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The Supramolecular Chemistry of
Proteins - Protein Epitope Mimetics
Prepared Using Combinatorial
Biomimetic Chemistry

Luyong Jiang, Michel Favre, Kerstin Moehle, and John A. Robinson*

Abstract: Some new approaches are described for the synthesis of protein epitope mimetics, in particular,
mimics of ~-hairpin structures found in antibodies, growth factors, and other proteins involved in macromole-
cular recognition in Nature. The mimetics are derived by transplanting the hairpin loop from the protein of
interest to an organic template that functions to constrain the loop into a hairpin conformation. Furthermore,
the methods are amenable to parallel synthesis methods, which allows the production of combinatorial libraries
of ~-hairpin mimetics. Such libraries are amenable to high-throughput purification, analysis and screening for
biological activity, and so may prove to be a valuable source of ligands for chemical biology, and drug and
vaccine research.
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Introduction

The three-dimensional structures of mo-
lecular machines such as the proteasome
[1][2], the molecular chaperone GroEL
[3], the photosynthetic reaction centre
[4], FI ATPase [5], the cytochrome bel
complex [6], or RNA polymerase-II [7],
testify to the enormous scale and com-
plexity of the 'supramolecular chemistry'
achieved by Nature using the polypeptide
scaffold. The modular construction of
these molecular machines is based on the
natural tendency of peptide chains to
adopt units of regular secondary structure
(the a-helix and ~-sheet), which may be
combined in countless different ways,
some of which fold into stable supramo-
lecular assemblies. The current explosive
growth in protein sequence data from ge-
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nome sequencing projects, and the in-
creasing number of protein 3D structures,
fuel interest in exploring new modular
approaches to small molecule synthetic
protein mimics. For example, technolo-
gies that allow surface epitopes to be
mimicked in small synthetic molecules,
perhaps made by combinatorial and par-
allel chemistry approaches, might pro-
vide access to interesting new classes of
biologically active molecules, and be a
source of ligands for biotechnology, and
drug and vaccine discovery [8].

One approach to protein mimetics is
to construct linear polypeptide chains, in-
corporating residues deemed important
for biological activity. However, the con-
formation and dynamics of folded pro-
teins are often intimately linked with bio-
logical activity, and these properties can
be difficult to mimic adequately in linear
flexible polypeptide chains in aqueous
solution. In principle, this folding prob-
lem can be circumvented by developing
new ways to constrain peptide chains into
stable, well-defined conformations, such
as a-helices and ~-hairpins. ~-Hairpins
are frequently involved in protein-protein

recognition, and in this context are partic-
ularly interesting targets for mimetic de-
sign, since two anti-parallel ~-strands as
well as a ~- (or related) tum may be
incorporated within one and the same
molecule. Moreover, if the hairpin con-
formation is stable in aqueous solution,
the relative positions of backbone and
side-chain groups may be accurately
mapped in three-dimensional space. This
information can be decisive in under-
standing and developing structure-activi-
ty relationships. A further significant step
can be envisaged, however, in which
combinatorial libraries of hairpin mimet-
ics are generated by parallel synthesis
and evaluated for biological activity. A
similar principle is used, of course, in
vivo during antigen-driven selection, am-
plification and maturation of antibodies
in the immune system.

Antibodies are well known for their
ability to recognise and bind virtually any
organic molecule, ion, solid surface or
polymer. The immune system exploits
the immunoglobulin fold for the genera-
tion of a large combinatorial library of
proteins, each having a binding site com-
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Template-Stabilised ~-Hairpin
Mimetics

2:4 ~-Hairpin

One approach to the synthesis of mi-
metics of p-hairpin loops in folded pro-
teins is to transplant the hairpin from the
protein onto an organic template that sta-
bilises the hairpin secondary structure.
The primary function of the template is to
fix the bond vectors at each end of the
hairpin in the correct relative positions.

pin, which include two-residue type-I, -1',
and -II' ~-turns [20]. The class 2:2 ~-hair-
pin is found most frequently in protein
crystal structures, and these hairpins
most often contain type-I' and -II' ~-
turns. As the tip of the loop becomes
longer (includes more residues), so the
number of conformations found for each
in the data-set increases. This may be ac-
companied by increased conformational
flexibility of the loop in solution. Also, it
is interesting to note that ~-hairpins in
globular proteins are usually not flat [21].
When viewed in the direction of their
strands they are seen to twist in a right-
handed direction. Furthermore, the twist
of the type-I' and -II' turns is compatible
with the twist observed in ~-hairpins,
which explains why the type-I' and -II'
turns are favoured over type-I and -II
turns (which have a mirror-image back-
bone conformation) at the tip of the loop
[19].

Fig. 2. The classification of ~-hairpins depends on whether the end residues of the ~-strands are
linked by a single (2:4,3:5, etc. or X:Y loops where Y=X+2) or double H-bonds (2:2, 3:3, etc. or
X:Y loops where X=Y), see [18][19] for more details.

