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Four Decades, Four Places and Four
Concepts

Manfred Mutter*

Abstract: Peptide chemistry has experienced enormous progress over the last decades, and the synthesis-oriented
peptide scientist is confronted today with research domains at the interface of chemistry, biology and medicine.
In this review, we look at some of our contributions over four decades, developed at four places in Germany and
Switzerland. Special attention is given to four concepts which can be considered as nucleation seeds for some
of today’s research topics in peptide chemistry: (1) The use of polyethylene glycols (PEG) as solubilizing carriers
in liquid-phase peptide synthesis which has resulted in the well known ‘PEGylation’ of peptides and proteins, (2)
the construction of artificial proteins using topological templates, termed template-assembled synthetic proteins
(TASP) which has stimulated the use of templates in peptide and protein design and mimicry, (3) pseudo-prolines
which serve today as routine technology for the prevention of peptide self-association and beta-sheet formation
in peptide synthesis, thus making accessible solid-phase synthesis of peptides up to the size of small proteins,
and finally (4) studies on the onset of secondary structure and conformational transitions in designed oligo-
peptides which resulted in the creation of ‘switch-peptides’ as folding precursors, allowing delineation of the
molecular mechanism of protein folding and misfolding as an early step in peptide self-assembly and fibril
formation relevant in degenerative diseases.
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1. Introduction

At the interface between small mol-
ecules and proteins, peptides exhibit some
unique functional and biological proper-
ties, making them an interesting target
for academic and industrial research. Due
to enormous progress in the synthesis of
peptides, research efforts have shifted
from synthetic chemistry in earlier times
to biological chemistry. As a consequence,
today’s peptide chemistry is an interdisci-
plinary domain, unifying nearly all disci-
plines of natural sciences. Once synthetic
peptides became easily accessible via sol-
id-phase peptide synthesis (SPPS), stud-
ies over the last four decades focused on
structure—activity relationship, bioactive
conformation, and secondary and tertiary
structure formation. Because of intrinsic
limitations in the use of peptides as orally
active drugs, industrial interest in this class
of biomolecules has experienced many
ups and downs over the years, which is
perfectly illustrated by the appearance and
disappearance of well-established and sci-
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entifically eminent peptide groups in major
pharmaceutical companies. A particular
focus has been the development of non-
peptidic molecules (‘peptido-mimetics’)
derived from bioactive conformations of
peptides by rational design. However, de-
spite the immense progress of theoretical,
biochemical and analytical (notably spec-
troscopic) tools, the transformation of na-
tive peptides into orally active drugs has
turned out to be an exceptionally challeng-
ing task.

Today, we observe a renaissance of
therapeutic peptides, driven mostly by
progress in the technology of large-scale
production using SPPS, by peptide deliv-
ery and by unmet medical needs. In view
of their central function in the control of
protein—protein interactions, peptides as a
link between small molecules and macro-
molecules will continue to be in the focus
of academic and industrial research for the
development of therapeutically interesting
compounds in the near future.

In the present article, some of our con-
tributions to this stimulating research field
are discussed, with focus on their ‘sustain-
able impact’ for present and future devel-
opments. Because the author was in the
privileged situation of receiving inspira-
tions from different places in Germany and
Switzerland over his academic career, the
evolution of four concepts, i.e. (1) polyeth-
ylene glycols (PEG) for peptide synthesis
and conformational studies, (2) template-
assembled synthetic proteins (TASP) in
protein de novo design, (3) pseudo-prolines

(W-Pro) as structure-disrupting building
blocks and (4) switch-peptides as folding
precursors, are retraced to the sites of their
discovery, the Universities of Tiibingen,
Mainz, Basel and Lausanne/EPFL.

