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The history of biochemistry is a chronicle of a series of controversies. 
These controversies exhibit a common pattern. There is a 
complicated hypothesis, which usually entails an element of mystery 
and several unnecessary assumptions. This is opposed by a more 
simple explanation, which contains no unnecessary assumptions. The 
complicated one is always the popular one at first, but the simpler 
one, as a rule, eventually is found to be correct. This process 
frequently requires ten to twenty years. The reason for this long time 
lag was explained by Max Planck. He remarked that scientists never 
changed their minds, but eventually they die. 
 
Northrop, adapted from Discovering Enzymes, 1991, Scientific 
American Library. 
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Hoe groot zijn Uw werken, o HEERE! Gij hebt ze alle met wijsheid gemaakt1. 
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1.1 Protein-Protein Interactions 
 
1.1.1 General 
 
All biological processes are regulated by means of protein-protein interactions. In practically 
each step of the often complicated molecular cascades protein-protein interactions play a 
crucial role and outstanding examples include the immune response5, apoptosis8 or signal 
transduction12. Defects in the regulation of protein-protein interactions are believed to be 
involved in several diseases e.g. cancer14, Huntington’s disease15, auto-immune diseases18,19 
and osteoporosis21. Because protein-protein interactions are involved in many diseases, drug 
design in order to modulate and/or interfere with protein-protein interactions has become very 
important. Unlike the classical drug design of small molecules, the design of 
proteomimetics/protein mimitics that can interfere and/or modulate protein-protein 
interactions is far more complicated for several reasons. First of all, usually large surface 
areas are involved in protein-protein interactions (approximately 750-1500 Å2)5b. Two 
proteins can make contact by four kinds of noncovalent interactions i.e. hydrophobic 
interactions, electrostatic interactions, hydrogen bonds and Van der Waals interactions24. 
Because these interactions are relatively weak by themselves many interactions over a large 
area are needed in order for two proteins to bind with high affinity. For small molecules it is 
almost impossible to cover such a large area and therefore they are often unable to interfere 
with and/or modulate protein-protein interactions. Despite this a number of examples can be 
given where small molecules interfere with protein-protein interactions (see also section 
1.1.2). 
Secondly, proteins interact through so called ‘hot spots’ on their solvent-exposed (exterior) 
surfaces. Hot spots are defined by residues which -replaced by alanines- result in a loss of 
binding affinity5. Hot spots are also known as binding sites or epitopes. Binding epitopes are 
often discontinuous (non-contiguous) (figure 1). Therefore, mimicry of these discontinuous 
epitopes by small synthetic molecules is very difficult. 
 

Protein
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Protein
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Protein
      B

Protein
      B

Protein
      A

Protein
      B

(a) (b)

scaffold

 
 
 
Figure 1 (a) shows the interaction of two proteins through a single binding site of protein A, 
fitting in a pocket of –and thereby interacting with- protein B. The binding site or epitope is 
composed of a continuous i.e. a consecutive stretch of amino acids. In figure 1 (b) an epitope 
is depicted which is assembled of a non-consecutive stretch of amino acids resulting in a 
discontinuous epitope. In a discontinuous epitope the binding sites are distant in amino acid 
backbone sequence, but are brought into spatial proximity by means of protein folding. In 

Figure 1. Representation of the two different classes of epitopes. (a) Continuous epitope (b) Discontinuous 
epitope. 
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nature most binding events between two proteins take place through epitopes which are 
arranged in a discontinuous fashion. In our group Dekker et al12 mimicked a discontinuous 
epitope of the ITAM peptide consisting of two binding sites. These binding sites were 
connected through different spacers to mimic the ITAM peptide. The synthesized peptide 
construct showed similar binding affinities for the SH2 domain as the ITAM peptide did. 
Thirdly, the design and development of molecules that selectively interfere with certain 
protein-protein interactions is difficult since usually shallow and relatively featureless 
interfaces are involved in protein-protein interactions. Small molecules designed to bind a 
shallow and featureless interface will have the tendency to bind to other proteins possibly 
resulting in unwanted site reactions. 
Finally, when proteins are involved which are not enzymes it can be difficult to screen 
potentially active molecules and more sophisticated techniques will be needed to find 
potentially active molecules. 
 
1.1.2. Small molecules 
Despite these stumbling blocks, several examples of small molecules, i.e. molecules with a 
molecular weight below 500 and thus obeying Lipinsky’s rule26 that interfere with protein-
protein interactions can be found in literature e.g. �-helix mimics described by Orner et al.27. 
They report a new family of proteomimetics, based on a functionalized terphenyl scaffold, 
which is a structural mimic of two turns of the myosin light chain kinase �-helices. Another 
example are the inhibitors of MDM2-p53 complex formation described by Duncan et al.28 
They isolated a fungal metabolite which antagonizes the p53/MDM2 interaction which may 
be interesting for cancer therapy. Wang et al.29 discovered a small molecule, a nonpeptidic 
ligand of a Bcl-2 surface pocket, by using a computer screening strategy based on the 
predicted structure of Bcl-2 protein. Shultz et al. designed inhibitors of HIV-1 protease 
dimerization (mw = < 1kD). Their protein surface inhibitors were as potent as the wild-type 
HIV-1 protease30. 
 
1.1.3. Large molecules 
Next to the approach of designing small molecules one can go to the other end of the 
chemical spectrum and design and develop large molecules that interfere and/or modulate 
protein-protein interactions. The challenges faced in the design of small molecules are no 
longer valid but, as always, other challenges rise. First, large molecules are difficult to 
synthesize/isolate and often special facilities are needed e.g. in the development of vaccines. 
Secondly, often it is very time consuming to synthesize or isolate these large molecules. In 
addition, large molecules are usually not bioactive since they do not pass the blood-brain-
barrier and are for example easily degraded by proteases. Nevertheless, in the pharmaceutical 
industry the tide seems to change because nowadays peptides up to 35-mino acids can be 
commercially synthesized and Fuzeon is an outstanding example31. Fuzeon is a 36-amino acid 
peptide, formerly referred to as T-20, and is manufactured by Trimeris and Hoffmann-La 
Roche. Fuzeon binds to the glycoprotein gp41 of HIV. Once it does, HIV cannot successfully 
bind to the surface of T-cells, thus preventing the virus from infecting healthy cells. 
Also in the field of the development of human antibodies there have been many advances32,33. 
For example Pastan and co-workers developed Rituximab, humanized monoclonal antibody 
directed to the CD20 antigen present on B lymphocytes. Rituximab is for example indicated 
for the treatment of patients with non-Hodgkin’s lymphoma. 
 
1.1.4. The “pars pro toto” approach 
The general aim of this thesis is the “pars pro toto” approach to develop relatively small 
molecules (below 3 kD) which can modulate and/or interfere with protein-protein 
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interactions. In the “pars pro toto” approach essential parts (“pars”) of the entire protein 
(“toto”) are used to mimic the function of the complete protein. These molecules are larger 
than the traditional “drug-like” molecules and therefore capable of a better coverage of large 
surfaces involved in discontinuous epitopes. On the other hand the “pars pro toto” molecules 
are much smaller than the large molecules described in paragraph 1.1.3, therefore lacking 
several disadvantages, for example difficult synthesis. There are a number of examples given 
in the literature were this “pars pro toto” is used. The design of artificial inhibitors based on 
functionalized calix[4]arene by Hamilton et al.11 is an outstanding example. Hamilton and co-
workers used the calix[4]arene as a scaffold to assemble four identical peptide loops 
mimicking surface recognition of platelet-derived growth factor (PDGF). Other approaches to 
mimic protein-protein interactions employ scaffolds like porphyrines and cyclodextrins34. 
Porphyrins were used by Trauner and co-workers to design molecules to match the symmetry 
of the homotetrameric human Kv1.3 potassium channel35. The development of this class of 
compounds could lead to new drugs against for instance diabetes, epilepsy or cardiac 
diseases36. By employing �-cylcodextrins Breslow and co-workers reported selective 
inhibitors of the assembly of individual protein subunits into multiprotein aggregates, 
involved in formation of citrate synthase and L-lactate dehydrogenase tetramers 37. 
 
 1.2 Scaffolds 
 
1.2.1 Literature 

 
 
 Figure 2. Overview of scaffolds reported in literature. Kemp triacid3,4 (1), CTV scaffold6 (2), Kunz scaffold10 

(3), Calilx[4]arene core11 (4), Pentaerythritol based scaffold13 (5), branched lysine scaffold16 (6), Eichlers 
scaffold17 (7). VWF template20 (8), Lanthionine scaffold22 (9), Steroid scaffold23 (10), Cyclo-�-tetrapeptide 
scaffold25 (11). 
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In the field of modulation of protein-protein interactions several attempts of the mimicry of 
the bioactive binding conformation were based on the assembly of the binding sites on 
scaffolds38. Information about structure and function, supplied by nature, was used in order to 
obtain molecules that bind and function in the same manner as their parent biomolecules. 
Different scaffolds have been developed in the past few years. An overview of these scaffolds 
is given in figure 2. 
In our group considerable experience is present with respect to the development and 
applications of scaffolds. The CTV scaffold for instance was used in our group to induce 
triple helix formation of collagen peptides2,39 (12, figure 3), in a different research project the 
CTV scaffold was used to synthesize tripodal libraries to resemble artificial receptors7,40 (13, 
figure 3). We have also demonstrated that the CTV scaffold can be used to synthesize 
trivalent amino acid glycoconjugates9 (14, figure 3). 
For several reasons this scaffold and most of the scaffolds mentioned in figure 2 are not 
suitable yet for the modulation of protein-protein interactions. 
First, an ideal synthetic scaffold for the mimicry of a discontinuous epitope should be capable 
of orienting the binding epitopes in the proper position. For example, the CTV scaffold seems 
to orientate attached peptides in a parallel way, the TAC scaffold (figure 6) on the other hand 
seems to orientate attached peptides in a more divergent way. Second, by attaching individual 
peptides to a scaffold a reduction of the flexibility may by achieved, which is favorable for 
binding. This might be achieved by a relatively rigid scaffold molecule. If the scaffold is not 
rigid but rather floppy the construct will lose more entropy upon binding resulting in a penalty 
in the binding constant41,42. Thirdly, the scaffold should not be too small in order to allow the 
peptide chains to cover a relatively large surface area, which might be favorable for achieving 
higher affinities5. Finally, a scaffold should be decorated with orthogonal protecting groups, 
which allows the introduction of different peptide fragments or other substituents. Thus 
scaffolds 1,2,4,6,8 and 9 from figure 2 are not suitable to realize this. Scaffold 5 might be less 
suitable due to its flexibility. Scaffold 3 has shown to be a good candidate as a scaffold43,44. 
Despite this, the scaffold is relatively small, which might be a drawback considering the fact 
that often large surface areas need to be covered. In literature no examples were given where 
this scaffold is used to mimic a discontinuous epitope.  
When this research project started scaffold, 7 and 11 had not appeared in the literature. The 
suitability of scaffolds 11 still has to be proven since no relevant biological data have been 
published as yet. Concerning scaffold 7 recent publications indicate that this scaffold is a very 
promising one38. A drawback of scaffold 10 is the number of steps of the synthesis in order to 
obtain the scaffold. Starting from cholic acid 12 steps are needed to obtain scaffold 10 as 
compared to six synthesis steps for our TAC scaffold (figure 6). 
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1.2.2 TAC scaffold 
The synthesis of the TriAzaCyclophane (“TAC”) scaffold, developed in our group, was 
published in 200145. Efforts in this area had started with the synthesis of artificial receptors 
having a tweezer-like structure46,47 (figure 4). 
The tweezer construct was also used, albeit with a different hinge part, to develop ligands for 
catalysts for the enantioselective catalysis of the Ti(O-i-Pr)4-mediated addition of diethylzinc 
to aldehydes48. The core structure of the TAC scaffold is already apparent in the tweezer 
construct. 
 

Figure 3. (12) Triple helix formation of collagen peptides by Rump et al.2 (13) tripodal artificial receptors by 
Chamorro et al7 and (14) trivalent amino acid glycoconjugates by Ameijde et al.9 
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In the course of our research, the question arose whether a molecule with three arms would 
lead to an increase of the binding affinity49. The proposed molecule contained three amines 
protected with an o-NBS protecting group50. The resulting so-called tripodal artificial 
receptors were the basis of the design of the TAC scaffold45, containing three orthogonal 
protecting groups. The line of development of the TAC scaffold is outlined in figure 5. 
 

 
 
 
 
 
The TAC scaffold has already been used successfully in our group in different research 
projects e.g. combinatorial solid phase chemistry of a receptor library which showed 
remarkable selectivity towards a D-Ala-D-Ala containing ligand51 and synthesis of libraries 
containing artificial receptors capable of binding iron52. 
Next, we wanted to use the TAC scaffold for the mimicry of protein-protein interactions. For 
several reasons this scaffold is a promising candidate for applications in this area. 
First of all in the TAC scaffold three orthogonally protected secondary amines are present and 
therefore the TAC scaffold can be used to subsequently introduce three different peptide 
chains for the mimicry of discontinuous epitopes. In principle even four peptide sequences 
can be assembled since the TAC scaffold also has a carboxylic acid moiety. Furthermore, the 
TAC scaffold has a relatively rigid core and, therefore, this scaffold might have a good 
propensity for proper positioning a discontinuous epitope. Thirdly, this scaffold may arrange 
the peptide sequences in such a way that a large surface area might be covered. The TAC 
scaffold fulfills all criteria of an ideal scaffold and the synthesis is convenient and robust. The 
chemical structure of the TAC scaffold and the procedures to cleave the orthogonal protecting 
groups are summarized in figure 6. 
 
 
 

Figure 4. 
Representation 
of a tweezer 
synthesized by 
Löwik et al. The 
hinge part 
resembles the 
core of the TAC 
scaffold. 

Figure 5. The line of development of the TAC scaffold. Starting from the dipodal artificial receptors via the 
tripodal towards the TAC scaffold. 
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The TAC scaffold was designed in such a way that solid phase chemistry is possible. For this 
purpose, the scaffold is attached through the carboxylic acid moiety and the Fmoc-protecting 
group can be cleaved with 20% piperidine in NMP to liberate a secondary amine which can 
be decorated with a peptide chain. Next, the o-NBS protecting group is cleaved with 
mercaptoethanol and DBU followed by the introduction of the second peptide chain. In the 
final stage the Aloc-protecting group can be cleaved by means of palladium (0)45,51 and the 
third amine can be derivatized . The general synthesis strategy is outlined in scheme 1. 

 
 
 
 
 

Figure 6. Representation of the TAC scaffold. The Fmoc-
group can be cleaved by base, the o-NBS group by thiolysis 
and the Aloc-rotecting group by Pd0. 

Scheme 1. General strategy to mimic a discontinuous epitope consisting of three peptides. 
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 1.3 Synthetic vaccines and synthetic antibodies 
 
One of the most interesting fields in medicinal chemistry concerning protein-protein 
interactions is the field of the immune response. Throughout the years the western world has 
developed vaccination programs to protect people from diseases like diphtheria, poliomyelitis 
and whooping cough. This development often took years before a reliable vaccine was 
developed which could be administered. Despite this great success against these diseases the 
whooping cough pathogen has developed escape routes for instance by mutation. Because of 
these escape routes different strains of the pathogen can circulate among populations. 
Therefore, general strategies are needed in order to develop vaccines against these mutated 
pathogens. To realize this, several attempts have been undertaken to develop synthetic 
vaccines e.g. vaccines of reconstituted influenza virus comprising of liposomes53. Arigita et 
al.54 used liposomes to develop target strategies for improving the interaction of liposomal 
PorA with dendritic cells. Immunization studies showed an improvement of the bactericidal 
antibody response. Basha et al.55 demonstrated a facile method for producing potent receptor 
directed antitoxins. They used phage display to identify anthrax toxin receptor binding 
peptides. These peptides were incorporated into liposomes resulting in polyvalent inhibitors 
of anthrax toxin. 
A fascinating approach can be observed in the development of recent vaccines against 
whooping cough. Acellular components e.g pertussis toxin or pertactin from the Bordetella 
Pertussis pathogen are administered to little children to protect them from developing 
whooping cough. So far the available synthetic peptide vaccine approaches for the mimicry of 
discontinuous epitopes concerned only constructs with a limited capacity of mimicking 
distant epitopes56-58. These constructs had a poor propensity for proper positioning of epitopes 
in space due to the fact that relatively large flexible peptide constructs were used, without 
significant pre-organization of peptide sequences that are present in discontinuous epitopes56-

58. In the initial stages of infection most often protein-protein interactions are involved. 
Therefore, a new generation of synthetic vaccines may be developed by mimicking the 
discontinuous epitopes of these proteins involved in the attachment of pathogens to 
mammalian cells. By employing the TAC scaffold we may be able to mimic the 
discontinuous epitope of pertactin, which is a principal component of most current pertussis 
subunit vaccines and antibody levels to pertactin have been shown to correlate with clinical 
protection59-62, and take the first steps towards a new generation of synthetic vaccines for 
whooping cough. Our general strategy might be extended to protective discontinuous epitopes 
of other vaccine preventable pathogens like Influenza, RSV, SARS and HIV and may 
represent a significant step towards the realization of synthetic vaccines. Another 
development in the world of synthetic vaccines is the use of Toll-like receptor ligands as 
adjuvants63. The lipopeptide Pam3Cys, which is derived from the immunologically active N-
terminal sequence of the principal lipoprotein of Escherichia coli 64 can be incorporated into 
synthetic molecules65. This lipopeptide has been recognized as a powerful immunoadjuvant66, 
and recent studies have shown that it exerts its activity through the interaction with Toll-like 
receptor 2 (TLR-2)67. By incorporating these Toll-like receptor ligands into synthetic 
constructs full synthetic vaccines might be obtained. 
Besides the design and development of synthetic vaccines by the mimicry of antigens one 
could also attempt to design and develop synthetic antibodies. The field of synthetic 
antibodies has been in the spotlight since the early days of genetic engineering. However, the 
production of complete immunoglobins turned out to be very troublesome. Therefore, many 
attempts have been undertaken to develop and produce small Ab fragments. An attempt which 
was successful was the development of an active Fab and single-chain Fv (scFv) fragments 
expressed in the periplasm of E. coli in the late 1980s68. Since then the search for smaller 
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fragments gained tremendous efforts. This has led to the use of single domain antibodies 
(sdAbs), based on natural V domains from heavy-chain-only Abs e.g. VHH camelbodies69,70. 
Other antigen-binding fragments have been constructed using the rational design of binding 
capacities in small proteins, not based on antibody domains, and these are generally referred 
to as affibodies71,72. These affibodies constitute a class of engineered binding proteins based 
on the 58-residue three-helix bundle Z domain derived from staphylococcal protein A. 
The antigenic site of an antibody is composed of six hypervariable loops or complementary 
determining regions (CDR’s) originating from the heavy and light chain. Based on the work 
described in this thesis the first steps can be taken towards the mimicry of these CDR’s. 
Starting from an X-ray or NMR structure the antigenic site can be mimicked by employing 
the chemistry developed in this thesis, in order the generate synthetic molecules that may 
function as antibodies. Our group has developed synthetic routes to synthesize these peptide 
loops and we are currently assembling them on the TAC scaffold. Although many synthetic 
hurdles have been taken still considerable research is needed to construct real synthetic 
antibodies. In the future these synthetic antibodies may be administered to assist the patient’s 
immune response, resulting in a faster clearance of the pathogens. 
 