A systematic classification of ~-hair-
pins found in a collection of high-resolu-
tion protein crystal structures has been
introduced (18][19], that takes into ac-
count the length of the loop region con-
necting the two anti parallel l3-strands and
the inferred hydrogen-bonding pattern
between peptide amide groups flanking
the tum (Fig. 2). For short loops, a re-
stricted number of backbone conforma-
tions are observed at the tip of the hair-

Nomenclature of ~-Hairpins

Fig. 1. Ribbon diagrams of the variable regions of the heavy and light chains of an IgG antibody
(left), as well as the V-region of a camel heavy chain antibody (right).

posed of variable surface loops (Fig. 1),
whose chemical and physical properties
together confer a unique ability to bind
antigens. Human and mouse antibodies
have antigen binding sites constructed
from six so-called hypervariable loops,
or complementarity determining regions
(CDRs), three in the heavy (H) and three
in the light (L) chain. Despite the combi-
natorial diversity that can be incorporated
in these loops, all CDRs except H3 ap-
pear to adopt only a limited number of
allowed or canonical conformations [9].
Moreover, the CDRs-2 and -3 of the H-
and L-chains adopt well-defined ~-hair-
pin structures. The antibodies from
camelids, on the other hand, contain only
a H-chain (Fig. 1), and their antigen-
binding sites are composed of only three
CDR loops [10]. Yet these camelid anti-
bodies are also able to bind a diverse ar-
ray of antigens [11]. Of course, the con-
siderable simplification in structure,
compared to IgG antibodies, make
camelid antibodies interesting targets for
biomimetic and supramolecular chemis-
try.

We describe below some results of
our recent studies of ~-hairpin mimetics,
which include loop structures derived
from antibody CDRs [12], recognition
loops in cytokine receptors [13] and
growth factors such as platelet-derived
growth factor [14], as well as epitopes
found on proteins from the malaria para-
site Plasmodium falciparum [15-17] and
the human immunodeficiency virus
(HIV). Mimetics of epitopes on viral and
parasite proteins are of great interest in
the design of novel synthetic vaccine
candidates.
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groups of Trp2 and Trp7 on one side of
the ~-hairpin, as seen earlier in a related
mimetic [12]. The interaction of these in-
dole rings is also supported by CD spec-
tra recorded in MeOH and H20:MeOH
9:1, which include a characteristic strong
exciton couplet at 225 nm.

The mimetic, however, is not rigid.
Rather the NMR structures represent an
average about which the molecule fluctu-
ates. In particular, not all the observed
NOEs involving the Trp2 and Trp7 side
chains can be satisfied by one average
NMR structure. The Trp7 HOI proton,
for example, shows NOEs to both Val8
HN and to Trp2 HA, which can best be

CDR L3100p

~t:roPh
o H

6

Fig. 4. Some templates used for the synthesis of loop mimetics (reviewed in [24]).

comes from NOESY spectra. These re-
veal a network of long-range NOE con-
nectivities between residues far apart in
the sequence, but spatially close together
on opposite sides of the hairpin. This in-
cludes, for example, a strong NOE be-
tween the H-C(a) protons in Trp2 and
Trp7 (distance restraint 2.4 A). Using
NOE-derived distance restraints, a family
of low-energy structures can be calculat-
ed by simulated annealing. These struc-
tures (Fig. 5) fulfil almost all the distance
restraints (see below), and possess a well-
defined ~-hairpin backbone conforma-
tion. An interesting feature of these struc-
tures is the close stacking of the indole

Fig. 3. The variable region of the light chain of the antibody is shown as a ribbon diagram
(PDB structure file 1GIG). The L3 loop to be mimicked is shown in the centre. The residues
Leu-Trp-Tyr-Ser-Asn-His-Trp-Val are transplanted from the protein to the template to give
the mimetic [12].

The rest ofthe loop may then adopt in the
mimetic the same hairpin conformation
seen in the intact protein. The approach is
illustrated for an antibody CDR-mimetic
in Fig. 3, where the dipeptide unit D-Pro-
L-Pro is used as a template. It has been
known for some time [22][23], that the 0-
Pro-L-Pro dipeptide adopts a quite rigid
type-II' ~-turn, which makes it ideal as a
~-hairpin mimetic template [24].

Other templates we have developed to
stabilise hairpin loop conformations are
shown in Fig. 4. For example, the bicy-
clic diketopiperazine 1 has the required
geometry and functional groups to fix the
ends of a hairpin loop in the correct rela-
tive positions. Closely related is the di-
ketopiperazine 2, which also contains an
additional carboxylic acid group for cou-
pling the mimetic to other molecules
[16][17]. Recently we also described the
use of a D-Pro-L-Apro dipeptide template
(8), where Apro is (2S,4S)-4-aminopro-
line, for the synthesis of a CDR mimetic
[25]. The use of L-Apro also opens the
possibility to link this mimetic to other
molecules through the new amino group
in the template.

