 34 (Fig. 4) and subsequent
examination by confocal laser fluorescence microscopy.[43] This
showed that the farnesylated, but no longer palmitoylatable,
pentapeptide 33 was not selectively incorporated into a certain
membrane, however the doubly lipid-modified 34 was selectively
accumulated in the plasma membrane.

The doubly lipid-modified peptides (in contrast to singly modified) only
exchange very slowly between different membranes when a second lipid
residue is introduced (see above) and should therefore concentrate in the
cell compartment in which the second lipid modification takes place.
This led to the conclusion that S-palmitoylation of singly lipidated
peptides (or proteins) takes place at the plasma membrane (Scheme 6).

The results of the biophysical and cell biology investigations support a
model[51] for specific localization of proteins by myristoylation/
palmitoylation or farnesylation/palmitoylation. According to this model,
the specific localization is not only determined by the lipid groups
introduced in the course of the biosynthesis (in the case of Ras proteins,
the farnesyl residue). Rather, the singly modified proteins can freely
diffuse and insert in different membranes or desorb from these (Scheme
6). It is only on S-acylation in a certain membrane compartment that

they remain localized in that membrane. A membrane-bound protein S-
acyltransferase that may be responsible for this modification was
recently identified; it palmitoylates a farnesylated N-Ras peptide and
also the H-Ras protein.[52] If the lipid-modified protein is no longer
needed, or the signals transmitted by such proteins must be terminated
(regulation of signal chains), the thioester can be cleaved again by a
suitable hydrolase, initiating desorption of the protein from the
membrane. 

5.2 Glycopeptides

Many of the proteins localized on the extracellular side of the plasma
membrane carry complex oligosaccharides. These glycoproteins are
intensively involved in regulation of communication between cells; they
control cell-cell interactions and form cell surface antigens.[53] Taking
this into consideration, it is particularly noteworthy that glycoproteins
have also been identified as tumor-associated antigens, i.e. as antigens
which appear on the surface of tumors but not on normal cells. In
addition, many of the cell surface receptors that take up extracellular
signals and conduct them through the plasma membrane into the cell
interior are glycosylated. 

Figure 4

Scheme 6
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Characteristic glycopeptides could be useful tools for investigation of
the biological functions of glycoproteins. In order to synthesize these
peptide conjugates, both in solution[54c] and on solid phase (with PEGA
resin, numerous glycopeptides were synthesized: for example see 35;
Fig. 5), powerful techniques for reversible blocking of the amino,
carboxy and alcohol groups have been developed as well as methods for
protective release from polymeric carriers.[54-56] Classical chemical
synthesis of oligosaccharide units of glycoproteins has also reached a
high level of efficiency.[57] 

Figure 5

Enzymatic methods have opened up valuable alternatives for selective
deblocking of glycopeptides and for synthesis of their oligosaccharide
units.[58,59] For example, selective and gentle enzymatic deblocking of
O-glycopeptides was achieved by lipase-mediated hydrolysis of the
heptyl ester protective group. The lipase from Mucor javanicus
deblocks the C-terminus of the glycosylated amino acids and peptides
36,37 without unwanted attack on the N-terminal urethane and the

carbohydrate protective groups (Scheme 7). Using this technique, the
glycopeptide 38 was built up which represents a characteristic partial
structure of a glycoprotein found on human brain cancer cells.[58]

Scheme 7

Glycopeptides carrying the 6-O-phosphorylated mannose residue were
used as reagents for study of the recognition of phosphorylated
glycoproteins by the mannose-6-phosphate (Man-6-P) receptor.[60]

Lysosomal enzymes carry oligosaccharides with Man-6-P residues. Via
these carbohydrates, they are recognized by Man-6-P receptors, then
correctly processed and finally transported to the Golgi apparatus.
Misregulation of these steps is involved in inflammatory processes in
the central nervous system. Based on the suggestion that the receptor
recognizes oligosaccharides with two Man-6-P residues diverse
phosphorylated open-chain and cyclic glycopeptides such as 39-41 (Fig.
5) were synthesized. Examination of these compounds in a specially
developed ELISA test revealed that high binding affinity was obtained if
the ligands are bidentate and carry 6-O-phosphorylated α-1,2-linked
disaccharides; monosaccharides and phosphorylated α-1,6-linked
disaccharides are considerably less active. Three to five amino acids as
spacer between the two saccharides are favorable.