 1.4 Peptidomimetics 
 
One of the challenging aspects of the “pars pro toto” approach remains the poor 
bioavailability of peptides, since peptides can be hydrolyzed or degraded by endo- and 
exopeptidases in the human body resulting in a depletion of the peptide drug possibly before 
it can even reach its targets. In addition, peptides are often too water soluble to pass through 
the cell membrane. Peptidomimitics42,73,74 are compounds that aim at mimicking of the 
biological acitivity of the parent peptide while lacking its disadvantages. Several types of 
peptidomimetics have been developed including peptoids75-79, peptidosulfonamides80-85 and 
urea peptidomimetics86-88. Because of the altered backbone these peptidomimetics are much 
less prone to hydrolysis and degradation. Furthermore, depending on the type of 
peptidomimetics, the water solubility is often decreased, as compared to the parent molecule, 
resulting in more drug-like molecules. Besides modification of the backbone the side chain 
can be modified e.g. the side chain of methionine. The side chain of methionine is prone to 
oxidation resulting in completely different physical and chemical properties. A widely used 
solution for this problem is the replacement of the methionine residue by the isosteric mimetic 
norleucine89-91. The sulfur atom of methionine is replaced by a carbon atom which can no 
longer be oxidized while in general other physical and chemical properties e.g. binding 
capacity, hydrophobicity are largely retained. 
 
 1.5 Outline of the Thesis 
 
The aim of this thesis is the design and synthesis of discontinuous epitopes employing the 
TAC scaffold. Several biological relevant target systems are chosen for the design and 
synthesis of these discontinuous epitopes, resulting in the “pars pro toto” mimicry of their 
parent biomolecules. The target systems were the complex between the cysteine protease 
papain and its natural inhibitor cystatin B92, the complex between cysteine protease caspase-3 
and the inhibitor XIAP93 and the third target system pertactin94.  
 
In chapters two and three the mimicry of a discontinuous epitope of cystatin B is described. 
Cystatin B, is a single chain, acidic protein of low molecular weight (21 kD) with no disulfide 
bonds or carbohydrate residues95 which binds papain in low nanomolar range96. The inhibitor 
interacts through three peptide sequences comprising the discontinuous epitope viz. the N-
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terminus 6MMCGA10, a �-hairpin loop 53QVVAGT58 and the C-terminus 122LTYF125 with 
papain. Papain is a cysteine protease isolated from papaya latex which belongs to the C1 
family of the cysteine proteases and cleaves peptide bonds at basic amino acid residues, 
leucine or glycine97. Other proteases of this family are believed to be involved in cancer 
growth, metastasis, bone degradation and osteoporosis21. Based on the crystal structure of 
papain in complex with cystatin B synthetic inhibitors were designed, synthesized (including 
replacement of methionine residues by norleucine residues) and kinetic assays were carried 
out. Besides the assembly of linear epitopes an attempt is made to synthesize a TAC scaffold 
decorated with a cyclic peptide. 
 
In chapter four the methodology developed in chapters two and three is applied for the 
design and synthesis of inhibitors of caspase-398 based on the discontinuous epitope of XIAP. 
Caspase-3 is the pivotal protein of the intrinsic and the extrinsic apoptotic pathways99. In the 
normal situation caspase-3 is blocked selectively by XIAP (X-linked IAP) to prevent 
apoptosis. The IAP family binds caspases by conserved epitopes viz. the BIR (Baculovirus 
IAP Repeat) domains100. Studies indicated that XIAP binds and inhibits caspase-3 selectively 
through a BIR2 binding domain101. XIAP is the only IAP which contains this BIR2 domain 
and therefore binds caspase-3 in a unique and selective way102. Because XIAP binds caspase-
3 selectively this protease-protein interaction is an interesting target for a new type of 
synthetic inhibitors. The crystal structure of caspase-3 in complex with XIAP, which was 
elucidated by Riedl et. al. in 2001, indicates three binding peptides (discontinuous epitope) of 
XIAP that interact with caspase-3 viz. the “zinc” 225PNCFF229, the “hook” 
138DYLLRTGQV146 and the “sinker” 148DISDTIYPR156 peptide. This discontinuous epitope is 
assembled on the TAC scaffold to yield synthetic inhibitors of caspase-3. Since the “hook” 
and “sinker” peptides are not far in distance in amino acid sequence also a construct is 
synthesized were the complete “hook-line-sinker” peptide is assembled on the position of the 
TAC scaffold previously protected with an oNBS-protecting group. This 19 amino acid 
peptide is constrained by cyclization on the third position of the TAC scaffold i.e. the position 
previously protected with an aloc-protecting group. 
 
Chapters five and six deal with the mimicry of pertactin. Pertactin is an outer membrane 
protein of the bacterium Bordetella pertussis103. Importantly, P.69 Prn 1 is a principal 
component of most current pertussis subunit vaccines and antibody levels to P.69 Prn1 have 
been shown to correlate with clinical protection59-62. P.69 Prn1, the focus of this study, 
belongs to a class of so-called autotransporter proteins that undergo autoproteolytic 
processing104. The epitopes of this protein were previously mapped by Hijnen et al105. For the 
synthesis two different discontinuous epitopes are used i.e. 11GERQH15, 97GDTWDDD103 and 
247GGFGP251 a discontinuous epitope which is recognized by mAbs and 70DGIRRFL76, 
156SLQPEDL162 and 247GGFGP251 a discontinuous epitope which is recognized by human 
sera. These discontinuous epitopes are assembled on the TAC scaffold yielding a series of 
PEPTAC’s. After conjugation to Tetanus Toxoid mouse experiments are carried out to test the 
protective properties of the PEPTAC’s. In vitro experiments, as described in chapter 6, were 
performed to demonstrate that antibodies raised were induced against a discontinuous epitope 
of pertactin, which is mimicked by the PEPTAC’s. These PEPTAC’s induced protective Abs 
in mice against a discontinuous epitope of pertactin. This approach might be employed to 
design new synthetic vaccines that induce protective Abs which cannot be induced by single 
peptides or a mixture thereof. 
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2.1 Abstract 
 
Protein-protein interactions play a crucial role in all biological processes. The binding 
between two proteins most often takes place in a discontinuous fashion. The aim of the 
research described in this chapter was to develop a general method for mimicry of these 
discontinuous interactions and application of the approach developed in the interference with 
the formation of protein complexes.  
The complex of papain-cystatin B was used as a model for modulating the activity of an 
important class of cysteine proteases. Cystatin B is a naturally occurring inhibitor of papain. 
Tripodal, potential, inhibitors of papain have been synthesized by mimicking the 
discontinuous epitope of cystatin B involved in the interaction with papain. The epitope 
consisted of three parts i.e. the N-terminus, the C-terminus and a �-hairpin loop structure. 
These parts of the discontinuous epitope were assembled to the TAC scaffold to yield cystatin 
B based inhibitors of papain (CysTACtin’s). Starting from the crystal structure two mimics of 
cystatin B were synthesized. In CysTACtin 3 the sequence that mimicks the �-hairpin loop 
was assembled as a linear peptide, whereas in CysTACtin 6 this part of the molecule is cyclic. 
From the results presented in this chapter it can be concluded that the TAC scaffold is a 
versatile semi-orthogonally protected scaffold for attachment of three different peptides 
including cyclic peptides. An overview of the two mimicries and four control CysTACtin’s is 
given in figure 1. 
 

 
 

Figure 1. 
Overview of the six 
different 
CysTACtin’s 
synthesized in this 
chapter. 
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2.2 Introduction 
 
Biological processes are regulated by many protein-protein interactions. Outstanding 
examples include the immune response2 and signal transduction3. Defects in the regulation of 
these interactions are believed to be involved in several diseases e.g. cancer growth, 
metastasis, bone degradation and osteoporosis4. Therefore many attempts have been 
undertaken to develop general methods to modulate and possibly interfere with protein-
protein interactions5. Interesting approaches were based on the mimicry of the bioactive 
binding conformation by assembly of binding sites on scaffolds6 (chapter 1).  
In this chapter the TAC scaffold was used with suitable peptide sequences to modulate 
protein-protein interactions. The target system for mimicry was cystatin B as part of the 
complex of papain and cystatin B, also known as human stefin B (figure 2). The crystal 
structure of this complex was elucidated in 1990 by Stubbs et al. (1stf.Pdb)7.  
 

 
 
 
 
 
As is shown in figure 2 the complex consists of the protease papain (green) and its natural 
inhibitor cystatin B (purple). Papain is a cysteine protease isolated from papaya latex which 
belongs to the C1 family of the cysteine proteases and cleaves peptide bonds of basic amino 
acids and/or leucine and/or glycine8. Other proteases of this family are believed to be 
involved in cancer growth, metastasis, bone degradation and osteoporosis.4 Papain is widely 
used in the food industry e.g. as meat tenderizer9.  
The hydrolysis of a peptide/protein takes place in the active site of an enzyme involving a 
catalytical triad. The catalytical triad of cysteine proteases, like papain, consists of an 
asparagine residue, a histidine residue and a cysteine residue (figure 3). 

Figure 2. Crystal structure of papain (green) and cystatin B (purple) (Protein Databank entry code 
1STF.pdb). The epitopes are outlined in pink; C-terminus = 122LeuThrTyrPhe125; N-terminus = 
6MetMetCysGlyAla10; � hairpin loop = 53GlnValValAlaGlyThr58. 
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In the catalytic triad the cysteine residue is deprotonated by a histidine residue to form a 
thiolate and the resulting protonated histidine is stabilized by an asparagine residue. 
When a peptide or protein is hydrolysed by papain, a cascade of events takes place, which is 
depicted in scheme 4. 
 

 

First, thiolate (7) from Cys25 of papain attacks the carbonyl of the amide bond of the peptide 
sequence that will be cleaved (8). The tetrahedral intermediate (9) then collapses into a 
thioester (11) and the N-terminal peptide (10) leaves the active site. Next, the thioester is 
hydrolyzed by water resulting in the restored active site (7) and the C-terminal peptide (13) is 
liberated. 
Papain has a natural inhibitor i.e. cystatin B, which is a single chain, acidic protein (21 kD) 
with no disulfide bonds or carbohydrates residues10 and binds papain in the low nanomolar 
range11 (0.12 nM). Cystatin B interacts through three peptide sequences with papain viz. the 

7 

8 
9 11 

10 

13 

Figure 3. Representation of the catalytical triad of 
cyteine protease papain. Cysteine, together with 
histidine and asparagine, forms a catalytic triad. 
These are the key residues for hydrolysis. 
Glutamine 19 is part of the oxyanion hole. 

Figure 4. Schematic overview of the 
cascade of events which takes place when 
a peptide or protein is hydrolyzed. The 
thiolate from Cys25 of papain (7) attacks 
the carbonyl of the scissile amide bond 
(8). The tetrahedral intermediate (9) 
collapses into a thioacetate (11) and the 
N-terminal peptide (10) leaves the active 
site. Next the thioacetate is hydrolyzed by 
water resulting in the restored active site 
(7) and the C-terminal peptide (13) is 
liberated. 
 

12
4 
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sequence at the N-terminus (6MMCGA10), a �-hairpin loop (53QVVAGT58) and the sequence 
at the C-terminus (122LTYF125) (figure 2). 
These three peptide sequences form a discontinuous epitope, which forms a wedge capable of 
blocking the active site of papain, in which the N-terminus is located close to the catalytic 
triad7. By assembly of this discontinuous epitope of cystatin B on the TAC scaffold, we 
wished to generate new tripodal inhibitors of papain “CysTACtin’s” capable of inhibiting 
papain by blocking its active site. 
 

2.3 Results 
 
2.3.1 TAC synthesis 
 
For assembly of the CysTACtin’s, first the TAC scaffold had to be prepared. The synthesis is 
depicted in scheme 1 and was developed in our group12. 
 

 
 
 
 
 

Scheme 1. Synthesis of the TAC scaffold (19). a) o-NBS-Cl, DCM, rt. b) CF3CO2Et, H2O, MeCN, reflux c) 
NaHCO3, Aloc-Cl, dioxane/water (1/1), rt. d) Cs2CO3, Bu4NBr, MeCN, reflux e) Tesser’s base f) DiPEA, 
Fmoc-OSu, H2O/MeCN (1/1), rt. 
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Synthesis of the TAC scaffold 19 started with reaction of bis(3-aminopropyl)amine 14 (10 eq) 
with o-nitrobenzenesulfonyl chloride. The crude product was then trifluoroacetylated using 
ethyl trifluoroacetate (3 eq) in the presence of water (1 eq) leading to trifluoroacetate salt 15 
(95% in two steps). In the next step the Aloc group was introduced. This furnished the tri-
protected triamine 16 which was easily purified by column chromatography and obtained in 
58% yield. Subsequently, compound 16 was reacted with 3,5-bis-(bromomethyl)benzoic acid 
methyl ester 17 under basic conditions to give the crystalline triazacyclophane 18 in a 
moderate yield of 36%. This moderate yield of 18 was caused by formation of considerable 
amounts of the dimeric byproduct (20). Dilution of the reaction mixture, changing solvents or 
base did not prevent the formation of this dimer. Simultaneous cleavage of the trifluoroacetyl 
group and the methyl ester with seven equivalents of Tesser’s base (4N 
NaOH/methanol/dioxane 1:5:14 v/v/v) yielded an amino carboxylic acid which, without 
isolation, was reacted with Fmoc-O-hydroxysuccinimide in the presence of DiPEA. After 
chromatography, TAC scaffold 19 was obtained in a yield of 93%. 
 
2.3.2 Synthesis of CysTACtin’s 1-3. 
 
The binding peptide which was most easy to assemble was the peptide mimicking the �-
hairpin loop mimic comprising 53GlnValValAlaGlyThr58 in cystatin B. This peptide was 
synthesized on the position of the TAC scaffold previously protected with an Fmoc-protecting 
group. The sequence mimicking the N-terminal peptide, i.e. 6NleNleCysGlyAla10 was 
synthesized on the position previously protected with an o-NBS-group and the sequence 
mimicking the C-terminal peptide comprising 122LeuThrTyrPhe125 in cystatin B has been 
assembled on the position previously protected with an Aloc group. To circumvent oxidation, 
the methionine residues of the N-terminal peptide were replaced by norleucine residues, 
which is common practice in peptide chemistry13-16. For convenience the loop mimic was 
introduced in a linear fashion resulting in CysTACtin 3 (fig 5). 
 