2. Polyethylene Glycols (PEG)
for Peptide Synthesis and
Conformational Studies

Peptide synthesis was revolutionized
by the ingenious idea of Bruce Merrifield
to simplify the reaction cycle by fixing the
growing peptide chain to an insoluble car-
rier.l'1 When the author entered the field in
the early 1970s, solid-phase peptide syn-
thesis (SPPS) was the center of contentious
discussions due to some intrinsic problems
in heterogeneous synthesis, which resulted
in impure crude material due to incomplete
reactions as the origin of ‘failure’ and trun-
cated sequences!?! and was far from being
accepted for the synthesis of peptides for
therapeutic use. As a naive PhD student,
the use of soluble supports, i.e. working in
a liquid (homogeneous) phase seemed the
ideal solution to overcome these problems.
And having ‘discovered’ PEG in the lab,
we fixed the growing peptide chain to the
chain ends of PEG 5°000-20°000.83! The
unique properties of PEG, most notably its
high solubility in both organic and aqueous
media and its tendency to crystallize from
ether and alcoholic systems — unshared by
any other functional polymer — resulted in
a convenient and efficient method for pep-
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tide synthesis and isolation.[) When we
presented the liquid-phase method (LPM)
at the 7" American Peptide Symposium,
Claudio Toniolo (University of Padua) pro-
posed a collaboration on the use of PEG-
bound peptides in conformational studies
which resulted in a fruitful partnership over
many years. By making use of the strong
solubilizing power of PEG (Fig. 1), the
onset of secondary structure formation of
hydrophobic peptides could be studied in
water and organic media.l! One of the key
observations in the study of PEG-bound-
peptides (today ‘PEGylated peptides’) was
the dramatic change of physico-chemical
properties during coupling reactions.

We could demonstrate that conforma-
tional transitions of the type random-coil
(rc) to B-sheet were at the origin of some
fundamental problems in conventional so-
lution strategies (insoluble sequences) as
well as in SPPS (incomplete reactions as
source of truncated and failure sequenc-
esl2)),

Consequently, the impact of second-
ary structure formation on reaction kinet-
ics has become an important element in
planning peptide synthesis.l) When Bruce
Merrifield took notice of this aspect (later
termed ‘difficult sequences’), he com-
mented to the author: “Excellent, someone
has to take care of this problem”. In ad-
dition, the identification of conformational
changes as the origin of incomplete reac-
tion steps in polystyrene-based SPPS trig-
gered the design of more hydrophilic carri-
ers exhibiting higher solvation power such
as cross-linked PEG-polystyrene (today
‘Tentagel’, Rapp Polymere, Tiibingen) or
polyamine- (‘Sheppard’) resins.[”!

Based on the precedent of using PEG
as a solubilizing group in peptide synthe-
sis and in conformational studies, 8! the po-
tential of PEG to modify physico-chemical
and biological properties of peptides and
proteins was recognized and has found use
in multiple research areas including phar-
macological applications.”! Notably, the
early findings!'% that PEGylation altered
the immunological and pharmacological
properties of proteins enlarged the spec-
trum of PEGylation to clinical applica-
tions. Ironically, when we first proposed
the terms ‘PEGylation’ and ‘PEGylated’
for PEG-bound peptides and derivatives,
the referee refused to accept these terms,
an incomprehensible decision from to-
day’s point of view.

3. Template-assembled Synthetic
Proteins (TASP) in Protein de novo
Design

One of the most challenging topics in
peptide and protein chemistry is the prob-
lem of how a polypeptide chain folds into

its bioactive three-dimensional structure.
This ‘protein folding problem’ has been
regarded as the key to predicting structure
and function of a given peptide sequence
and the prediction of 3D-structures based
on theoretical energy calculations remains
difficult.['ll Similarly, the construction of
artificial proteins with tailored structural
and functional features represents a most
ambitious goal in protein de novo design.[12]

With the foundations of secondary struc-
ture formation of oligo-peptides in place,
the use of topological templates for the in-
duction of 3D-structures appeared a most
attractive way to bypass the protein fold-
ing problem. In the strategy of TASP, sec-
ondary-structure-forming oligo-peptides
are assembled on a topological template
which directs these blocks to a predeter-
mined 3D-structurel!3] (Fig. 2).
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Fig. 1. PEG for peptide synthesis and conformational studies. CD spectra of PEG-bound (‘PE-
Gylated’) peptides for the study of the critical chain length for secondary structure formation
(B-sheet in H,0, left; a-helix in TFE, right) of homo-oligopeptides.®