The hairpin mimetics can be synthe-
sised using solid-phase Fmoc peptide
chemjstry, by assembling first a linear
peptide precursor, and subsequent macro-
cyclisation either on the solid-phase or in
solution. A procedure used recently [25]
for the synthesis of a CDR mimetic
(9), with the D-Pro-L-Apro template, is
shown in the Scheme. The hairpin-
constraining template is incorporated
near the middle of the peptide chain, so as
to enforce a backbone conformation in
the linear precursor that is favourable for
cyclization. Typically, the macrocyclisa-
tion proceeds in close to quantitative
yield.

The solution conformation of the
hairpin mimetics can be elucidated by
NMR and dynamic simulated annealing.
For example, with the CDR mimetic 9,
the 'H NMR spectrum recorded at 600
MHz in d6-DMSO reveals a large spec-
tral dispersion of the H-C(a) protons and
also the NH resonances, indicative of a
defined conformation. The 3J (a,HN)
values for residues in the ~-strands are
> 8.5 Hz, consistent with the presence of
a ~-structure, The three backbone NH
groups of Leu I, Tyr3 and Val8 have rela-
tively slow HID exchange rates, consist-
ent with their involvement in H-bonding
between amide groups across the hairpin,
as predicted by the structure calculations
and MD simulations.

The most striking evidence for a sta-
ble ~-hairpin conformation, however,
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With methods in hand to synthesise
conformationally well-defined template-
bound ~-hairpin mimetics, it becomes in-
teresting to prepare combinatoriallibrar-
ies by parallel synthesis. From a certain
perspective, this would bring us one step
closer to mimicking an aspect of anti-
body production in the humoral immune
system, which also involves the produc-
tion of a library of hairpin loop struc-
tures, but presented on an immunoglobu-
lin scaffold (Fig. I).

Using the methods outlined above, a
technology has now been established for
the parallel solid-phase synthesis of ~-
hairpin mimetic libraries [J4]. Since the
emphasis is on mimicry of naturally oc-
curring structures, the designation 'com-
binatorial biomimetic chemistry' seems
appropriate.

For example, a mimetic was first pro-
duced of a hairpin loop in human PDGF-
B. PDGF belongs to the cystine-knot
family of growth factors [28], which in-
cludes also transforming growth factor-~
(TGF-~), nerve growth factor (NGF) and
vascular endothelial growth factor
(VEGF). The extended and protruding
loop-III in PDGF was transplanted to a D-
Pro-L-Pro template, either as an 8-residue
loop, or as a 12-residue loop, to afford the
mimetics 10 and 11, which were synthe-
sised by methods described above. The
structures of both mimetics in aqueous
solution were shown by NMR and MD to
be very similar to that seen in the crystal
structure of PDGF-B (for 11 see Fig. 8 ).

Using the hairpin structure of 10 as a
scaffold, a small 24-member library was
then designed in which the four residues
at the tip of the loop Val-Arg-Lys-Lys
(VRKK) were held constant, and the resi-
dues at positions I,2, 7 and 8 were varied
(Fig. 9). Of course, the diversity that can
potentially be incorporated into even a

Combinatorial Biomimetic
Chemistry

loop conformation as seen in the ~ntact
antibody, and augers well for the design
of other biologically interesting protein
epitope mimetics. For example, using
similar methods we have shown recently
[14] that accurate hairpin loop mimetics
can also be made of a protruding loop in
the human platelet-derived growth factor
B (PDGF-B) (see below and Fig. 8). Cur-
rently, efforts are underway to determine
whether these mimetics are useful in the
discovery of novel PDGF receptor antag-
onists.

Fmoc-Apro(ivDde)-OH

COOH

ivDde-HN /'-t
~~.-

Fmoc

! ii-vi)

explained if the Trp7 indole is undergoing
a 1800 flipping motion about the C(~)-
(ey) bond which is fast on the NMR
time-scale.

In order to explore how the structural
properties inferred from NOE data might
be influenced by motional averaging,
molecular dynamics calculations were
performed, both with and without dis-
tance restraints. These simulations show,
that at least over several nanoseconds, the
backbone of the mimetic remains in a
well-defined ~-hairpin conformation,
with only small fluctuations of backbone
Q> and \jI angles, as illustrated in Fig. 6.
Interestingly, the flipping of the Trp7 in-
dole role inferred from NOE data (vide
supra) was observed in the MD simula-
tions.