 
 
The synthesis of CysTACtin 3 started with loading of Rink amide argogel resin with the TAC 
scaffold by means of a BOP coupling (scheme 3). After acetylation with Ac2O, synthesis was 
continued by cleavage of the Fmoc-protecting group with piperidine in NMP. Next, standard 
Fmoc/tBu solid phase peptide synthesis (SPPS) was carried out to create a sequence for the 
mimic of the �-hairpin loop. After SPPS the sequence was acetylated. 
In order to introduce the N-terminal peptide mimic the o-NBS-protecting group was removed 
by mercaptoethanol and DBU. After deprotection the N-terminal sequence was assembled. To 

Figure 5. Representation of CysTACtin 
3. To circumvent oxidation, the 
methionine residues of the N-terminus 
were replaced by norleucine residues. 
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create a mimic of the N-terminal peptide i.e. with a free amino group, the final norleucine was 
introduced protected with a Boc-protecting group. This Boc-protecting group was cleaved 
when the construct was cleaved from the resin, liberating the primary amine.  
Finally, the C-terminal peptide was introduced by means of a reversed coupling of 
tetrapeptide 39 (H-LTYF-OH, Scheme 2) to activated ester 34 (scheme 3). Peptide 39 was 
synthesized (Scheme 3) starting by loading of Fmoc-Phe-OH on Wang resin (36) by means of 
Sieber coupling conditions17. Next, standard Fmoc/tBu SPPS was carried out and the 
precursor of peptide 39 was synthesized. Finally, cleavage from the resin and deprotection 
with TFA/TIS/H2O (95%/2.5%/2.5%) afforded peptide 39 in a yield of 92%. Characterization 
of peptide 39 was performed by ESI-mass (M)+

ave calculated: 542.66, (M+H)+ found 543.60 
(M+Na)+ 565.20) and 300 MHz 1H NMR COSY. All protons were assigned using 1D proton 
1H NMR and 300 MHz COSY NMR (figure 6). The purity was evaluated by analytical HPLC 
(figure 7). 
 

 
 

 
 

CH3 Leu 
CH3 Thr 

CH2 Leu 

CH2 Phe 

CH2 Tyr 

CH Thr 
CH Leu 
CH Thr 
CH Phe 
CH Tyr 

ArH Tyr+Phe } 

Figure 6. 1H 300 MHz Cosy spectrum of peptide 39. All protons were assigned using 1D 1H NMR and 
COSY.NMR. 
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Prior to coupling of peptide 39, the aloc protecting group of compound 32 was removed and 
the resulting compound was succinylated to afford a free carboxylic acid (33, scheme 2). 
Therefore, the aloc-group was removed and the resulting secondary amine was reacted with 
succinic anhydride in the presence of a catalytic amount of DMAP to yield compound 33. 
This carboxylic acid was then in situ converted to the activated OBt-ester 34 and reacted with 
peptide 39 for introduction of the peptide sequence mimicking the C-terminal sequence of 
cystatin B. Finally, after cleavage from the resin and deprotection with TFA/TIS/EDT/H2O 
crude CysTACtin 3 was obtained. 
The crude peptide construct was purified on a RP-HPLC preparative column. The total yield 
after synthesis and purification was 24% which corresponded to an average yield of 95% per 
step. ESI-MS spectrum and HPLC chromatogram are depicted in figure 12 and 13, 
respectively. Thus a successful synthesis of a complicated molecule i.e. a synthetic scaffold 
decorated with three different peptides was realized. 
 

 
 
 
 

Scheme 2. Synthesis of peptide 39 
a) Fmoc-Phe-OH, DCB, pyridine. 
b) 20% piperidine, NMP. c) Fmoc-
AA(PG)-OH, BOP, DiPEA. d) 
TFA/TIS/H2O. 

Figure 7. Analytical HPLC chromatogram of peptide 39. Blue; 254 nm trace, green; 220 nm trace. 
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To evaluate the contribution to the biological activity of each of the three peptides on the 
TAC scaffold CysTACtin 1 and 2 (scheme 4 and 5, respectively) were prepared. 
 

Scheme 3. Synthesis of CysTACtin 3. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA, NMP; c). 
Fmoc-AA(PG)-OH, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Boc-Nle-
OH, BOP, DiPEA; g). Pd(PPh3)4, anilinium p-toluenesulfinate, NMP; h). Succinic anhydride, DMAP, DCM; 
i). BOP, NMP, N2; j). peptide 39, NMP; k). TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 
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CysTACtin 1 was prepared analogously to CysTACtin 3. However, instead of introducing all 
three arms, for CysTACtin 1, assembly of the first acetylated epitope fragment onto the TAC 
scaffold (41 scheme 4) was followed by deprotection and acetylation of the positions 
previously protected with an o-NBS and Aloc group. This molecular construct was 
deprotected and cleaved from the resin and CysTACtin 1 was obtained in an overall yield of 
92%, which corresponded to an average of 99% per step (figure 8 and 9, respectively).  
 

 
 

 

 

Scheme 4. Synthesis of CysTACtin 1. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA, NMP; c). 
Fmoc-AA(PG)-OH, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Pd(PPh3)4, 
anilinium p-toluenesulfinate, NMP; g). TFA/TIS/H2O/EDT (95/2.5/2.5). 

Scheme 5. Synthesis of CysTACtin 2. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA, NMP; c). 
Fmoc-AA(PG)-OH, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Boc-Nle-
OH, BOP, DiPEA; g). Pd(PPh3)4, anilinium p-toluenesulfinate, NMP; h). TFA/TIS/H2O/EDT 
(94.5/1/2.5/2.5). B = Norleucine. 
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The two peptide arm construct CysTACtin 2 was also synthesized analogously to CysTACtin 
3, now halting the introduction of the third peptide and acetylating this position. After 
deprotection/cleavage and purification CysTACtin 2 was obtained in an overall yield of 93% 
(99% per step) (figure 10 and 11). 
Besides CysTACtin 1,2 and 3 also the non-scaffolded peptides H-6NleNleCysGlyAla10-NH2 
(63), Ac-53GlnValValAlaGlyThr58-NH2 (64) and Ac-122LeuThrTyrPhe125-OH (65) were 
synthesized by means of standard Fmoc/tBu SPPS to demonstrate the necessity of scaffolding 
a discontinuous peptide epitope as opposed to the mere combined solution of the separate 
peptide parts of the discontinuous epitope. The synthesis of CysTACtin’s 1,2 and 3 is 
summarized in table 1. ESI-MS spectra of CysTACtin 1,2 and 3 are depicted in figures 9,11 
and 13, respectively. HPLC chromatograms are depicted in figures 8,10 and 12, respectively. 
 

 

Compound Yield (per step)% MS calculated MS found Purity HPLC 
CysTACtin 1 92 (99) 958.11 (M)+

ave 959.20 (M+H)+ 

980.75 (M+Na)+ 
>90 % 

CysTACtin 2 93 (99) 1373.66 (M)+
ave 688.00 (M+2H)+ >90 % 

CysTACtin 3 24 (95) 1956.32 (M)+
ave 978.75 (M+2H)2+ 

991.80  
>95 % 

 
During isolation of CysTACtin 3 it became clear that activation of acid (33, scheme 2) with 
activating reagent BOP yields a too activated compound which is prone to hydrolysis. 
Therefore, a substantial part of crude CysTACtin 3 (isolated yield of 18%) was CysTACtin 3 
without the third epitope fragment (122LTYF125). 
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Table 1. Yields, characterization data and purities of CysTACtin 1,2 and 3. Masses were measured on a ESI-
MS apparatus. Masses indicated with “ave” are average masses. 

Figure 8. Analytical HPLC chromatogram of CysTACtin 1. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 
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 Figure 11. ESI-Mass spectrum of CysTACtin 2. 

Figure 9. ESI-Mass spectrum of CysTACtin 1. 

Figure 10. Analytical HPLC chromatogram of CysTACtin 2. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 
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2.3.3 Synthesis of CysTACtin’s 4-6. 
 
Encouraged by these results we wished to synthesize an analogue of CysTACtin 3 where the 
�-hairpin loop of cystatin B was mimicked by a cyclic peptide, which might lead to an overall 
better mimic of cystatin B (figure 14). 

Figure 13. ESI-Mass spectrum of CysTACtin 3. 

Figure 12. Analytical HPLC chromatogram of CysTACtin 3. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 
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In CysTACtin 6 the epitope fragment on the Fmoc-position, i.e. the loop mimic was 
introduced as a cyclic peptide. Therefore, first the cyclic protected peptide had to be 
synthesized, which was performed by means of the glutamic acid hinge (scheme 6). First, the 
chlorotrityl resin (44) was regenerated with 50% SOCl2 in DCM. Next, the resin was loaded 
with the glutamic acid hinge18 resulting in a loading of 0.62 mmol g-1 (45). The remaining 
unreacted tritylchloride residues were capped with MeOH in the presence of base (DiPEA). 
The linear peptide 53GlnValValAlaGlyThr58 was synthesized by means of SPPS using 
Fmoc/tBu chemistry (46). After coupling of the last amino acid, the allyl-protecting group of 
the glutamic acid residue was cleaved with Pd0. Next, the N-terminal Fmoc-group was 
cleaved with 1% DBU/1% HOBt/2% piperidine in DMF. This mixture was used to suppress 
the piperidine adduct formation of the glutamic acid side chain in the subsequent cyclization 
reaction. Protected linear peptide 46 was then subjected to cyclization conditions on bead 
using 2 eq. BOP and 4 eq. DiPEA in NMP. After cyclization the cyclic protected peptide 48 
was cleaved from the resin with hexafluoroisopropanol yielding peptide 49 in an overall yield 
of 70%, which corresponded to an average of 93% per step.  
Due to the poor solubility in HPLC buffers, peptide 49 was used without any further 
purification. From the MALDI-TOF spectrum (figure 15) it was concluded that the desired 
compound was synthesized (M)+ calculated 982.52; (M+Na)+ found 1005.56 although a 
significant amount of an unidentifiable product was present with an m/z 1025.48. 

Figure 14. Representation of 
CysTACtin 6. Again to circumvent 
oxidation, the methionine residues of 
the N-terminus were replaced by 
norleucine residues. 
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Scheme 6. Synthesis of cyclic peptide 49. a). SOCl2/DCM 1/1; b). Fmoc-Glu(OAllyl)-OH, DiPEA, DCM; c) 
20 % Piperidine, NMP d). Fmoc-AA(PG)-OH, BOP, DiPEA; e). Pd(PPh3)4, phenylsilane, NMP; f). 1% DBU, 
1% HOBt, 2% piperidine, DMF g). BOP, DiPEA; h). HFIP/DCM ¼. 
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Next, it was attempted to couple cyclic peptide 49 to the TAC scaffold attached to the Rink 
amide resin (51) (scheme 7).  

 
 
 Scheme 7. Coupling of cyclic peptide 49 on the TAC scaffold. a). 20 % Piperidine, NMP b). TAC scaffold, 

BOP, DiPEA, NMP c) peptide 49 BOP, DiPEA; d). peptide 49, HATU, DiPEA. 

Figure 15. MALDI-TOF mass spectrum of peptide 19. Below a m/z of 500 signals from the matrix are visible. 
Peptide 49: (M)+ calculated 982,52; (M+Na)+ found 1005.56. 
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Unfortunately, this first attempt to couple compound 49 using BOP in the presence of DiPEA 
was unsuccessful. Next, the coupling was repeated with a stronger activating coupling reagent 
viz. HATU, but this did not result in a coupling of peptide 49 to the TAC scaffold.  
Therefore, a different approach was followed consisting of cyclization on the solid support of 
the linear peptide sequence already attached to the TAC scaffold (scheme 8).  
It was decided to assemble the C-terminal mimic on the position originally protected with an 
Aloc-group prior to synthesis of the cyclic peptide to circumvent deprotection of the glutamic 
O-allyl group. Hence, in contrast to the synthesis of peptide 39 now a protected C-terminal 
peptide (58 scheme 8) was needed, which was synthesized on the trityl resin by means of 
Fmoc/tBu SPPS. After cleavage from the resin the C-terminus of the protected peptide was 
protected in solution with an tBu-protecting group using tert-butyl trichloro acetimidate in the 
presence of BF3.OEt2 in 5 ml DCM/cyclohexane 1/1 (v/v). Next, the Fmoc-group was cleaved 
with dimethylamine in water/THF 1/1 (v/v) to afford peptide 58 in an overall yield of 89%. 
Peptide 58 was identified by means of ESI-MS. The overall reaction scheme to synthesize 
CysTACtin 6 is outlined in scheme 8. 
Synthesis of CysTACtin 6 started with the loading of rink amide resin with the TAC scaffold 
followed by Aloc deprotection. The resulting secondary amine was reacted with succinic 
anhydride in the presence of a catalytic amount of DMAP. Since the earlier used OBt-ester 34 
(scheme 2) was prone to hydrolysis, now a different activation method was chosen using the 
less reactive OSu-ester. Peptide 58 was reacted with OSu-ester (55). Key step in the synthesis 
of CysTACtin 6 was cyclization of epitope fragment 53GlnValValAlaGlyThr58 on the solid 
support already attached to the TAC scaffold i.e. compound 59. The required linear peptide, 
including the hinge, was assembled on the TAC scaffold by means of Fmoc/tBu SPPS. Next, 
the allyl ester was removed with Pd(PPh3)4 in the presence of phenylsilane. After Fmoc 
deprotection with DBU/HOBt/piperidine, the resulting peptide (59) was cyclized using 2 eq. 
BOP and 4 eq. DiPEA to completeness according to a negative Kaiser test. The N-terminal 
peptide mimic was introduced using the same strategy as for CysTACtin 3 (scheme 2). 
Although the synthesis of CysTACtin 6 did not pose any problems, the purification was very 
tedious. The analytical HPLC chromatogram (C8 column) of the crude product is depicted in 
figure 16. 
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Scheme 8. Synthesis of CysTACtin 6. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA; c). 
Pd(PPh3)4, anilinium p-toluenesulfinate, NMP d). Succinic anhydride, DMAP, DCM; e). DIC, N-
hydroxysuccinimide; f). peptide 58, DCM; g). Fmoc-AA(PG)-OH, BOP, DiPEA, NMP; h) Pd(PPh3)4, 
phenylsilane, NMP; i). BOP, DiPEA, NMP; j). HSCH2CH2OH, DBU, DMF; k). TFA/TIS/H2O/EDT 
(94.5/1/2.5/2.5); l) Fmoc/tBu SPPS; m). HFIP/DCM ¼; n). tert-butyl trichloro acetimidate, BF3.OEt2, 
DCM/cyclohexane 1/1 (v/v); o) Me2NH, H2O/THF 1/1 (v/v); p) 1% DBU, 1% HOBt, 2% piperidine, DMF. 
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The resulting analytical HPLC chromatogram was disappointing since normal purification by  

 
Purification by means of preparative HPLC was not an option since no separate peaks were 
observed. Other types of columns (CN,C4,C18) did not give a better results. Hence, 
purification by gel filtration over Sephadex LH-20 with MeCN/H2O 1/1 was attempted. All 
fractions were analyzed by mass spectrometry and fractions containing material with the 
correct mass were further analyzed by analytical HPLC. A typical analytical HPLC 
chromatogram of a fraction containing material with the correct mass is depicted in figure 17. 
The appropriate fractions were pooled, lyophilized and now purified by means of preparative 
HPLC. The analytical HPLC chromatogram and MALDI-TOF spectrum of purified 
CysTACtin 6 are shown in figure 18 and 19, respectively. CysTACtin 6 was obtained in an 
overall yield of 0.8% (86% per step). 
From the HPLC chromatogram it was evident that CysTACtin 6 was not completely pure 
(approx. 50%). Unfortunately, too little compound was left for further purification. 
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Figure 16. Analytical HPLC chromatogram of crude CysTACtin 6. (concentration of 1 mg ml-1). Blue; 254 
nm trace, green; 220 nm trace, red ELSD trace. 

Figure 17. Typical fraction after 
LH-20 containing the correct 
mass. Blue; 254 nm trace, green; 
220 nm trace, red ELSD trace. 
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Besides the (M+Na)+ peak of CysTACtin 6 (2047.03), several additional peaks, which could 
not be assigned, were observed in the MALDI-TOF spectrum. 
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Figure 18. Analytical HPLC chromatogram of purified CysTACtin 6. Blue; 254 nm trace, green; 220 nm 
trace, red ELSD trace. At least two peaks were observed indicating that CysTACtin 6 was not completely 
pure. 

Figure 19. MALDI-TOF mass spectrum of CysTACtin 6.  
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In addition CysTACtin 4 and 5 (scheme 9 and 10, respectively) were prepared to evaluate the 
contribution of each of the three peptides on the TAC scaffold. 

 
 
 
 
 
 
 
For the preparation of CysTACtin 4 assembly of the C-terminal epitope fragment onto the 
TAC scaffold was followed by deprotection and acetylation of the positions previously 
protected with an o-NBS and Aloc-group. This molecular construct was deprotected and 
cleaved from the resin and purified by preparative HPLC. CysTACtin 4 was obtained in an 
overall yield of 25% which corresponded to an average of 87% per step (figure 19 and 20, 
respectively).  
The two peptide arm containing construct CysTACtin 5 was also synthesized, now halting the 
introduction of the third peptide and acetylating this position. After deprotection/cleavage and 
purification by means of gel filtration over sephadex LH 20 (MeCN/H20 1/1) and preparative 
HPLC CysTACtin 5 was obtained in a yield of 1.5% (84% per step) (figure 21 and 22, 
respectively).  
 

