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Introduction

The Template Concept

Constructing novel proteins with func-
tional properties similar to natural pro-
teins is the ultimate and one of the most
challenging goals in biomimetic chemis-
try [1-3].

In the absence of a detailed knowledge
of the folding mechanism of natural pro-
teins, a general design strategy ofpolypep-
tide sequences with a high propensity to
fold in a predetermined three-dimensional
structure appears to be still out of reach.
The major obstacle in the construction of
artificial proteins rests in the complexity
of the folding pathway of a linear polypep-
tide chain to its unique 3D structure.
Among the surprisingly small number of
recurring structural motifs [4][5] the for-
mation of a specific globular fold is not
confined to one specific amino-acid se-
quence. This degeneracy of the folding
code ('designability') is thought to repre-
sent a fundamental selection principle in
the evolution of native proteins [6].

The present hypotheses on the mecha-
nism of protein folding [7] do not allow to
derive generally valid principles for pro-
tein de novo design; however, the synthet-
ic chemist is not constrained to nature's
machinery for polypeptide synthesis, i.e.,
he may create nonnatural chain topologies
with an increased potential for intramo-
lecular folding.

Since the complex folding mechanism
has yet to be unraveled, we proposed some
years ago a conceptual Iy different approach
in protein de novo design to bypass the
folding problem: the template assembled
synthetic proteins (TASP) concept [8-14]
(Fig. J). As a key element, a topological
template serves as a 'built-in' device to
induce and reinforce intramolecular inter-
action of the covalently attached amphi-
pathic peptide blocks thus leading to well-
defined packing topologies such as a-he-
lical bundle or j3-sheet TASP molecules.

Topological templates may be gener-
ally characterized as synthetic devices that
orient functional groups or structural units
in well-defined spatial arrangements [IS].
Typically, template molecules represent
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Abstract. The ultimate goal in protein de novo design is the construction of artificial
proteins exhibiting tailor-made structural and functional properties. To create native-
like macromolecules in copying nature's way has proven to be difficult because the
mechanism of folding in its complexity has yet to be unraveled. In order to bypass the
well-known folding problem, we have developed the concept of template assembled
synthetic proteins (T ASP); this meanwhile widely accepted strategy uses topological
templates as 'built-in' devices for the induction of well-defined folding topologies.
Progress in synthetic strategies, e.g., chemoselective ligation methods and orthogonal
protection techniques open the way for the design of more complex TASP molecules
featuring functional properties such as membrane channels, vaccines, catalysts, recep-
tors, or ligands.
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Fig. I. Topological templates asfolding devices have been usedfor the induction and stabilization
of protein folds such as (X-helical or f3-sheet TASP moleculesformimicking some properties of natural
proteins
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Fig. 2. Chemoselective ligation methods for protein design

structural motifs such as constrained pep-
tides, cyclodextrines or polycyclic sys-
tems disposing selectively addressable
functional groups. As prototype template
molecules in the TASP approach, cyclic
decapeptides derived from the antibiotic
gramicidin S containing four lysines as
attachment sites were used [16-19]. As a
second generation of this type of tem-
plates, RAFT (regioselectively addressa-
ble functionalized templates) molecules
exhibit selectively addressable sites due
to orthogonal protection techniques or
unique chemical reactivity [20-22].
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duced [29-34] as a powerful tool to mod-
ify temporarily the intrinsic properties of
peptides that are responsible for aggrega-
tion and secondary-structure formation
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Fig. 4. a) Ser-, Thr-, Cys-derived pseudo-prolines (!pPm); b) effect of lIfPro upon peptide backhone
hy induction of a cis-amide bond [29-34]

ligation process which results, e.g., in ex-
tended reaction times or incomplete reac-
tions. To prevent self-association of un-
protected, secondary-structure forming
peptide sequences during chain assembly,
pseudo-prolines (lfIPro) have been intro-

Fig. 3. Regioselectively Addressable Functionalized Templates (RAFT) [20-22]for the construction
ofTASP molecules hy chemoselective ligation procedures (see text)

Molecular biology has revolutionized
the study of protein structure and function.
Not only has the microbial production of
enzymes and other proteins in useful
amounts become routine in recent years
but with systematic alteration of protein
sequence by site-specific mutagenesis vir-
tually any protein sequence is accessible.
Recentdevelopments for ligating peptides,
however, promises to make chemical syn-
thesis of large proteins an attractive alter-
native to biosynthesis, particularly for the
construction of novel molecules contain-
ing nonnatural amino acids or other struc-
tural modifications.