Fig. 2. The concept of template-assembled synthetic proteins, TASP:!"¥ a-helical and/or B-sheet
oligo-peptides are covalently attached to a topological template which directs the peptide blocks
to a predetermined 3D-structure, e.g. artificial redox proteins (lower right") or membrane channel
forming 6o.-helix-bundles (lower left!'®). The covalent attachment of protein (receptor, antibody)
loops results in TASP molecules as protein mimetics (upper right).[él
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Due to the invention of chemoselec-
tive ligation techniques in the 1990s, the
creation of TASP molecules exhibiting a
variety of structural and functional proper-
ties (Fig. 2) has become the focus of an in-
creasing number of research groups.[!3-16]

Today, the concept of using topologi-
cal templates in the design of peptide and
protein mimetics has found some promis-
ing applications.!'” The idea of mimicking
binding sites in peptides and proteins by
attaching peptide blocks, ligand binding
loops or small molecules onto regioselec-
tively-addressable templates as small-sized
mimetics attracted our attention early in
the development of the TASP concept.[10]
In particular, we were able to create TASP
molecules as prototypes of protein (en-
zymes, receptors, antibodies) mimetics
(Fig. 2, top right). Interestingly, our early
efforts to create ‘protein mimetics’ by ap-
plying chemical and combinatorial prin-
ciples for library screening!®l recently
found a most ingenious methodological
extension by the combination of phage
display and chemical ligation techniques
for the functional screening of template-
assembled binding loops, termed ‘bicyclic
peptides’.l181 Notably, the therapeutic po-
tential of this elegant strategy (described
by C. Heinis et al. in this issue) has been
exemplified by the identification of lead
compounds as antibody mimetics.!!*]

The often-envisioned combination of
chemical and biological tools in the search
for therapeutic compounds — perfectly ex-
emplified in this approachl!8! — possibly
represents one of the most promising fu-
ture avenues for peptide-based drug design
and protein mimicry applying the template
concept.

4. Pseudo-prolines (¥-Pro) as
Structure-disrupting Building Block

A problem of long standing in peptide
chemistry is the low solubility of many tar-
get peptides, e.g. membrane-active or side-
chain protected peptides. Due to their hy-
drophobic nature, their synthetic access is
often hampered by the onset of conforma-
tional transitions of the type rc to B-sheet
structure during chain elongation. Studies
on oligo-peptides have revealed the ex-
ceptional impact of a proline residue upon
the preferred conformation of a peptide.
As predicted from conformational energy
calculations, 201 the insertion of this amino
acid into a potentially B-sheet-forming
oligo-peptide results in a disruption of the
secondary structure, paralleled by a sig-
nificant increase in solubility.[2!]

During the synthesis of C(o)-
methylated serine, the structural similar-
ity between the intermediate oxazolidines
and proline inspired us[?2! to transfer the

unique structural features of proline to
serine-, threonine- and cysteine-derived
ring structures, termed pseudo-prolines
(W-Pro, Fig. 3). The chemical stability of
C(2)-dimethylated derivatives correspond-
ed perfectly to the standard methodology
of side-chain protection in solid-phase
peptide synthesis, which was essential for
its routine use.

In addition, the presence of C(2)-
substituents strongly enhances the well-
known structure-disrupting effects of
proline by the induction of a complete
‘kink-structure’ (presence of 100% cis-
amidel?! Fig. 4). Importantly, the use of

¥-Pro building blocks allowed the chemi-
cal synthesis of otherwise inaccessible
linear and cyclic peptides or considerably
improved the overall yield of long peptides
by multiple insertions of W-Pro blocks.[24
Besides their routine use as a secondary-
structure-disrupting, solubilizing protec-
tion technique in peptide synthesis, ¥-Pro
have been used for the elucidation and
stabilization of bioactive conformations
in therapeutically important peptides.[24-20]