Scheme 9. Synthesis of CysTACtin 4. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA; c). 
Pd(PPh3)4, anilinium p-toluenesulfinate, NMP d). Succinic anhydride, DMAP, DCM; e). DIC, N-
hydroxysuccinimide; f). peptide 58, DCM; g). Ac2O, DiPEA, HOBt; h) HSCH2CH2OH, DBU, DMF; i). 
TFA/TIS/H2O (95/2.5/2.5). 
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The final yields after purification of CysTACtin 4,5 and 6, characterization data and purities 
are summarized in table 2. MALDI-TOF spectra of CysTACtin 4 and 5 are depicted in figures 
21 and 23, respectively. HPLC chromatograms of CysTACtin 4 and 5 are depicted in figures 
20 and 22, respectively. 
 
 
 
 

Compound Yield (per step)% MS calculated MS found Purity HPLC 
CysTACtin 4 25 (87) 984.32 (M)+

ave 985.38 (M+H)+ 

1007.36 (M+Na)+ 

1023.34 (M+K)+  
1048.24 (+64) 

>95 % 

CysTACtin 5 1.5 (84) 1609.26 (M)+
ave 1632.32 (M+Na)+ 

1648.26 (M+K)+ 

1793.31 (+184), 
2192.05 (+583) 

>95 % 

CysTACtin 6 0.8 (86) 2024.52 (M)+
ave 2025.97 (M+H)+ 

2047.04 (M+Na)+ 

2207.98 (+184), 
2306.97 (+283) 

�50 % 

 

Table 2. Yields, characterization data and purities of CysTACtin 4,5 and 6. Masses are measured by means of 
MALDI-TOF. 

Scheme 10. Synthesis of CysTACtin 5. a). 20 % Piperidine, NMP; b). TAC scaffold, BOP, DiPEA; c). 
Pd(PPh3)4, anilinium p-toluenesulfinate, NMP d). Succinic anhydride, DMAP, DCM; e). DIC, N-
hydroxysuccinimide; f). peptide 58, DCM; g). Fmoc-AA(PG)-OH, BOP, DiPEA, NMP; h) Pd(PPh3)4, 
phenylsilane, NMP; i). BOP, DiPEA, NMP; j). HSCH2CH2OH, DBU, DMF; k) Ac2O, DiPEA, HOBt; l). 
TFA/TIS/H2O (95/2.5/2.5) m). 1% DBU, 1% HOBt, 2% piperidine, DMF 
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Figure 20. Analytical HPLC chromatogram of purified CysTACtin 4. Blue; 254 nm trace, green; 220 nm 
trace, red ELSD trace. 

Figure 21. MALDI-TOF mass spectrum of CysTACtin 4. 
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Figure 22. Analytical HPLC chromatogram of purified CysTACtin 5. Blue; 254 nm trace, green; 220 nm 
trace. 

Figure 23. MALDI-TOF mass spectrum of CysTACtin 5. 
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2.4 Discussion 
 
No problems were encountered during the synthesis of the TAC scaffold 19. Only some 
minor adjustments had to be made during work-up of some reactions. 
In the synthesis of CysTACtin 3 the sequence mimicking the �-hairpin loop peptide of 
cystatin B was introduced as a linear peptide. During work-up of the required CysTACtin 3 a 
major side product was isolated (18%). After analysis it was concluded that activation of 
compound 33 to compound 34 probably yielded a too activated ester. This ester was partly 
hydrolysed and CysTACtin 3 lacking the C-terminal peptide was isolated. 
The initial attempt to synthesize CysTACtin 6 started with the coupling of cyclic peptide 49 
to the TAC scaffold. Unfortunately, it was not possible to couple cyclic peptide 49 to the TAC 
scaffold. A possible explanation might be that the carboxylic acid moiety in peptide 49 is too 
close to the remainder of cyclic peptide 49, resulting in too much sterical hindrance. Another 
explanation could be that cyclic peptide 49 was not sufficiently pure and impurities caused 
problems in the coupling. Since HPLC analysis of peptide 49 was not possible it was difficult 
to determine the purity.  
To overcome the problem of hydrolysis of the HOBt-active ester in the synthesis of 
CysTACtin 6 a less active ester (55) was prepared. A bottleneck in the synthesis was the 
cleavage of the allyl-protecting group from the glutamic acid hinge to yield compound 59, 
scheme 8). Firstly, pure and freshly prepared catalyst was needed for this deprotection. 
Furthermore, the cleavage of the allyl-protecting group cannot be monitored on the solid 
support. Monitoring of the topical cleavage by means of MAS-NMR appeared to be 
ambiguous. Therefore, a different hinge would be desirable for future attempts. This new 
hinge should be protected with an protecting group which is less difficult to cleave and 
preferably it should be possible to monitor this cleavage on the solid support. CysTACtin 4 
could easily be purified by preparative HPLC. The purification of CysTACtin 5 and 6, 
however, was tedious and troublesome. After purification the analytical HPLC 
chromatograms showed that CysTACtin 4 and 5 were pure. CysTACtin 6 on the contrary, was 
not pure and insufficient amount of material was left for further purification. Additional peaks 
were observed in the MALDI-TOF spectra of CysTACtin 4, 5 and 6.  
 

2.5 Conclusion 
 
In this chapter tripodal synthetic inhibitors of papain were designed and synthesized based on 
the crystal structure of papain and cystatin B. Three different binding sites are involved in 
binding of cystatin B with papain viz. a �-hairpin loop, the N-terminal peptide and the C-
terminal peptide. These binding sites were assembled on the TAC scaffold, resulting in two 
different compounds i.e. CysTACtin’s 3 and 6. In CysTACtin 3 the sequence that mimicked 
the �-hairpin loop was assembled as a linear peptide whereas this sequence was cyclized in 
CysTACtin 6. The C-terminal mimic was introduced by a reversed coupling of tetramer 122H-
LTYF-OH125 to the TAC scaffold -decorated with an activated carboxylic acid- to create 
CysTACtin 3 and 122H-LT(But)Y(But)F-OBut125 for the preparation of CysTACtin 6. The N-
terminal epitope fragment was created by using a Boc-protected norleucine instead of the 
usual Fmoc-protected norleucine. This Boc-protecting group was cleaved in the final cleavage 
and deprotection yielded a primary amine. The purification of CysTACtin 1-4 was performed 
by preparative HPLC, whereas gel filtration over sephadex LH-20 and additional preparative 
HPLC was needed for CysTACtin 5 and 6. CysTACtin 3 was successfully synthesized 
including the required reference compounds (CysTACtin 1 and 2), of which the inhibition 
properties will be described in chapter 3. From the results presented in this chapter it can be 
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concluded that the TAC scaffold is a versatile orthogonally protected scaffold for attachment 
of three different peptides. 
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2.6 Experimental methods 
 
General methods and materials: Synthesis of the CysTACtin’s was carried out manually in 
syringes containing a frit. All yields reported are isolated and theoretical yields. Analytical 
HPLC runs were performed on a Shimadzu HPLC system (detection at 220/254 nm and 
ELSD). Preparative HPLC runs (detection at 220 nm) were performed on a Gilson 
workstation (Middleton, Wisconsin, USA). For analysis and purification Adsorbosphere XL 
C8, 90 Å and Prosphere C18 90 Å columns were used and appropriate gradients of water to 
water/acetonitrile buffers containing 0.1% TFA. ESI-MS was carried out on a Shimadzu QP-
8000 LCMS spectrometer. MALDI-TOF spectra were recorded on a Kratos CFR 
spectrometer where CHCA was used as a matrix and ACTH 18-39 as internal standard. Solid 
phase resin, chemicals and solvents were obtained commercially and used without further 
purification. Anilinium p-toluene sulfinate was prepared according to literature procedure.19 
Solution phase reactions were monitored using thin layer chromatography (TLC) on Merck 
pre-coated silica gel 60-F254 (0.25 mm) plates. Spots were visualized with UV-light, 
ninhydrin or by Cl2-TDM20. Solvents were removed by rotary evaporation under reduced 
pressure at 45oC (in vacuo). Column chromatography was carried out using ICN silica 60 Å 
(particle size 32-63 �m). 
 
Synthesis of the TAC scaffold12. 

17. A solution of 14.4 g (100 mmol) methyl 3,5-dimethylbenzoate, 39.16 g 
NBS (220 mmol, 2.2 eq) and 115 mg AIBN (7 mmol, 0.007 eq) in 150 mL 
methylformiate was brought to reflux using a 100 Watt lamp. After 4 hours 
the solution was concentrated in vacuo, the crude product suspended in Et2O 

and stirred for 3 hours. The reaction mixture was filtrated and the organic layer was 
concentrated in vacuo. The crude product was dissolved in CH2Cl2 and precipitated by adding 
hexane. After filtration and drying in vacuo compound 17 was obtained (6.46 g, 29%) as a 
white powder. TLC (EtOAc/Hexanes 1 : 3) : Rf = 0.58. 
300 MHz-1H-NMR (CDCl3): � [ppm] = 8.00 (s, 2H, Ar-C-2-6); 7.61 (s, 1H, Ar-C-4); 4.50 (s, 
4H, 2x MeBr); 3.93 (s, 3H, OMe). 
75 MHz-13C-NMR (CDCl3): � [ppm] = 165.9 (Ar-CO); 138.9 (Ar-C-3-5); 133.8 (Ar-C-4); 
131.3 (Ar-C-1); 130.0 (Ar-C-2-6); 52.4 (OMe); 31.9 (2x Ar-MeBr). 
 

15. A solution of 22.1 g (100 mmol) o-
nitrobenzenesulfonylchloride in 300 mL CH2Cl2 was slowly 
added to a stirred solution of 141 mL (1 mol, 10 eq) bis-

(aminopropyl)-amine in 360 mL CH2Cl2 at 00C. After addition the mixture was stirred for 45 
min. at room temperature and washed with brine saturated with NH4Cl. The aqueous layer 
was extracted three times with DCE. The combined organic layers were dried over Na2SO4 
and concentrated in vacuo to yield the crude intermediate as a yellow oil. 
The crude intermediate was dissolved in 200 mL MeCN and refluxed with 26.5 mL (300 
mmol, 3 eq) of Ethyltrifluoroacetate and 1.3 mL water (100 mmol, 1 eq) for 5.5 hours. The 
mixture was concentrated in vacuo and the crude product was purified by silica gel column 
chromatography (CH2Cl2/MeOH 9/1) instead of crystallization from DCM and ethylacetate 
described in the original article of Opatz et al12. The pure fractions were concentrated in 
vacuo and co-evaporated with toluene and chloroform to yield compound 15 (28.85 g, 95% 
over two steps) as a yellow oil. TLC (DCM/MeOH 20 : 1) : Rf = 0.48. 
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300 MHz-1H-NMR (CD3OD): � [ppm] = 8.03-8.06 (m, 1H, Ar-H-3); 7.76-7.85 (m, 3H, Ar-C-
2-4-6); 3.21-3.36 (m, 2H, CH2NHCOCF3); 2.92-3.14 (m, 6H, 3x CH2N); 1.80-1.93 (m, 4H, 
2x CH2). 
75 MHz-13C-NMR (CD3OD): � [ppm] = 159.0 (COCF3); 149.4 (Ar-C-2); 135.2 (Ar-C-3); 
134.2 (Ar-C-1); 133.8 (Ar-C-4); 131.4 (Ar-C-5); 125.9 (Ar-C-6); 119.9 (CF3); 46.6 (2x CH2-
NH2); 41.3 (CH2-NHCOCF3); 37.8 (CH2-NHSO2Ar); 26.9, 27.9 (2x CH2). 
 

16. 28.85 g (70 mmol) of compound 15 was dissolved in a 
mixture of 350 mL dioxane and 350 mL water. After slow 
addition of a solution of 23.5 g NaHCO3 (280 mmol, 4 eq) in 

275 mL water, the mixture was cooled in an ice bath. A solution of 14.9 mL 
Allylchloroformate (84 mmol, 1.2 eq) in 180 mL dioxane was slowly added, after addition the 
reaction mixture was stirred at rt for 2 hours. The reaction mixture was diluted with 500 mL 
water and extracted twice with 500 mL of CH2Cl2. The combined organic layers were 
concentrated in vacuo and dried over Na2SO4. The crude product was purified by silica gel 
chromatography (Hexane/EtOAc 1/1). The pure fractions were concentrated in vacuo and co-
evaporated with toluene and chloroform to yield compound 16 (20.03 g, 58%) as a yellow oil. 
TLC (EtOAc/Hexanes 2 : 1) : Rf = 0.44. 
300 MHz-1H-NMR (CDCl3): � [ppm] = 8.13-8.16 (m, 1H, Ar-C-3); 7.86-7.87 (m, 2H, Ar-H); 
7.74-7.77 (m, 2H, Ar-H); 5.88-5.99 (m, 1H, Aloc-CH=); 5.23-5.37 (m, 1H, Aloc=CH); 4.62 
(s, 2H, OCH2); 3.33 (s, br, 6H, 3x CH2N); 3.16 (m, 2H, CH2NHSO2Ar); 1.83 (s, br, 4H, 2x 
CH2). 
75 MHz-13C-NMR (CDCl3): � [ppm] = 171.1 (COCF3); 156.8 (aloc-CO); 147.7 (Ar-C-2); 
133.7 (Ar-C-6); 133.1 (Ar-C-1); 132.7 (Ar-C-5); 132.2 (Ar-C-4); 130.6 (Ar-C-3); 125.1 (aloc-
CH=); 118.0 (aloc=CH2); 113.8 (CF3); 66.3 (aloc-OCH2); 43.7 (2x CH2-NH2); 40.9 (CH2-
NHCOCF3); 35.9 (CH2-NHSO2Ar); 26.7, 28.3 (2x CH2). 
 

18. 1.16 g (5mmol, 1 eq) Tetrabutylammonium bromide, 6.52 
(20 mmol, 4 eq) cesium carbonate and 1.16 g (5 mmol, 1 eq) 
of compound 17 were added to a solution of 2.48 g (5mmol) of 
compound 16 in 450 mL dry MeCN at reflux temperature. 
After 35 min. the mixture was cooled down with an ice bath 
and concentrated in vacuo to half its volume. The mixture was 
washed with 4.08 g (30 mmol, 6 eq) KHSO4 in 125 mL water, 

brine, dried over Na2SO4 and concentrated in vacuo. Purification of the product was achieved 
by silica gel column chromatography (CH2Cl2/EtOAc 7/1 to 6/1) instead of a gradient of 
hexane/ethylacetate/DCM 6/5/79 to hexane/ethylacetate/DCM 5/6/79 described in the original 
article of Opatz et al12. Also crystallization from DCM and Et2O was no longer needed. The 
pure fractions were concentrated in vacuo and co-evaporated with toluene and chloroform to 
yield compound 18 (1.18 g, 36%) as a white powder. TLC (EtOAc/Hexanes 2 : 1) : Rf = 0.34. 
300 MHz-1H-NMR (CDCl3): � [ppm] = 7.92-8.05 (m, 3H, Ar); 7.70-7.78 (m, 4H, Ar); 5.84 
(m, 1H, Aloc-CH=); 5.19 (m, 2H, Aloc=CH2); 4.78 (s, 1H, benzyl); 4.66 (s, 1H, benzyl); 4.49 
(m, 4H, benzyl + OCH2); 3.93 (d, 3H, OMe); 3.26-3.37 (m, 4H, CH2N); 3.02- 3.09 (m, 4H, 
CH2N); 1.54 (m, 2H, aloc-OCH2); 1.35 (m, 4H, CH2). 
75 MHz-13C-NMR (CDCl3): � [ppm] = 166.0 (CO2Me); 156.4 (COCF3); 156.6 (aloc-CO); 
147.7 (oNBS-C-2); 142.5, 138.7, 137.1 (Benzoate-C-3-5); 134.0, 134.0, 133.5, 132.4, 131.8, 
131.7, 131.2, 130.7, 130.6, 130.2, 130.0, 129.8, 129.3, 128.3 (oNBS-C-3-4-6, benzoate-C2-4-
6, Aloc-CH=); 124.3, 124.3 (oNBS-C-3); 117.5 (aloc=CH2); 116.5 (CF3); 66.0, 65.9 (aloc-
OCH2); 54.2 (benzyl-CH2); 52.4, 52.3, 52.1 (OMe); 51.5 (benzyl-CH2); 49.4, 49.1, 48.8, 48.5, 
48.3, 48.2 (4x CH2N); 45.2, 44.9 (CH2N); 29.7, 27.8 (2x CH2). 
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19. To a suspension of 0.89 g (1.36 mmol) compound 18 in a 
mixture of 40 mL dioxane/methanol (3/1), 2.25 mL (9.5 mmol, 
7 eq) of a 4N sodium hydroxide solution was added and the 
reaction mixture was stirred at rt for 20 hours. The mixture 
was neutralized by addition of 8 mL 1N HCl, concentrated in 
vacuo and suspended in a mixture of 20 mL water, 20 mL 
MeCN and 0.48 mL (2.72 mmol, 2 eq) DiPEA. A solution of 

0.51 g (1.5 mmol, 1.1 eq) Fmoc-N-hydroxysuccinimide in 5 mL MeCN was added and the 
reaction mixture was stirred for 2 hours at rt. After addition of 9 mL 1N HCl the mixture was 
extracted twice with EtOAc. The combined layers were dried over Na2SO4, concentrated in 
vacuo and the resulting crude product was purified by silica gel column chromatography 
(EtOAc/Hexane 2/1, 1% acetic acid). The pure fractions were concentrated in vacuo and co-
evaporated with toluene and chloroform to yield compound 19 (0.93 g, 93%) as a white 
powder. TLC (EtOAc/Hexanes 2 : 1 + 1 % AcOH) : Rf = 0.16. 
300 MHz-1H-NMR (CDCl3): � [ppm] = 8.10-7.73 (3H, Ar); 7.71-7.56 (7H, Ar); 7.35-7.26 
(10H, Ar); 5.84 (1H, Aloc-CH=); 5.23-5.19 (2H, Aloc=CH); 4.61-4.79 (2H, CH2N); 4.25-4.49 
(7H, 2x CH2N, Fmoc-CH); 3.40-3.12 (4H, 2x CH2N); 3.08-2.81 (4H, 2x CH2N); 2.48-2.39 
(2H, CH2N); 1,62-1.21 (2H, CH2); 0.95-1.18 (2H, CH2). 
75 MHz-13C-NMR (CDCl3): � [ppm] = 169.9 (CO2H); 156.0 (Fmoc-CO); 148.3; (oNBS-C-2); 
143.9 (Fmoc-Cq); 141.4 (Fmoc-Cq); 133.9, 132.9, 131.8, 131.2, 127.2 (oNBS-C-3-4-6, 
benzoate-C2-4-6, Aloc-CH=, Fmoc-CH); 124.4 (oNBS-C-3); 119.9 (Fmoc-CH) 117.4 
(aloc=CH2); 65.9 (aloc-OCH2); 54.2, 53.5, 48.6, 44.7 (CH2N); 47.3 (Fmoc Ar2-CH); 28.0 
(CH2). 
 