5.3 Phosphopeptides and glycophosphopeptides

Protein kinase and phosphatase-mediated phosphorylation of proteins at
serine, threonine and tyrosine residues is used in all organisms for
regulation of many different intracellular processes, such as signal
transmission from the plasma membrane to the cell nucleus and for
direction of cell growth and division.[61] 

The synthesis of phosphorylated serine and threonine peptides is
impeded to a considerable extent by the extreme base lability of these
peptide conjugates (see Fig. 2); protective groups which can be released
under mild conditions are required. Peptides phosphorylated at tyrosine
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residues cannot lose the phosphate by β-elimination, however, and are
much easier to synthesize for this reason.[62]

The base-labile Fmoc protective group cannot be used for synthesis of
phosphopeptides without further modification, since serine and
threonine phosphopeptides masked as phosphoric acid esters, unlike the
more stable glycopeptides, lose the phosphate by β-elimination and
formation of α,β-dehydroalanyl peptides under the conditions for Fmoc
cleavage.[63] This disadvantage was overcome by introduction of the
Fmoc-masked unit 42, which only carries a phosphoric acid diester (Fig.
6).[64,65] Compound 42 is stable under treatment with piperidine to
release the Fmoc group and is not apparently activated during the
subsequent extension of the peptide chain. Using this building block, the
phosphopeptide 43, which represents a phosphorylated partial sequence
of the heat shock protein 27, was synthesized on solid phase.[64] 

Figure 6

Enzymatic protective group techniques can also provide interesting and
advantageous alternatives.[66] For instance, by means of the lipase-
mediated removal of the heptyl ester protecting group (see Scheme 7)
phosphopeptides could de selectively deprotected at the C-terminus
without any undesired side reaction. Also, the enzymatic removal of the
phenylacetamide from the N-terminus of phosphopeptides opened up an
alternative to classical-chemical methods.

Using enzymatic protective group techniques, also the first synthesis of
a complex phosphoglycopeptide, which represents a characteristic
section of the large C-terminal domain of the human RNA polymerase
II, was achieved.[67] In this synthesis (Scheme 8), both lipase-mediated
cleavage of heptyl esters and also enzyme-initiated fragmentation of a
urethane protective group (see 5.1) were employed.

On treating the fully protected glycosylated serine 44, which includes
the enzyme-labile PhAcOZ group at the N-terminus with penicillin G
acylase, only the phenylacetic acid ester was cleaved and the
fragmentation of the resulting phenolate (same mechanism as shown in
Scheme 3 for cleavage of the AcOZ group) led to release of the desired
selectively deblocked amino acid 45. After linking to the glycodipeptide
46, also PhAcOZ-protected, to form the diglycotripeptide 47, penicillin
G acylase re-released the N-terminus under very gentle conditions. A
further cycle of chain extension gave the diglycopentapeptide 49, which
is N-terminally deblocked and coupled with the allyl-masked serine
derivative 50 to yield the molecule 51. Finally, successive release of all
amino acid and carbohydrate protective groups gave the
glycophosphopeptide 52.

Phosphorylated peptides have often been used as antigenic structural
units for creation of monoclonal antibodies that recognize particular
phosphoproteins.[68] These antibodies serve, for example, as tools for
immunodiagnosis of the tau protein in Alzheimer’s disease.

Conclusions and outlook

The examples described in the previous sections of successful
interlocking of organic chemical and biological work in investigation
and influence of biological signal transduction clearly demonstrate  the
capabilities of interdisciplinary research in the field of bio-organic
chemistry. For organic chemistry, this opens up a multitude of new
spheres of activity, in which its capabilities can be used to the full extent
and in which new, great and important challenges are presented which
must be taken up: in mastering them, organic chemistry can rise to a key
role. For biology, bio-organic research presents new alternative
possibilities to obtain results faster, more directly and often with a
greater degree of precision and clarity. 
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