Once we recognized the unique confor-
mational effects of proline residues, their
potential for peptide synthesis was so obvi-
ous that we immediately published our dis-
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Fig. 3. The pseudo-proline concept: (a) Serine (R = H, X = O), threonine
(R = CH,, X = O) and cysteine (R = H, X = S) are transformed to C(2)-
substituted oxazolidins (X = O) or thiazolidines (X = S), termed pseudo-
prolines (¥-Pro) due to their structural similarity with proline;?? (b) ¥-Pro
containing dipeptides for use in peptide synthesis are readily prepared by
insertion of acetals into the N(Y)-protected dipeptide esters and are com-

mercially available today.

EAALKAXLELAAKLAA
le kink 0,
M~cyn o8 oM
(}cg",c“i " Ala (pH 4)
il X
0
R
& \‘FPro
I <
AVAVAVAVAN \ca:/cw
s T Ala(pH 11)
CH,0H
| ]
200 240
X [nm]

Fig. 4. The insertion of a pseudo-proline (¥-Pro) induces a cis-amide
bond (‘kink’) into the peptide backbone. Under acidic conditions, the
oxazolidine ring is cleaved to an unprotected serine residue and the
peptide adopts its regular structure (left). By insertion of a single W-Pro
(X, right) into a potentially o-helix (at pH 11) or B-sheet (pH 4) forming
oligo-peptide, the secondary structures are completely disrupted and the
16-mer peptide adopts a flexible random-coil (rc) in H,0 as depicted by
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covery.[22] Tronically, only about 10 years
later, one could observe a more general ac-
ceptance for the routine use of the W-Pro
concept in peptide synthesis, triggered
primarily by the commercial availability
and competitive price of the correspond-
ing building blocks. Given the novelty of
the concept and today’s market of ‘¥-Pro
building blocks, we obviously missed the
opportunity to file a commercially signifi-
cant patent, clearly a tribute to our purely
academic thinking!

5. Switch-peptides as Folding
Precursors

The study of conformational transi-
tions was long considered as an academic
exercise without any relevance for bio-
logical processes. This attitude completely
changed when the folding and misfolding
of peptides and proteins moved into the
center of interest because of their impact
on neurodegenerative diseases.[26-281 For
example, transitions of soluble amyloid
B precursor molecules into aggregated,
[-sheet forms play a key role in the depo-
sition of cerebral amyloid plaques charac-
teristic of Alzheimer’s disease. Similarly,
o-helix to B-sheet transitions are consid-
ered as the molecular origin of the transfor-
mation of the physiological form of prion
protein into the pathological form.

In the first generation of ‘switch-pep-
tides’ we could demonstrate that minor
changes in concentration, solvent or tem-
perature could induce spontaneous confor-
mational transitions.[29!

For the study of early processes in fold-
ing, the establishment of the sequence and
the onset of the folding process must pro-
ceed in two distinct steps and corresponds
to the fundamental concept of the second
generation of switch-peptides, where the
target molecule is prepared as a flexible,
unfolded precursor molecule (Soff-state in
Fig. 5).

According to this concept,l30 ‘switch
elements’ derived from serine or threo-
nine and prone to O-N-acyl migration are
inserted into a peptide backbone. Due to
the modified structural features, the pep-
tide adopts a flexible random-coil structure
(Soff). By triggering O-N-acyl migration,
the regular backbone is restored (Son) and
the folding process can be studied ‘in statu
nascendi’ of the molecule. While we made
use of the O-N-acyl migration for trigger-
ing conformational transitions of peptides,
other groups simultaneously applied this
well-known reaction3!l as a tool for over-
coming the solubility problem of hydro-
phobic peptides.[32:33]

In applying the concept to longer pep-
tides or proteins, the insertion of several
switch elements combined with orthogo-
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switch-peptides:E

In triggering O-N-
acyl migration, the
ester bond containing
peptide (Soff) trans-
forms into the regular
peptide backbone
(Son), paralleled by a
drastic change in its
physico-chemical and
biological properties.
A variety of chemical,
enzymatic or photo-
lytic methods (T) can
be used to remove
the N-protection
group (Y).