Synthesis CysTACtin’s 1-6, peptide 39, cyclic peptide 49, peptide 58 and peptides 63-65. 
General: Peptide assembly was carried out using appropriate protected Fmoc amino acids, 
BOP, DiPEA using standard amounts of equivalents (Fmoc-AA-OH/BOP/DiPEA 4/4/8) and 
conditions (the reaction time was 1 hour, reactions were performed at room temperature in 
NMP). Coupling reactions were monitored by the Kaiser test 21 (for the primary amines 
during amino acid couplings) and Bromophenolblue22 or Chloranil test23 (for secondary 
amines during coupling of amino acids to the TAC scaffold). 
 
Peptide purification: The crude lyophilized peptide constructs were dissolved in 0.1 % TFA 
in H2O (5 mg ml-1). In case of CysTACtin’s 1,5 and 6 mixtures of buffer A and B were used 
to dissolve the compound, where buffer B was used as little as possible (max. 30% buffer B). 
Aliquots of 5 ml were loaded onto the HPLC column (Adsorbosphere XL C8, 90 Å pore size, 
10 µm particle size, 2.2 x 25 cm). The peptides were eluted with a flow rate of 5 ml min-1 
with a gradient from 100 % buffer A (0.1 TFA % in H2O/CH3CN 95/5) to 100 % buffer B 
(0.1% TFA in CH3CN/H2O 95/5) in 50 min and detection at 220 nm. 
 
Peptide analysis: Peptide purity was analyzed by analytical HPLC on an Adsorbosphere XL 
C8 or C18 column (90Å pore size, 5 um particle size, 250 x 4.6 mm) at a flow rate of 1 ml 
min-1 with a gradient from 100 % buffer A (0.1 TFA % in H2O/CH3CN 95/5) to 100 % buffer 
B (0.1% TFA in CH3CN/H2O 95/5) in 40 min and detection at 220 nm and 254 nm as well as 
ELSD. The peptides were further characterized by ESI mass spectrometry or MALDI-TOF. 
 
Peptide 39 H-LeuThrTyrPhe-OH. 2 gram of Wang resin (0.37 mmol g-1) was loaded with 5 
eq. (1.43 g) of Fmoc-Phe-OH according to the Sieber coupling protocol17. The loading was 
0.31 mmol g-1. Tetramer 39 was assembled on the resin using standard Fmoc synthesis 
protocols, couplings were monitored by the Kaiser test21 for the presence of free amine 
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functionalities. Amino acids used were Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Thr(tBu)-
OH and Fmoc-Leu-OH. Peptide 39 was cleaved from the resin and deprotected with 7.5 ml 
TFA/TIS/H2O (95/2.5/2.5 v/v) at room temperature for 3 h. Peptide 39 was precipitated with 
30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was collected by centrifugation at 
3000 rpm for 5 min. followed by decanting and washing with 30 ml MTBE/n-hexane 1/1 
(v/v) at -20°C. The washing procedure was carried out twice. Finally, the precipitate was 
dissolved in water and lyophilized to yield peptide 39 (0.37 gram, 92%). ESI-MS: [M+H]+ 
found 543.60, [M+Na]+ found 565.2 [M]+

ave calculated 542.62. The purity was verified by 
analytical HPLC. The identity of the peptide was further established by 1H NMR 300 MHz. 
All protons were assigned using 1D 1H NMR and COSY NMR. �H (300 MHz, D2O): 0.72 
(6H, m, CH(CH3)2 of Leu), 0.84-0.86 (3H, d, CH(CH3) of Thr), 1.40 (3H, m, CH2CH(CH3)2 
of Leu), 2.61 (1H, m, CH2-Ar of Tyr), 2.78 (2H, m, CH2-Ar of Tyr, CH2-Ar of Phe), 2.97 
(1H, m, CH2-Ar of Phe), 3.79 (2H, m, CHCH2(CH3)2 of Leu, CHCHCH3OH of Thr), 4.08-
4.10 (1H, d, CHCHCH3OH of Thr), 4.33 (1H, m, CHCH2-Ar of Tyr), 4.41 (1H, m, CHCH2-
Ar of Phe), 6.57-6.60 (2H, d, Ar-H of Tyr), 6.86-6.89 (2H, d, Ar-H of Tyr), 7.09 (5H, m, Ar-
H of Phe), 8.10 (2H, d, NHCHCH2-Ar of Tyr, NHCHCH2-Ar of Phe). 
 

CysTACtin 1. 0.2 gram of Fmoc deprotected Rink amide resin 
(0.29 mmol g-1) was loaded with 2 eq. (89 mg) of the TAC 
scaffold 2 eq. (51 mg) BOP and 4 eq. (38 µl) of DiPEA. The 
loading was 0.2 mmol g-1. Remaining amines of the resin 
were capped twice with 5 ml Ac2O/DiPEA/HOBt 
(0.5M/0.125M/0.015M) in NMP. After washing three times 
with 5 ml NMP the first epitope was assembled on the TAC 

scaffold using standard Fmoc synthesis protocols, couplings were monitored by the Kaiser 
test21 and the chloranil test23 for the presence of free amine functionalities. Amino acids used 
were Fmoc-Thr(tBu)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Val-OH and Fmoc-Gln(Trt)-
OH. After the final Fmoc cleavage the peptide was capped (twice 5 ml capping solution). The 
resin was split into two equal portions. With one portion the synthesis was continued by 
cleavage of the o-NBS-protecting group using a mixture of DBU (5 eq. 22 µl) and 
mercaptoethanol (10 eq. 20 µl) in DMF at room temperature for 30 min. This procedure was 
carried out twice. After o-NBS-protecting group removal the peptide construct was acetylated 
(twice 5 ml capping solution). To acetylate the third amine first the Aloc-protecting group 
was cleaved with tetrakis-(triphenylphosphine) palladium (15 mol%, 6 mg) and anilinium p-
toluenesulfinate (20 eq. 145 mg) in 3 ml NMP at room temperature in the dark for 2 h. The 
procedure was carried out twice. To remove traces of Pd0 the resin was washed three times 
with 5 ml 0.1% diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 
5 ml Et2O and three times with 5 ml NMP. Finally, the third position was acetylated. 
CysTACtin 1 was cleaved from the resin and deprotected with 5 ml TFA/TIS/H2O (95/2.5/2.5 
v/v) at room temperature for 3 h. CysTACtin 1 was precipitated with 20 ml MTBE/n-hexane 
1/1 (v/v) at -20°C. The precipitate was collected by centrifugation at 3000 rpm for 5 min. 
followed by decanting and washing with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The 
washing procedure was carried out twice. Finally, the precipitate was dissolved in water and 
lyophilized to yield CysTACtin 1 (25.6 mg, 92%, 99% per step). ESI-MS: [M+H]+ found 
959.2, [M+Na]+ found 980.75 [M]+

ave calculated 958.11. The purity was verified by analytical 
HPLC (>90 a/a%).  
 
 
 



  Mimicry of Cystatin B 

 

2 

  53 

CysTACtin 2. The second portion in the synthesis of 
CysTACtin 1 was treated with a mixture of DBU (5eq. 22 
µl) and mercaptoethanol (10 eq. 22 µl) in 4 ml DMF at 
room temperature for 30 min. This procedure was carried 
out twice. The second epitope was assembled in the same 
manner as described above using Fmoc-Ala-OH, Fmoc-
Gly-OH, Fmoc-Cys(Trt)-OH, Fmoc-Nle-OH and Boc-Nle-

OH as amino acids. To acetylate the third secondary amine, first the Aloc-protecting group 
was cleaved with tetrakis-(triphenylphosphine) palladium (15 mol%, 6 mg) and anilinium p-
toluenesulfinate (20 eq. 145 mg) in NMP at room temperature in the dark for 2 h. This 
procedure was carried out twice. To remove traces of Pd0 the resin was washed three times 
with 5 ml 0.1% diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 
5 ml Et2O and three times with 5 ml NMP. Finally, the third position was acetylated with 5 ml 
of capping solution, this procedure was carried out twice. CysTACtin 2 was cleaved from the 
resin and deprotected with 5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5 v/v) at room temperature 
for 3 h. CysTACtin 2 was precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The 
precipitate was collected by centrifuged at 3000 rpm for 5 min. followed by decanting and 
washing with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. 
Finally, the precipitate was dissolved in water and lyophilized to yield CysTACtin 2 (37 mg, 
93%, 99% per step). ESI-MS: [M+2H]2+ found 688.00, [M]+

ave calculated 1373.66. The purity 
was verified by analytical HPLC (>90 a/a%). 
 

CysTACtin 3. 0.9 gram of Fmoc deprotected Rink resin 
(0.29 mmol g-1) was loaded with 2 eq (402 mg) of the 
TAC scaffold using 2 eq. (231 mg) BOP and 4 eq. (173 
µl) of DiPEA. The loading was 0.25 mmol g-1. Remaining 
amines of the resin were acetylated with 5 ml 
Ac2O/DiPEA/HOBt (0.5M/0.125M/0.015M) in NMP, this 
procedure was carried out twice. After three times 
washing with 5 ml NMP the first epitope was assembled 
on the TAC scaffold using standard Fmoc synthesis 

protocols, couplings were monitored by the Kaiser test21 and the chloranil test23 for the 
presence of free amine functionalities. Amino acids used were Fmoc-Thr(tBu)-OH, Fmoc-
Gly-OH, Fmoc-Ala-OH, Fmoc-Val-OH and Fmoc-Gln(Trt)-OH. After the final Fmoc 
cleavage the peptide was acetylated with the mixture described above. A small sample, ± 5 
mg, was cleaved and deprotected from the resin with 1 ml TFA to examine the synthesis. ESI-
MS: [M+H]+ found 1143.45, calculated 1143.51, [M+Na]+ found 1165.6 calculated 1165.51, 
[M+K]+ found 1182.7 calculated 1182.51. o-NBS-protecting group was cleaved using a 
mixture of DBU (5 eq. 329 µl) and mercaptoethanol (10 eq. 154 µl) in 4 ml DMF at room 
temperature for 30 min. This procedure was carried out twice. The second epitope was 
assembled in the same manner as described above using Fmoc-Ala-OH, Fmoc-Gly-OH, 
Fmoc-Cys(Trt)-OH, Fmoc-Nle-OH and Boc-Nle-OH as amino acids. Again a small sample, ± 
5 mg, was cleaved and deprotected with 1 ml TFA. ESI-MS: [M+H]+ found 1415.75 
calculated 1415.76. To assemble the third epitope, first, the Aloc protecting group was 
cleaved with tetrakis-(triphenylphosphine) palladium (15 mol%, 41 mg) and anilinium p-
toluenesulfinate (20 eq. 1.1 gram) in 5 ml NMP at room temperature in the dark for 2 h. The 
procedure was carried out twice. To remove traces of Pd0 the resin was washed with 5 ml 
0.1% diethyldithiocarbamate in NMP three times with 5 ml NMP, three times with 5 ml Et2O 
and three times with 5 ml NMP. Next succinic anhydride (15 eq. 0.33 gram) and a catalytic 
amount of DMAP were added to the resin and reacted for 8 h. in dry DCM at room 
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temperature. The resulting carboxylic acid was converted to the active OBt-ester with BOP (4 
eq. 0.39 gram) and DiPEA (8 eq. 312 µl). The reaction mixture was filtrated and washed three 
times with 5 ml DCM under an atmosphere of N2. Peptide 39 (2 eq. 0.27 gram) was added to 
the resin and the reaction mixture was shaken overnight. CysTACtin 3 was cleaved from the 
resin and deprotected with 7.5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5 v/v) at room temperature 
for 3 h. CysTACtin 3 was precipitated with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The 
precipitate was collected by centrifuged at 3000 rpm for 5 min. followed by decanting and 
washing with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The washing procedure was carried 
out twice. Finally, the precipitate was dissolved in water and lyophilized to yield crude 
CysTACtin 3. The crude peptide construct was purified by preparative HPLC. Fractions were 
analyzed on analytical HPLC and the pure fractions which had the correct masses were 
pooled and lyophilized to yield CysTACtin 3 (122 mg, 24%. 95% per step). ESI-MS: 
[M+2H]2+ found 978.75, [M+2Na]2+ found 991.80 [M]+

ave calculated 1956.32. The purity was 
verified by analytical HPLC (>95 a/a%). 
 

CysTACtin 4. The Fmoc group was cleaved from the saved 
resin portion (140 mg) in the synthesis of CysTACtin 6. The 
liberated secondary amine was acetylated with 5 ml 
Ac2O/DiPEA/HOBt (0.5M/0.125M/0.015M) in NMP (twice). 
o-NBS-protecting group was cleaved using a mixture of DBU 
(5 eq. eq. 26 µl) and mercaptoethanol (10 eq. 25 µl) in DMF 
at room temperature for 30 min. This procedure was carried 
out twice. The liberated secondary amine was acetylated and 
CysTACtin 4 was cleaved from the resin and deprotected with 

5 ml TFA/TIS/H2O (95/2.5/2.5 v/v) at room temperature for 3 h. CysTACtin 4 was 
precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was collected by 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 30 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. The washing procedure was carried out twice. Finally, the 
precipitate was dissolved in water and lyophilized. The crude peptide construct was purified 
by preparative HPLC. Fractions were analyzed on analytical HPLC and fractions which had 
the correct masses and contained product were lyophilized to yield CysTACtin 4 (7.9 mg, 
25%, 87% per step). MALDI-TOF: [M+H]+ found 985.38, [M+Na]+ found 1007.36 [M]+

ave 
calculated 984.32. The purity was verified by analytical HPLC (>95 a/a%). 
 

CysTACtin 5. The secondary amine from the saved resin 
portion (500 mg) in the synthesis of CysTACtin 6 was 
acetylated with 5 ml of capping solution (twice). CysTACtin 
5 was cleaved from the resin and deprotected with 5 ml 
TFA/TIS/H2O (95%/2.5%/2.5%) at room temperature for 3 h. 
CysTACtin 5 was precipitated with 20 ml MTBE/n-hexane 
1/1 (v/v) at -20°C. The precipitate was collected by 
centrifuged at 3000 rpm for 5 min. followed by decanting and 
washing with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The 
washing procedure was carried out twice. Finally, the 

precipitate was dissolved in water and lyophilized. The crude peptide construct was purified 
in a two step purification. First by gel filtration over Sephadex LH-20 (separation range 500-
5000) with CH3CN/H2O as an eluent (column size 135 x 3 cm) followed by preparative 
HPLC. Fractions were analyzed on analytical HPLC and the fractions which had the correct 
masses were lyophilized to yield CysTACtin 5 (2.7 mg, 1.5%, 84% per step). MALDI-TOF: 
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[M+Na]+ found 1632.32, [M+K]+ found 1648.26 [M]+
ave calculated 1609.26. The purity was 

verified by analytical HPLC (>95 a/a%). 
 