The well established difficulties of
solid-phase peptide synthesis [23] and frag-
ment condensation [24] can be circum-
vented by using the recently introduced
chemoselective ligation methods [25-28]
which allow for the condensation of com-
pletely unprotected peptide fragments in
aqueous medium (Fig. 2).

Chemoselective ligation methods ap-
pear to be particularly useful in the TASP
design. With respect to the elaborated
protection chemistry in peptide synthesis,
cyclic peptides as topological templates
with up to four orthogonal protection
groups for the lysine side chains as attach-
ment sites are accessible. Selective cleav-
age allows for appropriate selective func-
tionalization leading to regioselectively
addressable functionalized template [21]
molecules as key compounds for the con-
struction of TASP molecules of higher
complexity. As shown in Fig. 3, a proto-
type T ASP with up to four different he-
lices using different chemoselective liga-
tion procedures can be synthesized.

The peptide fragments, designed to be
amphiphilic with a high propensity for
secondary structure formation have a
strong tendency in aqueous solution for
self-association. Such high molecular
weight aggregates are unfavorable in the
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cysteine-derived thiazolidines and are ob-
tained by reacting the free amino acid with
aldehydes or ketones (Fig. 4, a).

Due to the presence of a cyclic system
(fixed ¢-angle) in addition to the prefer-
ence for a cis-amide bond [30][33] with
the preceding residue, the incorporation

of a lJIPro moiety results in a kink confor-
mation (Fig. 4, b), thus preventing peptide
aggregation, self-association, or f3-struc-
ture formation.

Consequently, pseudo-prolines fulfil
two functions simultaneously: they serve
i) as temporary protection for Ser, Thr, and

Cys and ii) as solubilizing building blocks
to increase solvation and coupling rates
during, peptide synthesis and in subse-
quent'Chain assembly. Finally, ring-open-
ing of the lJIProby strong acid results in the
completely deprotected peptide, restoring
the regular Ser, Thr, Cys side chains and
the molecule can adopt the designed to-
pology.

Template Assembled Synthetic
Proteins (TASP)

Several authors have reported on
selective membrane channel forming
TASP molecules using topological tem-
plates to define and orient membrane span-
ning helical segments [35][36]. For exam-
pie, Pawlak et al. designed and synthe-
sized a template assembled channel-form-
ing protein derived from the bee venom
melittin [37].

As a striking common feature, the
membrane channel forming TASP mole-
cules exhibit single channel conductance,
ion selectivity and high thermodynamic
stability.

As a new design element, a tpPro unit
was inserted to induce a reversible kink in
the helical transmembrane peptide [3 J] [32]
[34]. Despite the hydrophobic character of
the peptide, the presence of the lJIPro re-
sulted in good solvation and the subse-
quent coupling steps proceeded to com-
pletion as followed by HPLC. The peptide
was cleaved from the Rink amide resin
under mild acidic conditions, thus pre-
serving the oxazolidine ring structure of
the Thr( tp"l,HPro) residue. As indicated by
CD and ATR-IR studies [38], the 1pPro
indeed distorts the helix to some extent
(Fig. 5). These helical transmembrane
peptides are presently subject to chemose-
lective ligation to topological templates to
access membrane active TASP molecules
with well-defined three-dimensional struc-
tures.

Amphiphilic l3-sheet forming peptides
and their assembly to a topological tem-
plate represent an even more challenging
example for the solubilizing effect of pseu-
do-prolines and the versatility of chemo-
selective ligations [31][38].

Applying similar synthetic strategies,
template assembled bioactive peptides de-
rived from angiotensin II and neuropep-
tide Y resulted in interesting modifica-
tions of their physicochemical and phar-
macokinetic properties [39][40]. More-
over, TASP libraries mimicking protein
surfaces represent a first step towards func-
tional mim'etics of proteins according to
the template approach [16][41].
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Scheme, Strategies A-D for the Attachment of Peptide Loop Sequences eU) to Topological Templates
7'; yi and yj Amino-Protecting Groups of the Attachment Sites; Z: Side-Chain-Protecting Groups of
U