chemical
synthesis

/YiZHN-CHCOMw

|f —
f

——Soff

o327

-"f“‘ CONH—CHCO~~ —— EO" s soﬂ
X HO P

-

Soﬁ‘-----._ 2

inhibition
¢ (folding)

Cc

—_C N
oligomers

Fig. 6. Switch-peptides as folding precursors: Consecutive triggering of O-N-acyl migrations in
amyloid B-derived switch-peptides (Soff) for the onset of peptide folding, self-association and

fibril formation (Son).l%%.34

nal N-protecting groups (Y) allows for the
selective triggering (Son) of segments, re-
vealing detailed information about the mo-
lecular mechanism of chain assembly and
folding (Fig. 6).134

According to current hypotheses, most
proteins adopt an energetically metastable
state under physiological conditions, and
minor changes in situ may induce irrevers-
ible conformational transitions, e.g. from
helical to B-sheet (‘conformational energy
sink’). Based on the understanding of these
mechanisms in proteins of therapeutic in-
terest, the development of molecules with
a propensity to stabilize native globular
conformations and thus to inhibit con-
formational transitions as the molecular
origin of degenerative diseases may not be
unrealistic in the near future (Fig. 6).

6. Conclusions

The concepts described in this review
may be considered as modest ‘building
blocks’ for today’s state of the art in pep-
tide science. Some serve as nucleation
seeds (the ‘PEGylation’ and the ‘template’
story), others as a bridge to proteins (the
‘switch-peptides’) or as contribution to
peptide synthesis (the ‘pseudo-prolines’).

Today’s profile of a ‘peptide chem-
ist” — best reflected in the programs of the
ever-increasing number of international
meetings in the field — shows that he must
be multifunctional, interactive and flexible
— in full harmony with the properties of
his dedicated subject, the PEPTIDES, and
most luckily, this new generation of pep-
tide chemists is present in Switzerland, as
this special issue demonstrates.

Besides the usual ‘ups and downs’ in
the evolution of peptide chemistry — with
as many renaissances as dark ages — the
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characteristic features of a ‘peptide chem-
ist’ have completely changed, largely due
to progress in his own field. For example,
after the discovery of solid-phase synthesis
the chemical synthesis of peptides was no
longer considered an art.

A most significant change occurred
when ever more powerful computers en-
tered their laboratories, accompanied by
considerable hype. New theoretical tools
seemed to replace chemist’s intuition,
and ‘rational drug design’ was considered
as ‘the king’s pathway’ for transforming
peptides to orally active drugs. After hard
lessons in the school of experimental re-
ality, peptide chemists have learned that
peptides have a ‘difficult character’ — hard
to predict in their behavior in vivo, hard to
mimic with small molecules and hard to
characterize by general rules. Curiously,
the cyclic peptide cyclosporine is orally
active, in contrast to all empirical predic-
tions. Attempts to use some of its specific
structural characteristics as a general fea-
ture for the design of orally active peptide
therapeutics represent at least a promising
first step.[33]

Over the last years, peptide chemists
initiated alternative routes for overcom-
ing the well-known intrinsic limitations of
‘peptides as drugs’ by directing their ef-
forts to novel delivery forms. In particu-
lar, conjugates, liposomes, polymeric mi-
celles, dendrimers and nano-particles have
received much attention, and targeted drug
delivery to the site of biological action ap-
pears an exceptionally challenging goal for
the therapeutic use of peptides.[36]

The younger reader of this short review
might be hesitant to receive lessons from
‘The Golden Age of Peptide Chemistry’,[37]
so let me thank my students, colleagues
and friends for the most valuable lessons I
learned during the last four decades. When
I complained as a young professor about
some ‘difficult characters’, an older friend
gave me the advice: “Be sure to always
have about twenty percent of this type
around”. Ever since, I have followed this
‘20 percent rule’ courageously, and since a
recent article entitled ‘Crazy Types — How
disturbed must one be to perform excep-
tionally?’,1381 T know that this rule has a
high impact factor.
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