CysTACtin 6. 1 gram of Fmoc deprotected Rink resin (0.26 
mmol g-1) was loaded with 2 eq (400 mg) of the TAC 
scaffold 2 eq. (230 mg) BOP and 4 eq. (172 µl) of DiPEA. 
The loading was 0.25 mmol g-1. Remaining amines of the 
resin were acetylated with 5 ml Ac2O/DiPEA/HOBt 
(0.5M/0.125M/0.015M) in NMP (twice). To assemble the 
first epitope the Aloc protecting group was cleaved with 
tetrakis-(triphenylphosphine) palladium (15 mol%, 41 mg) 
and anilinium p-toluenesulfinate (20 eq. 1.1 gram) in NMP at 

room temperature in the dark for 2 h. The procedure was carried out twice. To remove traces 
of Pd0 the resin was washed with 5 ml 0.1% diethyldithiocarbamate in NMP, three times with 
5 ml NMP, three times with 5 ml Et2O and three times with 5 ml NMP. Next succinic 
anhydride (15 eq. 0.33 gram) and a catalytic amount of DMAP were added to the resin and 
reacted for 8 h. in dry DCM at room temperature. The resulting carboxylic acid was converted 
to the OSu-ester with hydroxysuccinimide (4 eq. 0.1 gram) and DIC (4 eq. 137 µl) in dry 
NMP overnight. The reaction mixture was filtrated and washed three times with DCM under 
an atmosphere of N2. Peptide 58 (2.3 eq. 0.36 gram) was added to the resin and the reaction 
mixture was shaken overnight. The resin was split into two portions (140 mg and 900 mg). On 
900 mg the second epitope was assembled on the resin using standard Fmoc synthesis 
protocols, couplings were monitored by the Kaiser test21 and the chloranil test23 for the 
presence of free amine functionalities. Amino acids used were Fmoc-Glu(Oallyl)-OH, Fmoc-
Thr(tBu)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Val-OH and Fmoc-Gln(Trt)-OH. After 
coupling allyl-protecting group (allyl-ester of glutamic acid residue) was cleaved with 15% 
mol Pd0 and phenylsilane (15 eq. 425 µl). To remove traces of Pd0 the resin was washed with 
5 ml 0.1% diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 5 ml 
Et2O and three times with 5 ml NMP. Next the Fmoc was removed with 5 ml 1% DBU/1% 
HOBt and 2% piperidine in NMP, three times 5 min. After washing with NMP (three times) 
the peptide was cyclized with BOP (2 eq. 0.21 gram) and DiPEA (4 eq. 0.152 µl) in NMP, 
resulting in a negative Kaiser test. o-NBS-protecting group was cleaved using a mixture of 
DBU (5eq. 172 µl) and mercaptoethanol (10 eq. 161 µl) in 5 ml DMF at room temperature for 
30 min. This procedure was carried out twice. Again the resin was split into two portions (two 
times 500 mg). Using one portion, the third epitope was assembled in the same manner as 
described above using Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-Cys(Trt)-OH, Fmoc-Nle-OH and 
Boc-Nle-OH as amino acids. CysTACtin 6 was cleaved from the resin and deprotected with 5 
ml TFA/TIS/H2O/EDT (94%/1%/2.5%/2.5%) at room temperature for 3 h. CysTACtin 6 was 
precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was collected by 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 30 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. The washing procedure was carried out twice. Finally, the 
precipitate was dissolved in water and lyophilized. The crude peptide construct was purified 
in a two step purification. First by gel filtration over Sephadex LH-20 (separation range 500-
5000) with CH3CN/H2O as an eluent (column size 135 x 3 cm) followed by preparative 
HPLC. Fractions were analyzed on analytical HPLC and the fraction which had the correct 
masses was lyophilized to yield CysTACtin 6 (1.7 mg, 0.8%, 86% per step). MALDI-TOF: 
[M+H]+ found 2025.97, [M+Na]+ found 2047.04 [M]+

ave calculated 2024.52. The purity was 
verified by analytical HPLC (� 50 a/a%). 
 
 



Chapter 2    

 56

Cyclic peptide 49. 0.5 gram of trityl resin was regenerated with 5 
ml SOCl2/DCM 1/1. The resin was washed with DCM until the 
pH was neutral. The resin was loaded with Fmoc-Glu(OAllyl)-
OH (1.5 eq. 0.3 gram) and DiPEA (3 eq. 239 µl) in DCM 
resulting in a loading of 0.62 mmol g-1. The not-reacted resin 
bound trityl chlorides were capped with 10 ml 
DCM/MeOH/DiPEA (17/2/1). After washing with three times 
DCM and three times NMP assembly of the peptide was 
performed by means of standard Fmoc/tBu SPPS. Before final 
Fmoc removal the allyl was cleaved with phenylsilane (15 eq. 

0.66 ml) and Pd0 (15% mol). To remove traces of Pd0 the resin was washed with 5 ml 0.1% 
diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 5 ml Et2O and 
three times with 5 ml NMP. The Fmoc-protecting group was removed with 1% DBU/1% 
HOBt and 2% piperidine in DMF, three times 5 min. After washing three times with DMF 
and three times NMP the linear peptide was cyclized with BOP (2 eq. 0.32 gram) and DiPEA 
(4 eq. 236 µl) in 3 ml NMP. After cyclization the Kaiser test was negative. Cyclic peptide 49 
was cleaved from the resin with 10 ml HFIP/DCM ¼ and after evaporation cyclic peptide 49 
was obtained in 0.21 gram (70%, 93% per step). MALDI-TOF: [M+Na]+ found 1005.56, 
[M]+

ave calculated 982.52. The purity was not verified by analytical HPLC due to insolubility 
in HPLC buffers. 
 
Peptide 58 H-LeuThr(But)Tyr(But)Phe-OBut. 1 gram of trityl resin was regenerated with 
10 ml SOCl2/DCM 1/1. The resin was washed with DCM until the pH was neutral. The resin 
was loaded with Fmoc-Phe-OH (1.5 eq. 0.56 gram) and DiPEA (3 eq. 477 µl) in DCM 
resulting in a loading of 0.5 mmol g-1. The not-reacted resin bound trityl chlorides were 
capped with 10 ml DCM/MeOH/DiPEA (17/2/1). After washing with three times DCM and 
three times with NMP assembly of the peptide was performed by means of standard 
Fmoc/tBu SPPS. Before final Fmoc removal the peptide was cleaved from the resin with 15 
ml HFIP/DCM ¼ and Fmoc-protected peptide was obtained in 0.44 gram. Before Fmoc 
removal first the C-terminus was protected with tert-butyl trichloro acetimidate (3eq. 268 µl) 
and BF3 OEt2 (10 µl 20 µl/mmol) in 5 ml DCM/cyclohexane 1/1 (v/v) after silica column 
chromatography (eluent 4% MeOH in DCM) Fmoc/tBu protected peptide was obtained in a 
yield of 89% characterization was performed by 1H and COSY NMR. All protons were 
assigned using 1D 1H NMR and COSY NMR. �H (300 MHz, CDCl3): 0.928-1.30 (42H, m, 
CH(CH3)2 of Leu, CH(CH3) of Thr, C(CH3)3 tBu), 1.58 (3H, m, CH2CH(CH3)2 of Leu), 2.90 
(4H, m, CH2-Ar of Tyr and Phe), 4.03 (1H, s, CHCHCH3OH of Thr), 4.08-4.10 (1H, m, 
CHCH(CH3)2 of Leu, CHCH(CH3)2 of Leu), 4.71 (2H, m, CHCH2-Ar of Tyr and CHCH2-Ar 
of Phe), 6.83-7.76 (17H, Ar-H of Tyr, Ar-H of Phe, Ar-H of Fmoc). The compound was 
dissolved in 15 ml THF and the Fmoc was quantitatively removed by 5 ml 40% 
dimethylamine in water yielding 0.32 gram of peptide 58 (89%). ESI-MS: [M+H]+ found 
711.60, [M+Na]+ found 733.75 [M]+

ave calculated 710.94. 
 
H-NleNleCysGlyAla-NH2 63. H-NleNleCysGlyAla-NH2 was synthesized by loading 4 eq. 
(0.26 g) of Fmoc-Ala-OH on Rink amide resin (0.62 g, 0.34 mmol g-1) using 4 eq. (0.37 g) 
BOP and 8 eq. (0.29 ml) DiPEA . Using standard Fmoc synthesis protocol and cleavage 
protocols as described above, peptide 63 was obtained. (83 mg, 83%). ESI-MS: could not be 
determined apparently due to bad ionization of the compound. The purity was verified by 
analytical HPLC. 
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Ac-GlnValValAlaGlyThr-NH2 64. Ac-GlnValValAlaGlyThr-NH2 was synthesized by 
loading 4 eq. (0.26 g) of Fmoc-Thr(tBu)-OH on Rink amide resin (0.47 g, 0.34 mmol g-1) 
using 4 eq. (0.26 g) BOP and 8 eq. (0.23 ml) DiPEA. Using standard Fmoc synthesis protocol 
and cleavage protocols as described above, peptide 64 was obtained. (93 mg, 93%). ESI-MS: 
[M+H]+ found 616.23, calculated 615.34, [M+Na]+ found 638.54 calculated 638.34. The 
purity was verified by analytical HPLC. 
 
Ac-LeuThrTyrPhe-OH 65. Ac-LeuThrTyrPhe-OH was synthesized by loading 5 eq. (0.35 g) 
of Fmoc-Phe-OH on tentagel Wang resin (0.59 g, 0.31 mmol g-1) using 8.25 eq. (0.121 ml) 
pyridine and 5 eq. (0.131 ml) DCB. using standard Fmoc synthesis protocol and cleavage 
protocols as described above with the exception that before final cleavage from the resin the 
peptide was acetylated to yield peptide 65. (91 mg, 91%). ESI-MS: [M+H]+ found 585.85, 
[M]+

ave 584.28. The purity was verified by analytical HPLC. 
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3.1 Abstract 
 
The complex of papain-cystatin B was used as a model for modulating the activity of the 
important class of cysteine proteases. Cystatin B is a naturally occurring inhibitor of papain. 
In the previous chapter, tripodal potential inhibitors of papain have been synthesized by 
mimicking the discontinuous epitope of cystatin B involved in the interaction with papain. 
The peptides comprising the discontinuous epitope were assembled on the TAC scaffold2 to 
yield inhibitors of papain. CysTACtin 3 showed excellent inhibition of papain viz Ki = 12 nM, 
compared to cystatin B (Ki = 0.124 nM)3. For control peptides 63-65 an Ki in the low µM 
range was observed indicating the necessity of scaffolding the parts of the discontinuous 
epitope as opposed to the mere combined solution of the separate peptide parts of the 
discontinuous epitope. From these results we conclude that a successful mimicry of a 
discontinuous epitope of cystatin B is possible without a major decrease in activity.  
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3.2 Introduction 
 
3.2.1 Tight binding inhibitors 
 
The inhibition of papain by molecular constructs designed and synthesized in chapter two is 
evaluated in this chapter. An overview of the six different CysTACtin’s is given in figure 1. 
Cystatin B binds to papain with an inhibition constant (Ki) of 0.12 nM3 at the same site as the 
substrate. Hence, cystatin B belongs to the class of competitive tight binding inhibitors and 
therefore it was expected that mimics described in chapter 2 also belong to the class of 
competitive tight binding inhibitors.  
Morrison et al. presented in 19694 a method to determine the Ki of tight binding inhibitors. 
The Ki of competitive inhibitors can be derived from the following equation (1), where Ki,app 

is the apparent inhibition constant, [S] is the substrate concentration and Km is the Michealis-
Menten constant. 

m
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K
=K      equation 1. 

The apparent inhibition constant (Ki,app) can be calculated from equation 2. In this equation [I] 
is the concentration of the inhibitor. V0 is the rate of hydrolysis in the absence of the inhibitor 
and Vi is the rate of hydrolysis in the presence of inhibitor. 
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By multiplying equation 2 by (V0/Vi)-1 and subsequently dividing by Ki,app, equation 3 is 
obtained: 
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By plotting (V0/VI-1) versus different inhibitor concentrations [I]5, a linear graph will be 
obtained where Ki,app is found as the reciprocal of slope of the graph.  
An overview of the six different cysTACtin’s designed and synthesized in chapter 2 is given 
in figure 1. For convenience each of the cysTACtin’s is represented by a cartoon. In this 
cartoon the triangle represents the TAC scaffold, whereas the colored bars/ring represent the 
peptide epitope fragments. 
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3.2.2 Kinetic assays 
 
Kinetic parameters Km, V0 and Vi from equations one and two can be measured by means of 
kinetic assays. For most enzymes there are multiple ways of performing a kinetic assay. A 
rough categorization can be made based on the substrate and the manner in which they are 
measured i.e. chromogenic and fluorometric assays. As stated in the previous chapter papain 
hydrolyzes peptides and proteins mainly after basic residues. In literature assays are reported 
where new inhibitors were tested on their inhibitory capacities for papain6-8 by means of a 
fluorometric substrate. Based on these papers a kinetic assay was performed to evaluate the 
inhibitory capacities of the CysTACtin’s described in chapter two. The substrate of choice 
was Z-Phe-Arg-AMC (compound 7, figure 2). The amide bond between the arginine residue 
and the aminomethylcoumarin (AMC) moiety is hydrolysed resulting in the liberation of the 
highly fluorescent AMC (9) which can be detected at an excitation wavelength = 355 nm and 
emission wavelength = 460 nm.  
 

Figure 1. Overview of the six different CysTACtin’s designed and synthesized in chapter 2. 
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Assays were performed in a 1 ml cuvet. Attempts to perform the assay in a 96-well plate were 
unsuccessful. The rational behind this is hitherto unknown. A cartoon representation of the 
assay is given in figure 3. 
 

 
 
 
 
The Pacman®9 of figure 3, represents the enzyme papain which digests (hydrolyzes) the non 
fluorescent substrate 7 to liberate the fluorescent moiety (AMC) 9. When an inhibitor (ghost) 
is added to the mixture this process is no longer possible because the enzyme (Pacman) is 
blocked by the inhibitor (ghost). 
The initial rate of this hydrolysis -that is hydrolysis without any inhibitor present- yields the 
V0. When a competitive inhibitor is added, the substrate has to compete for the same active 
site on the enzyme as the inhibitor. Depending on the inhibitor concentrations used, a 
decrease of fluorescence will be observed. From this (reduced) rate of hydrolysis the Vi can 
be calculated. By repeating this experiment with different inhibitor concentrations [I] the Ki 
can be determined using equations one and two. 

Figure 3. Cartoon representation of the papain inhibition assay. 

Figure 2. Papain hydrolyzes the scissile amide bond after basic residue arginine. 

pH � 6.5 

�ex : 355 nm 
�em : 460 nm 
 

7 
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3.3 Results 

3.3.1 Determination of Km and Vmax. 
 
From equation one it follows that the Km is needed to calculate the Ki of a competitive tight 
binding inhibitor. The central expression for enzyme kinetics is given by equation 4 and was 
derived by Michaelis Menten10, where Vmax is the maximum velocity of hydrolysis. 
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=       equation 4. 

Equation 4 can be rewritten to equation 5, affording a straight line with a slope of Km/Vmax 
and an intercept of 1/Vmax. 
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Thus, if the reciprocal of initial velocity is plotted as a function of the reciprocal of [S], we 
would expect a linear plot. This plot is known as the Lineweaver-Burk plot or double 
reciprocal plot11. Since this plot is statistically objectionable, several attempts were made to 
overcome this problem e.g. Eadie-Hofstee plots12,13, Hanes-Wolff plots14 or Eisenthal-
Cornish-Bowden plots15. From these linear plots the latter is the most reliable to calculate Km 
and Vmax values16. 
To calculate the Km of Z-Phe-Arg-AMC for papain an Eisenthal-Cornish-Bowden plot was 
made (figure 4). Literature values for the Km can not be used here since different batches of 
enzyme and substrate were used (literature values Km: 50 µM6, 80 µM8, 65 µM17).  
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Figure 4. Determination of the Km of Z-PheArg-AMC for Papain using an Eisenthal-Cornish-Bowden plot. 
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Rates of hydrolysis were measured at different substrate concentrations, for each substrate 
concentration a different rate of hydrolysis was observed, resulting in pairs of substrate 
concentrations [S] and rate of hydrolysis V’s (equation 5). [S] values were indicated on the x-
axis and V values were indicated on the y-axis. Each pair of values was connected by a line. 
All lines were extrapolated past their point of intersection. The coordinates of this intersection 
point, provide the Km and Vmax values that satisfy the Michaelis-Menten equation (Figure 4). 
The Km is found on the x-axis and Vmax is found on the y-axis, resulting in a Km value for Z-
Phe-Arg-AMC of 32 �M. From these initial experiments it became clear that the stock 
solution of papain was not stable because no activity was left after 2 hours. In absence of 
substrate autoproteolysis occurred rapidly. Several attempts were undertaken to stabilize 
papain in solution e.g. by lowering the pH18, by lowering the temperature, by adding BSA, or 
by adding NaCN19. None of these attempts gave satisfactory results and it was concluded that 
for each experiment a freshly prepared solution of papain had to be used.  
 
3.3.2 Determination of Ki of cystatin C 
 
The check whether the enzyme assay worked correctly, the Ki was determined of a known 
inhibitor. Preferably this should have been performed with the natural inhibitor cystatin B of 
which mimics were designed and synthesized as was described in chapter 2. Unfortunately, 
cystatin B was not commercially available. Instead, a different natural inhibitor from this 
family, cystatin C, which acts in the same manner as cystatin B, was used. The substrate was 
dissolved in DMSO and mixed with the assay buffer in such a way that the final concentration 
of DMSO stayed below 1% in order to prevent too much deactivation of papain by DMSO20. 
From the initial experiments to determine the Ki of cystatin C it became clear that incubation 
with the inhibitor for a maximum of 15 minutes was essential. Incubation for a longer period 
resulted in a unacceptable loss of activity of papain. The enzyme concentration [E] was 0.2 
nM, the substrate concentration [S] was 10 �M and the inhibitor (cystatin C) concentration [I] 
was in the range of 4-20 nM. By applying equation 3, the results for the determination of the 
Ki for cystatin C are summarized in table 1 and figure 4, respectively. 
 