Fig. 6. Concept of template assembled sylllhetic proteins as mimetics of the binding region of receptors
Clndantibodies
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Fig. 7. Design ofTASP molecules asfunctional protein mimetics [42]. a) A cyclic (ProGlyLysAlaLysh ~sheet mimetic obtained as a full structure from
a regularized protein Ca-trace has been built by means of the program MOLOC [43]. b) Extending the chain length of the cyclopeptide to the 14-mer cyclic
peptide (ProGlyLysAlaLysAlaLys)2 yields an increasing number of attachment sites and range of accessible distances. Thus larger distances become
accessible to span functional loops which even may mimic an enzymatic binding cavity. c) Two-loop TASP featuring a square planar metal-binding site
formed by two identical HisAlaGlyHisGly sequences assembled on the 1O-membered cyclic ~sheet template. d) One out of8 possible directional isomers
of a 3-loop TASP approaching the antigen-binding site of the phosphorylcholine-specific antibody McPC603.

TASP as Mimetics of Proteins and
Receptors

In separating structure and function of
a protein in its constituent elements we
have recently proposed the use of topo log-
ical templates as mimetic of the structural
part [42].

The functional part (e.g. the binding
loops of a receptor or antibody) is de-
tached from its supporting structural frame-
work and assembled on a topological tem-
plate by selective chemical ligation reac-
tions (Fig. 6). So far, limitations in the
synthetic strategies prevented this novel
generation of functional T ASP molecules
from being realized.

Antibody Mimetics: Attaching
Binding Loops to Templates

The binding of an antigen by the hy-
pervariable loops of its corresponding an-
tibody molecule represents a general prin-
ciple for molecular recognition in biolog-
ical systems. Because of the distinct sepa-
ration into a 'functional' (complementari-
ty determining region, CDR) and 'struc-

tural' (immunoglobuline fold, Ig) domain,
this class of proteins seems to be an excel-
lent candidate for probing the TASP con-
cept (Fig. 6).

For realizing the synthetic key steps in
this approach, i.e., the sequential conden-
sation of peptide loops of different chain
length and sequence to a topological tem-
plate, we have elaborated several strate-
gies in combining orthogonal protection
techniques and chemoselective ligation
methods (Scheme). Starting from a pool of
n orthogonal amino- or carboxylic protec-
tion groups, up to n different loops can be
selectively fixed by the individual strate-
gies depicted in the Scheme [42].

Metal Binding TASP Molecules

The design and synthesis of a poten-
tially metal-binding TASP molecule was
achieved by connecting two peptides (con-
taining two histidine residues each acting
as metal-complexing sites) via linker groups
onto a cyclic template. The binding site is
formed by two identical HPGHGG se-
quences with model conformations deter-
mined by the same folding principle as the

one operating in the template. After con-
formational relaxation, the TASP mole-
cule adopts a favorable spatial arrange-
ment of the ligands for accommodating a
square planar metal-binding site. Interest-
ingly, intramolecular H-bonds and the
adoption of a f3-turn type II conformation
of the loop sequences point to an addition-
al stabilization of the metal complexing
structure (Fig. 7).

The chemical synthesis of this two
loop TASP molecule was achieved ac-
cording to strategy B (Scheme). To this
end, the cyclic template containing four
orthogonal amino-protecting groups (Aloc,
Dde, Boc, Fmoc) was transformed into a
chemoselectively addressable template,
allowing for the subsequent regioselec-
tive condensation of the loops via amide
and oxime bond formation. A more effi-
cient solid-phase strategy for this type of
TASP molecules is presently elaborated
in our laboratory.

Conclusions

In summary, the presented strategies
provide a synthetic entry to protein mim-
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Azasugar Glycosidase Inhibitors:
Useful Tools for Glycobiologists
Sylviane Picasso*

Abstract. Glycosidase inhibitors are moving increasingly as potential agents for the
treatment of diseases by altering glycosylation or catabolism of glycoconjugates. The
azasugars, a potent class of inhibitors have received much attention as tools for
therapeutic investigation and in understanding of certain biological processes such as
glycoprotein processing and enzymatic mechanisms. In this paper, we present some
new synthetic azasugar compounds which show interesting activity as glycosidase
inhibitors.

Introduction

Glycoproteins have many important
biological functions: receptors, carriers,
structural proteins, enzymes, hormones,
lectins, and antibodies. Inhibitors of gly-
cosidases, key enzymes in glycoprotein
processing, are thus important as potential
antiviral, antiadhesive, antitumoral, anti-
bacterial, antihyperglycemic, or immu-
nostimulatory agents [1]. Thus, an intense
interestin the chemistry, biochemistry and
pharmacology of glycosidase inhibitors
has grown during the last decade and has
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