The goal of this work was to synthe-
sise an accurate conformational mimetic
of an antibody CDR loop [25]. A super-
imposition of a typical NMR solution
structure of the mimetic, and the loop
taken from the crystal structure of the an-
tibody Fab fragment [26][27] is shown in
Fig. 7. This demonstrates that the mimet-
ic adopts essentially the same hairpin

Fmoc-Ser(l Bu)-O

H-Asn(Mtt)-His(Trt)- Trp(Boc)- Val-pro-Apro(ivDde)-Leu- Trp(Boc)- Tyr(tBu)-Ser(tB u)-O-RESIN

Fig. 5. Superimposition of a group of low-
energy NMR structures of mimetic 9 deter-
mined by simulated annealing. N atoms in
grey. The D-Pro-L-Apro template is at the bot-
tom.

Scheme. Synthesis of9, amimetic of the L3 CDR loop in antibody HC19 (see Fig. 3). i)Solid-phase
peptide synthesis using amino acid and HBTU/HOBt (4 equiv.). iPr2NEt, in DMF; and 20%
piperidine in DMFforFmoc removal; ii)AcOH:CH2CI2:MeOH 5:4:1; iii) HATU, HOAt, iPr2NEt, DMF;
iv) NH2NH2 in DMF; v) AC20, DMF; vi) TFA:iPr3SiH:H20 95:2.5:2.5.
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Fig. 6. Centre, superimposition of ten frames, one taken every 600 ps, from an MD simulation (in
explicit DMSO solvent) of the mimetic 9; left, rotated 90° to the left; right, rotated 90° to the right.
Only the side-chains of Trp2 and Trp7 are shown. The D-Pro-L-Apro template is at the bottom.
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relatively small8-membered hairpin loop
mimetic is enormous. Even using only
the 20 proteinogenic amino acids, over
820 different hairpin loops are possible.
This number can be rapidly expanded by
including non-proteinogenic amino ac-
ids, and there is also scope to introduce
new functional groups into the template
(vide supra). An important question,
however, is whether the well-defined
hairpin structure seen in the starting mi-
metic 10 is maintained when the se-
quence is varied. The answer to this ques-
tion seems to be yes, with some qualifica-
tions.

The parallel synthesis of the 24 hair-
pin loop mimetics was performed using a
manual 24-reactor workstation, essential-
ly using methods described above. The
purity of the library was assayed by
reverse-phase HPLC, which showed for
> 95% of the members a single major
product of ca. 60-90% purity. These ma-
jor products were purified and character-
ised by MS, CD and NMR spectroscopy.
The conformation of the mimetics in

Fig. 7. Superimposition of the solution struc-
ture of the mimetic 9 (grey) determined by
NMR, and the crystal structure (PDB file 1GIG)
of the antibody CDR L3 loop (black) (Fig. 3).

K7

Arg4-LysS Arg6_-Lys7

vL3 I vLs I K8
Lys6 Lys8

nl2 I nl4 I p9Pro7 Pro9

I nl8 I nllOGlul
Glu3

I I nl2 Phl11
110

prolO_pro9

I I F11
Lysl Lysl2

10 prll4-prll3
K12

11

Fig. 8. Right, superimposition of the solution structure of the mimetic 11 (grey) determined
by NMR, and the crystal structure of the protruding loop-III from the crystal structure of PDGF-
BB [14].
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~-Hairpin mimetic

~-Hairpin mimetic library

Fig. 9. Starting with an 8-residue ~-hairpin mimetic (10),a combinatorial library can be assembled
(bottom). The side chains of residues-1 , -3, -6 and -8 cluster on one side of the hairpin and those
in residues -2 and -7 on the other side. The ~-hairpin conformation should be maintained by the
template.
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aqueous solution was assessed by analys-
ing 2D TOCSY, DQ-COSY and NOESY
spectra. The NOESY spectra, in particu-
lar, showed for most of the library, long-
range NOEs characteristic of the expect-
ed hairpin conformation [14].

The results of this study are encourag-
ing from the perspective of preparing
much larger libraries of protein epitope
mimetics, for drug and vaccine research.
With use of robotic workstations, high-
throughput HPLC-MS systems for purifi-
cation and analysis, and high-throughput
bioassays, the quality of the libraries
should be high enough to allow rapid and
reliable determination of structure-activi-
ty relationships in biologically active mi-
metics. As a first step in evaluating this
strategy, new libraries ofPDGF mimetics
are currently being prepared, and will be
evaluated as potential PDGF receptor an-
tagonists. Finally, the perspective also
exists of using the hairpin mimetics as
building blocks for the assembly of more
complex supramolecular assemblies.
And this will be a topic of future work.

Acknowledgements
The production of f)-hairpin mimetic librar-

ies by combinatorial biomimetic chemistry is
being developed in collaboration with POLY-
PHOR AG. The authors thank Dr. D. Obrecht
for insightful discussions.

The authors thank the Swiss National Sci-
ence Foundation, and the Commission for Tech-
nology and Innovation for supporting this work.