 
 

[Cystatin C] nM V0 (AU) Vi (AU) (V0/Vi) -1 
4 748.42 509.68 1.47 
4 1289.8 848.56 1.52 
8 748.42 385.01 1.94 
8 313.88 174.16 1.83 
12 1289.8 530.49 2.43 
16 296.4 748.42 2.53 
16 109.93 313.88 2.9 
20 369.35 1289.8 3.49 

 
The slope of the graph was 0.12 ± 0.01. Combining the reciprocal of the slope and equation 1 
this resulted in a Ki of 6.6 ± 0.6 nM. In the literature cystatin C is reported to have a Ki of 
33.7 pM21 which is a factor of 200 times lower. Nevertheless, from these results it was 
concluded that the assay worked properly. 
 
 
 

Table 1. Kinetic data for the determination of the Ki of cystatin C for papain. 
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3.3.3 Determination of Ki of CysTACtin’s 1-6 
 
Using the same procedure as for cystatin C, the Ki’s were determined for CysTACtin’s 1-6. 
The used concentration ranges were for CysTACtin 1 1-2 mM, for CysTACtin 2 10-40 �M, 
for CysTACtin 3 10-50 nM, for CysTACtin 4 200-300 �M , for CysTACtin 5 31-62 �M and 
for CysTACtin 6 up to 75 �M. CysTACtin 5 and 6 had to be dissolved in DMSO. The results 
for the determination of the Ki for CysTACtin 1 are summarized in table 2 and figure 5, 
respectively. 
 
 

[CysTACtin 1] mM V0 (AU) Vi(AU) (V0/Vi) -1 
1.0 141.17 46.45 2.03 
1.0 164.87 53.50 2.08 
1.5 364.54 82.76 3.4 
2.0 164.87 28.48 4.79 
2.0 141.17 25.18 4.60 

 
From this graph (figure 5) the Ki of CysTACtin 1 for papain was determined at 290 ± 10 �M. 
 

Figure 4. Inhibition curve of 
papain inhibited by cystatin C. 
According to equation 3, the 
reciprocal slope of the graph 
affords the Ki,app. The slope was 
0.12 ± 0.01. Y = 0.12X -0.01. 
R2 = 0.96 

Table 2. Kinetic data for the determination of the Ki of CysTACtin 1 for papain. 
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The results for the determination of the Ki for CysTACtin 2 are summarized in table 3 and 
figure 6, respectively. 
 
 
 

[CysTACtin 2] �M V0 (AU) Vi(AU) (V0/Vi) -1 
10 294.16 257.54 0.14 
10 182.42 157.99 0.15 
20 294.16 221.03 0.33 
20 173.07 135.84 0.27 
30 294.16 209.49 0.40 
30 182.42 127.72 0.42 
40 182.42 110.82 0.64 
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Figure 5. Inhibition curve of 
papain inhibited by 
CysTACtin 1. According to 
equation 3, he reciprocal 
slope of the graph affords 
the Ki,app. The slope was 
2.64 ± 0.08. Y = 2.64X -
0.58. R2 = 0.99. 

Figure 6. Inhibition curve of 
papain inhibited by 
CysTACtin 2. According to 
equation 3, the reciprocal 
slope of the graph affords 
the Ki,app. The slope was 0.02 
± 0.001. Y = 0.02X -0.01. R2 
= 0.96. 

Table 3. Kinetic data for the determination of the Ki of CysTACtin 2 for papain. 
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From this graph (figure 6) the Ki of CysTACtin 2 for papain was determined at 50 ± 4 �M. 
 
The results for the determination of the Ki for CysTACtin 3 are summarized in table 4 and 
figure 7, respectively. 
 
 
 

[CysTACtin 3] nM V0 (AU) Vi(AU) (V0/Vi) -1 
10 571.05 349.18 0.64 
10 125.25 80.29 0.56 
20 41.65 17.01 1.45 
20 571.05 237.99 1.40 
30 1849.8 603.27 2.06 
30 1003 330.81 2.03 
40 1849.8 511.24 2.62 
40 1003 282.87 2.55 
50 1849.8 442.06 3.18 
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From this graph (figure 7) the Ki of CysTACtin 3 for papain was determined at 0.012 ± 
0.0004 �M. 
The results for the determination of the Ki for CysTACtin 4 are summarized in table 5 and 
figure 8, respectively. 
 
 

[CysTACtin 4] �M V0 (AU) Vi(AU) (V0/Vi) -1 
200 61.6 43.4 0.42 
200 86.04 59.62 0.44 
250 61.6 39.4 0.56 
250 116.41 74.25 0.57 
300 61.6 37.2 0.66 
300 116.41 69.40 0.68 

Figure 7. Inhibition curve of 
papain inhibited by 
CysTACtin 3. According to 
equation 3, the reciprocal 
slope of the graph affords 
the Ki,app. The slope was 
0.06 ± 0.002. Y = 0.06X + 
0.06. R2 = 0.99. 

Table 4. Kinetic data for the determination of the Ki of CysTACtin 3 for papain. 

Table 5. Kinetic data for the determination of the Ki of CysTACtin 4 for papain. 
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From this graph (figure 8) the Ki of CysTACtin 4 for ppain was determined at 321 ± 20 �M. 
The results for the determination of the Ki for CysTACtin 5 are summarized in table 6 and 
figure 9, respectively. 
 
 
 

[CysTACtin 5] �M V0 (AU) Vi(AU) (V0/Vi) -1 
31.1 299.04 131.46 1.27 
31.1 191.37 86.59 1.21 
46.6 299.04 105.79 1.83 
46.6 513.53 179.7 1.86 
62.2 299.04 85.89 2.48 
62.2 191.37 58.3 2.28 

 
From this graph (figure 9) the Ki of CysTACtin 5 for papain was determined at 21 ± 1 �M. 
An attempt was made to perform kinetic analysis of CysTACtin 6. CysTACtin 6 had to be 
dissolved in DMSO. When at a particular inhibitor concentration no inhibition was observed, 
new stock solutions had to be made with higher concentrations of the inhibitor, since the 
hydrolytic capacities of papain depend on the concentration of DMSO. Unfortunately, too 
little compound was present to fully conduct the complete analysis, however, no inhibition 
was observed up to a concentration of 75 �M. Therefore, the Ki could not be determined. 
 
 
 

Figure 8. Inhibition curve of 
ppain inhibited by 
CysTACtin 4. According to 
equation 3, the reciprocal 
slope of the graph affords 
the Ki,app. The slope was 
0.002 ± 0.00014 . Y = 
0.002X – 0.045. R2 = 0.99. 

Table 6. Kinetic data for the determination of the Ki of CysTACtin 5 for papain. 



Chapter 3    

 70

(V0/Vi)-1 versus [CysTACtin 5]

0 10 20 30 40 50 60 70
0.0

0.5

1.0

1.5

2.0

2.5

[CysTACtin 5] µM

(V
0/

V
i)-

1

 
 
3.3.4 Determination of Ki for the non-scaffolded peptides 63, 64 and 65 
 
To investigate the effect of the scaffold on the Ki the non-scaffolded peptides, H-
6NleNleCysGlyAla10-NH2 63. Ac-53GlnValValAlaGlyThr58-NH2 64. and Ac-
122LeuThrTyrPhe125-OH 65 were tested for their inhibitory capacities. Therefore, peptides 63, 
64 and 65 were mixed in equimolar amounts in a range of 10-30 �M and subjected to kinetic 
studies. 
The results for the determination of the Ki for peptides 63-65 are summarized in table 8 and 
figure 11. 
 
 
 

[Peptides 63-65] �M V0 (AU) Vi (AU) (V0/Vi) -1 
10 68.76 13.45 4.1 
10 93.63 15.59 5.0 
20 93.63 10.90 7.6 
20 68.76 8.34 7.2 
30 117.58 8.91 12.2 
30 93.63 7.29 11.8 

 
From this graph (figure 11) the Ki of peptides 63-65 for papain was determined at 2 ± 0.2 �M.  
 

Table 8. Data for the determination of the Ki for non-scaffolded peptides 63, 64 and 65 for papain. 

Figure 9. Inhibition curve of 
papain inhibited by 
CysTACtin 5. According to 
equation 3, the reciprocal 
slope of the graph affords 
the Ki,app. The slope was 
0.037 ± 0.0025. Y = 0.037X 
+ 0.11. R2 = 0.98. 
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The inhibition constants of CysTACtin’s 1-6 and the mixture of the non-scaffolded peptides 
63-65 are summarized in table 9. 
 
 
 
 

Compounds Schematic representation Inhibition constant Ki (µM) 
CysTACtin 1 

 
290 ± 10 

CysTACtin 2 
 

50 ± 4 

CysTACtin 3 

 

0.012 ± 0.4 

CysTACtin 4 

 

321 ± 20 

CysTACtin 5 

 

21 ± 1 

CysTACtin 6 

 

ND* 

Peptides 63-65  2 ± 0.2 
 
Since CysTACtin 3 was the best inhibitor synthesized it was also tested on Acute Respiratory 
Syndrome (SARS), which contains another protease of the papain family viz. cathepsin L. 
Recently it was reported in literature that this enzyme plays an important role in the disease 
SARS22,23. Unfortunately, CysTACtin 3 was not capable of preventing SARS development in 
cells infected with Feline CORONA and Human CORONA virus24. 
 

Figure 11. Inhibition 
curve of papain inhibited 
by peptides 63, 64 and 65. 
According to equation 3, 
the reciprocal slope of the 
graph affords the Ki,app. 
The slope was 0.37 ± 
0.03. Y = 0.37X + 0.53. 
R2 = 0.97. 

Table 9. Kinetic data of all compounds tested in this chapter. N.D.: not determined. *No inhibitory capacity 
was measured up to 75 µM of CysTACtin 6. 
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3.4 Discussion and Conclusions 
 
CysTACtin’s 1-6 designed and synthesized in chapter two were evaluated for their inhibitory 
capacities in this chapter using a fluorescent inhibition assay. Inhibition assay was based on 
the liberation and measurement of the highly fluorescent AMC moiety. The Km of Z-PheArg-
AMC was determined at 32 �M while a literature value was 65 �M25. This may be explained 
by the fact that, compared to the literature, different batches of papain and Z-PheArg-AMC 
were used. In an initial kinetic assay the Ki of cystatin C was determined at 6.6 nM which was 
significantly higher than the literature value of 33.7 pM, that is a factor of 200 times greater. 
The Ki was probably higher because old stock solutions of cystatin C were used. On the other 
hand also differences were observed for the Km values. The conclusion was drawn that the 
assay worked properly. Next, CysTACtin’s 1-6 were tested and from these results it became 
clear that all three peptides sequences were needed to yield an high affinity inhibitor. 
CysTACtin 1 with just one peptide sequence showed an affinity of only 290 �M, CysTACtin 
2 with two peptide sequences already had an affinity of 50 �M. However, in order to reach the 
nanomolar range i.e. a tight binding inhibitor, all three peptide sequences were needed. 
CysTACtin 3 showed excellent inhibition (12 nM). Thus, using biomolecular constructs based 
on the TAC scaffold, an effective mimicry of a discontinuous epitope of cystatin B was 
achieved. Structural Information supplied by nature of shape and composition of the 
discontinuous binding epitope, as was derived from the X-ray structure of papain in complex 
with cystatin B, was used in a successful strategy for the generation of synthetic tripodal 
inhibitors of papain.  
The Ki of CysTACtin 4 was determined at 321 µM. CysTACtin 5 with the C-terminal epitope 
fragment and the cyclic fragment had an Ki of 21 µM. Again indicating that more peptide 
sequences were needed the increase the binding affinity. Unfortunately, the Ki of the mixture 
containing some CysTACtin 6 could not be determined and no inhibition capacity was 
detected up to a concentration of 75 µM. This poor inhibition may be explained by the use of 
very impure CysTACtin 6 (� 50%). 
The Ki from peptides 63-65 is about 170 times higher than the Ki of CysTACtin 3 (table 9). 
From this it can be concluded that the TAC scaffold was capable of proper positioning the 
epitope fragments. Moreover, for an effective inhibition, comparable to that of the natural 
inhibitor this proper positioning, by a synthetic scaffold is an absolute prerequisite. 
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3.5 Experimental methods 
 
General methods and materials: Z-Phe-Arg-AMC was obtained from Bachem (Bubendorf, 
Switzerland). Papain (from papaya latex, E 3.4.22.2; 2x crystallized, min. 10 units/mg 
protein) was obtained from Sigma, Zwijndrecht, The Netherlands, and was used without any 
further purification. Inhibition kinetics were performed on a fluorolog fluorimeter, Fl 3-21, 
Jobin Yvon-Horiba, Edison, NJ. Graphpad prism version 4 was used to fit the inhibition 
curves. 
 
Inhibition assay: Inhibition kinetics of the molecular constructs on papain were studied under 
pseudo first-order conditions with at least a 10 fold excess of inhibitor over the enzyme. 
Activity was detected by the liberation of 7-amino-4-methylcoumarin (AMC) (excitation 
wavelength = 355 nm and emission wavelength = 460 nm). CysTACtin’s 1-6 were 
preincubated at various concentrations (CysTACtin 1 (1-2 mM), CysTACtin 2 (10-40 µM), 
CysTACtin 3 (10-50 nM), CysTACtin 4 (200-300 �M), CysTACtin 5 (31-62 �M), 
CysTACtin 6 up to 75 �M and peptides 63-65 (10-30 µM)) with papain for 15 min before the 
reaction was started by addition of the substrate. CysTACtin 5 and 6 were dissolved in DMSO 
whereas CysTACtin’s 1-4 were dissolved in assay buffer. Assay conditions were as follows: 
0.1 N sodium phosphate buffer, pH 6.5, containing 2 mM DTT and 1.5 mM EDTA. Papain 
concentration 0.2 nM and Z-Phe-Arg-AMC 10 µM. Three cuvets with different 
concentrations of inhibitor and one cuvet with no inhibitor were monitored simultaneously. 
The cuvet with no inhibitor provides the V0 (initial rate of hydrolysis). The three other cuvets 
provide the Vi (rate of hydrolysis in presence of [I]). ((V0/Vi)-1) were plotted versus 
increasing inhibitor concentrations to calculate the Ki, app (Ki,app = [I]/((V0/Vi)-1))). Taking the 
substrate into consideration, the true Ki was calculated by Ki = Ki, app/(1+([S]/Km)). The Km 
was calculated using Michaelis Menten kinetics15,26 
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4.1 Abstract 
 
Caspase-3 is the crucial protein in apoptotic pathways. Normally, caspase-3 is blocked 
selectively by an X-linked Inhibitor of Apoptotic Protein (XIAP) for prevention of untimely 
apoptosis. By mimicking the discontinuous epitopes of XIAP using the TAC scaffold we 
wished to obtain a new class of TAC based selective inhibitors of caspase-3, denoted as 
"TIAP’s". Regarding the “hook-line-sinker” as one epitope fragment, as in TIAP 1 and TIAP 
2, led to Ki's of 2.2 �M and 16.1 �M, respectively. In TIAP 1, this combined epitope was 
introduced as a cyclic peptide on the TAC scaffold and in TIAP 2 as a linear peptide. A 
mixture of the non-scaffolded peptides of TIAP 2 or 1 had a Ki of 14.0 �M. Thus a proper 
positioning by the scaffold as well as controlling the shape by cyclization on the scaffold 
seems important. Next, TIAP’s were synthesized where the combined epitope fragment, i.e. 
“hook-line-sinker” was splitted into two fragments leading to TIAP 3, resulting in an Ki of 4.2 
�M. As a control TIAP 4, having only one epitope segment, showed no inhibition, whereas 
TIAP 5 with two epitope segments showed moderate inhibition. Clearly, three peptide 
sequences are needed to obtain a tight binding inhibitor. A mixture of the three non-
scaffolded peptides showed no inhibition at all, which demonstrated that the TAC scaffold 
was necessary for proper positioning of the peptide sequences. By cyclizing the hook-line-
sinker, as in TIAP 1 the most potent inhibitor was obtained. 
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4.2 Introduction 
 
An important protease-protein interaction involves the interaction between the caspase-3 and 
the IAP (Inhibitor Apoptotic Proteins) family, which is crucial in the regulation of apoptosis. 
Apoptosis or “programmed cell death” is for example important in fetal development, 
maintenance of cellular homeostasis and immune system regulation which all require 
apoptosis and replacement of cells2. Apoptosis of cells is regulated by numerous biological 
pathways as is shown in figure 1. 
 

 

 
For apoptosis two pathways are possible i.e. induced by a signal from inside the cell 
(intrinsic) and a signal from outside the cell (extrinsic). The intrinsic apoptotic pathway is 
triggered by damage or malfunctioning of the cell. The apoptosome comprising of proteins –
such as cytochrome C, dATP and apaf-1- produced by mitochondria assemble to form a 
caspase-9 activating complex. The extrinsic apoptotic pathway is triggered from outside the 
cell by ligands produced by other cells. These ligands are recognized by death receptors on 
the cell surface. Death receptors bound to ligands cluster together to form a caspase-8 
activating complex. Figure 1 shows that signals from both the intrinsic and the extrinsic 
pathway are transferred to the caspase family. 
In response to this signal transduction, caspases, for example caspase-9, will hydrolyze 
substrate amide bonds after aspartic acid residues in e.g. pro-caspase-3. Hitherto 14 human-
members of the caspase family have been identified3 and structures of caspase-14 –35, -76 and 
–87 have been elucidated by X-ray crystallography. Both caspase-8, the signal transductor of 
the extrinsic apoptotic pathway and caspase-9, the signal transductor for the intrinsic pathway 
activate caspase-3 and –7. The activated caspase-3 and -7 initiate the caspase cascade which 

Figure 1. Schematic representation of cell suicide (apoptosis) via the intrinsic and extrinsic pathway. 
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eventually leads to cell death8. Caspase-3 and –7 are similar in three dimensional structure 
and function. Caspase-3 the protein of interest in this chapter -also referred to as CPP32, 
Yama or apopain-, is one of the most studied and well-known mammalian caspases9. It can 
process pro-caspase-2, -6, -7 and -9 of the caspase cascade and hydrolyze proteins e.g. 
cytoskeletal proteins, kinases and DNA repair enzymes. Therefore, caspase-3 is the pivotal 
protein in the execution phase of apoptosis.  
Synthetic caspase-3 inhibitors were effective in animal models against ischemia injury, burns, 
endotoximia, sepsis and neonatal hypoxia. Due to structure similarity of the Caspase family 
the topical inhibitors were non- or semi-selective, resulting in undesired side effects9. 
Natural inhibitors of caspases -IAP’s- inhibit caspases by blockage of the active sites to 
prevent apoptosis. XIAP (X-linked IAP), a member of the IAP family, is the natural inhibitor 
of caspase-3 and it plays a key role as a regulator of apoptosis. The crystal structure of 
caspase-3 in complex with XIAP was elucidated by Riedl et. al. in 2001 (figure 2). 
 

 
 

 
The IAP family binds caspases by conserved epitopes viz. the BIR (Baculovirus IAP Repeat) 
domains10. Studies indicated that XIAP binds and inhibits caspase-3 selectively through a 
BIR2 binding domain11. XIAP is the only IAP which contains this BIR2 domain and therefore 
binds caspase-3 in a unique and selective way12. XIAP is also capable of binding caspase-9 
through a more common BIR3 domain. Figure 2 indicates that three peptides sequences are 
part of the discontinuous epitope. These binding epitopes are part of the BIR i.e. “zinc” 

Figure 2. Crystal structure of a XIAP and caspase-3 dimer. Left: caspase-3 (depicted in blue) in complex 
with XIAP (depicted in red). Right: Details of the interactions between XIAP and caspase-3. The 
discontinuous epitope is depicted in green boxes.  
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domain and BIR2 domain i.e. “hook” and “sinker” domains of XIAP. The peptide of the BIR 
domain consists of five consecutive amino acids viz. 225PNCFF229 which contains a zinc 
coordinating cysteine. The two other binding peptides viz. the “hook” 138DYLLRTGQV146 
and the “sinker” 148DISDTIYPR156 originate from the BIR2 domain. The “sinker” and the 
“hook” are most important for the steric blockage of the active site of caspase-3 (figure 2). 
 

 

 
The mechanism of caspase-3 inhibition by XIAP is truly unique compared to that of other 
protease-protein interactions13. Caspase-3 has four important binding pockets i.e the S1, S2, 
S3 and S4 pockets which determine substrate affinity and selectivity. Compared to a normal 
caspase-3 substrate which occupies all four pockets for example DEVD, the protein XIAP 
only shows affinity for the S4 pocket by valine5 (Figure 3 c). Strikingly, the “sinker” and 
“hook” of XIAP bind caspase-3 at the same site as substrates do but in a reversed orientation 
(Figure 3 b). Due to this reversed orientation no carbonyl of XIAP is close to the cysteine of 
the catalytic triad of caspase-3 and the stabilizing oxyanion hole for hydrolysis of a peptide 
chain remains unoccupied.  
The “sinker” and “hook” are connected by a valine residue i.e. “the line” which has no 
surface interaction with caspase-3 but prevents access to the S2 and S3 binding pockets by 
steric hindrance. Binding of XIAP to the same site as normal caspase-3 substrates without 
hydrolysis of a peptide bond in XIAP can be classified as non-productive binding12. 
As is shown in figure 1 XIAP can bind activated caspase-3, -7 and -9. This leads to 
prevention of apoptosis via the intrinsic and extrinsic pathway. However, when apoptotic 
signals are sufficiently strong the inhibition of caspases by XIAP is reversed and apoptosis 
can take place. Removal of XIAP from caspases is performed by the protein Smac -also 
referred to as “DIABLO”-, which is a protein produced by mitochondria as a response to 

Figure 3. Binding mechanism between XIAP and caspase-3[5]. (a) Contacts between the “sinker”, line and 
“hook” from the BIR2 domain (green) of XIAP and caspase-3 (gray and cyan). (b) Enlargement of the 
substrate binding region of caspase-3 with the substrate DEVD (blue) superimposed on the caspase-3 
structure bound to the BIR2 domains. (c) Schematic representation of the BIR2 binding mechanism towards 
caspase-3. Adapted from S.J. Riedl, Cell, 20015 
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apoptotic stimuli14-17(Figure 1). The release mechanism of XIAP from caspase-9 by Smac is 
different from the release mechanism of XIAP from caspase-3 and –714. The BIR3 domain of 
XIAP contains a binding pocket with high affinity for a four amino acids long N-terminal 
sequence viz. AVPF, which is the N-terminal sequence of caspase-9. When pro-caspase-9 is 
processed by the apoptosome to caspase-9, this N-terminal sequence is exposed, which 
enables XIAP to bind and block its activity18. Smac on the other hand also contains a similar 
N-terminal sequence viz. AVPI, which also has high affinity for the BIR3 domain of XIAP. In 
addition to these four amino acids Smac can interact with the BIR3 domain by over 2,000 Å 
of surface contact area17. Together, these interactions enable Smac to bind free XIAP in the 
cytosol as well as to compete with XIAP bound to caspase-9.  
Caspase-3 and –7 do not contain the N-terminal AVPI sequence and therefore do not interact 
with the BIR3 domain of XIAP. It is believed that the interactions between BIR3 and Smac 
are strong enough to remove bound XIAP from caspase-317. 
When free caspase-3 is present in the cytosol it can accelerate its own processing of pro-
caspase-3 to caspase-3 which is performed by caspase-9. Caspase-3 cleaves a 15-peptide from 
the N-terminus of caspase-9 resulting in the release of caspase-9*. This 15-peptide contains 
the N-terminal AVPF sequence19,20 and is capable of prevention of binding of XIAP to 
caspase-9 similar to the Smac protein. Furthermore, because the processed caspase-9* lacks 
the N-terminal AVPF sequence, XIAP inhibition will be impossible14. Caspase-9* is just as 
active in processing pro-caspase-3 to caspase-3 which in turn can produce caspase-9* again. 
In conclusion, the production of Smac activates caspase-3 by removal of XIAP which 
accelerates the production of caspase-3 by producing caspase-9* that can not be inhibited by 
XIAP but is effective in production of caspase-3 and thus resulting in apoptosis. 
As mentioned the discontinuous epitope consists of “three” fragments but when a closer look 
is taken at this discontinuous epitope then in principle one could state that the discontinuous 
epitope consists of two parts, i.e. the “zinc” sequence and a long sequence viz. the “hook-line-
sinker” sequence. The goal of this research was to mimic the discontinuous epitope consisting 
of the topical two parts using the TAC scaffold in order to obtain TAC-based synthetic 
Inhibitors of Apoptotic Protein denoted as “TIAP's”. 
 

 
 
The proposed TAC based inhibitors of the Apoptotic Protein will only contain the important 
caspase-3 binding epitopes of XIAP from the BIR and BIR2 domain and therefore will lack 
the AVPF binding domain. Thus, the resulting TIAP’s should be unable to bind caspase-9. 
Furthermore, because TIAP’s will not contain the AVPF binding pocket, Smac will be unable 
to bind these TIAP’s. Therefore, the feedback mechanism of the cell in order to produce Smac 
for liberation of XIAP from caspase-3 to provoke apoptosis will not work on caspase-3 bound 

Figure 4. 
Representation of 
TIAP 1, where the 
“hook”, line and 
“sinker” are cyclized 
in a consecutive 
stretch. 
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to TIAP. In this way caspase-3 will remain inactive and will be unable to accelerate its own 
production by producing caspase-9* and more importantly, it will be unable to activate the 
caspase-3 cascade and thus apoptosis is prevented. 
 

4.3 Results 
 
4.3.1 Design and synthesis of TIAP’s 1 and 2. 
 
If a potential mimic is to be generated one has to keep in mind that a long peptide sequence, 
as in the “hook-line-sinker”, is very flexible. A flexible construct will lose more entropy upon 
binding resulting in a penalty in the binding constant (cf. introduction chapter 1). Guided by 
this knowledge we designed a synthesis where this long peptide, i.e. “hook-line-sinker” is 
constrained by cyclization on the TAC scaffold resulting in a decrease of flexibility of this 
part of the discontinuous epitope. Based on synthetic experience obtained in chapter 2 it was 
decided to assemble the “zinc” sequence on the position previously protected with the Fmoc 
protecting group. The “hook-line-sinker” sequence was assembled on the position previously 
protected with a o-NBS protecting group. 
Thus, TIAP 1 was synthesized as is outlined in scheme 1. In addition, TIAP 2 was 
synthesized to evaluate the influence of cyclization of the “hook-line-sinker” peptide 
sequence. 
 

 
 

Scheme 1. Synthesis of TIAP 1 and 2. Reagents and conditions: a) 20% piperidine, NMP; b) Fmoc-AA(PG)-
OH, BOP, DiPEA; c) Ac2O, HOBt, DiPEA; d) HSCH2CH2OH, DBU, DMF; e) Pd(PPh3)4, anilinium p-
toluene sulfinate, NMP; f) Succinic anhydride, DMAP, DCM; g) BOP, DiPEA, NMP; h) TFA/TIS/H2O/EDT 
(94/1/2.5/2.5).  
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After Fmoc cleavage of resin bound compound 1 with piperidine the first peptide fragment 
i.e. 225PNCFF229 was manually assembled by means of SPPS followed by acetylation to give 
2. Then the oNBS-protecting group was cleaved with mercaptoethanol and the “hook-line-
sinker” peptide was assembled on the TAC scaffold by means of automated SPPS (6) on an 
ABI 433A peptide synthesizer24,25. On the synthesizer, peptide couplings were carried out 
using four equivalents of each Fmoc-amino acid, BOP and HOBt in the presence of DiPEA in 
NMP for 45 min. The UV-monitoring system26 of the synthesizer was used to monitor the 
Fmoc removal step by detection of the dibenzofulvene-piperidine adduct absorbing at 301 
nm. 
For the preparation of TIAP 2 from the newly attached peptide in compound 6 the Fmoc 
group was removed, followed by acetylation. Next, the aloc-protecting group was cleaved and 
the liberated secondary amine was acetylated. After cleavage from the resin, crude TIAP 2 
was purified by means of preparative HPLC affording the desired compound in a yield of 
10% (average yield of 96% per step).  
For the preparation of TIAP 1, the aloc-protecting group of compound 6 was cleaved and the 
liberated secondary amine was succinylated yielding compound 7. The Fmoc-protecting 
group was removed and the peptide was cyclized by BOP in the presence of base. After 
cleavage, deprotection and lyophilization TIAP 1 was purified in a two step purification 
protocol. First a LH 20 column (MeCN/H2O 1/1) was performed and secondly preparative 
HPLC was carried out. TIAP 1 was obtained in an overall yield of 5% which corresponded to 
an average yield of 95% per step. 
Lastly, the non-scaffolded peptide i.e. “hook-line-sinker” 138Ac-
DYLLRTGQVVDISDTIYPR-NH2

156 (8) was synthesized by means of standard automated 
Fmoc/tBu SPPS in order to investigate the necessity of scaffolding.  
The yields, characterization data and purities of TIAP’s 1 and 2 and peptide construct 8  are 
summarized in table 3. The ESI-MS spectra of TIAP’s 1 and 2 are depicted in figures 6 and 8, 
respectively. The HPLC chromatograms of TIAP’s 1 and 2 are depicted in figure 5 and 7, 
respectively. 
 
 
 
 
Compound Yield (per step)% MS calculated MS found Purity HPLC 

TIAP 1 8 (96) 3215.64 (M)+
ave 1609.04 (M+2H)2+ >95% 

TIAP 2 5 (95) 3217.65 (M)+
ave 1609.52 (M+2H)2+ 

1620.36 (M+H+Na)2+ 
1631.40 (M+2Na)2+ 
1648.14 (M+2K)2+ 
1073.74 (M+3H)3+ 

1099.02 (M+H+2K)3+ 

>95% 

Peptide 8 12 (95) 2265.52 (M)+
ave 1133.40 (M+2H)2+ >99% 

 
 

Table 1. Overall yields, characterization data and purities of TIAP’s 1 and 2. Masses are measured on a ESI-
MS apparatus . Masses indicated with “ave” are average masses. 
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Figure 5. Analytical HPLC chromatogram of TIAP 1. Blue; 254 nm trace, green; 220 nm trace, red ELSD 
trace. 

Figure 6. ESI-Mass spectrum of TIAP 1. 



Chapter 4    

 84

Minutes
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

2
0

.4
1

7

 
 

 
 

 

 
 

 

Figure 7. Analytical HPLC chromatogram of TIAP 2. Blue; 254 nm trace, green; 220 nm trace, red ELSD 
trace. 

Figure 8. ESI-Mass spectrum of TIAP 2. 
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To evaluate whether the long peptide epitope fragment “hook-line-sinker”, i.e. 138Ac-
DYLLRTGQVVDISDTIYPR-NH2

156 should be assembled as a whole also the “hook-line-
sinker” fragment was splitted into two fragments viz. the “hook” 138DYLLRTGQV146 and the 
“sinker” 148DISDTIYPR156 leading to TIAP 3. 
This TIAP 3 was synthesized as is depicted in scheme 2.  
 

 

 
Synthesis of the TIAP 3 was performed on Rink amide Tentagel resin (9). After Fmoc 
deprotection of the resin the TAC scaffold was coupled using BOP in the presence of a base 
(1). Fmoc loading was determined (Theoretical: 0.23 mmol g-1, Measured: 0.22 mmol g-1) 
using the standard protocol for the determination of the Fmoc loading23. After Fmoc cleavage 
with piperidine the first peptide fragment i.e. 225PNCFF229 was assembled by means of 
Fmoc/tBu SPPS. After final Fmoc cleavage the peptide fragment was acetylated using acetic 
anhydride (2). 

Scheme 2. Synthesis of TIAP 3. Reagents and conditions: a) 20% piperidine, NMP; b) BOP, DiPEA, TAC, 
NMP; c) Fmoc-AA(PG)-OH, BOP, DiPEA, NMP; d) Ac2O, DiPEA, HOBt, NMP; e) HSCH2CH2OH, DBU, 
DMF; f) Pd(PPh3)4, anilinium p-toluene sulfinate, NMP; g) TFA/TIS/H2O/EDT (94/1/2.5/2.5). 
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The oNBS-protecting group was cleaved by mercaptoethanol in the presence of strong base 
(10). Then, the second peptide fragment i.e. 148DISDTIYPR156 was assembled and acetylated 
(11).  
Lastly, the aloc-protecting group was cleaved by Pd(0) followed by introduction of the third 
peptide fragment i.e. 138DYLLRTGQV146. After acetylation, cleavage from the resin and 
purification by means of preparative HPLC, TIAP 3 was obtained in a yield of 10% which 
corresponded to an average yield of 96% per step. 
Several biomolecular constructs were prepared to evaluate the influence of the scaffold on the 
mimicry of the splitted discontinuous epitope fragment and the relative contributions of each 
of the peptides present on the TAC scaffold. The synthesis of TIAP 4 containing only the 
“zinc” (225PNCFF229) epitope is depicted in scheme 3 and TIAP 5 containing both the “zinc” 
(225PNCFF229) and the “sinker” (148DISDTIYPR156) epitope is depicted in scheme 4. 
 

 
 
After preparation of compound 10 (scheme 2), the secondary amine of the TAC scaffold was 
acetylated using acetic anhydride. Then, the aloc-protecting group was cleaved by Pd(0) 
followed by acetylation. After cleavage from the resin TIAP 4 was purified by means of 
preparative HPLC to afford TIAP 4 in a yield of 64% which corresponded to an average yield 
of 97% per step. 

 
 
TIAP 5 was synthesized (scheme 4) analogous to TIAP 3 until compound 11 (scheme 2) was 
obtained. After Aloc deprotection the resulting secondary amine was acetylated. Cleavage 

Scheme 4. Synthesis 
of TIAP 5. Reagents 
and conditions: a) 20% 
piperidine, NMP; b) 
BOP, DiPEA, TAC, 
NMP; c) Fmoc-
AA(PG)-OH, BOP, 
DiPEA, NMP; d) 
Ac2O, DiPEA, HOBt, 
NMP; e) 
HSCH2CH2OH, DBU, 
DMF; f) Pd(PPh3)4, 
anilinium p-toluene 
sulfinate, NMP; g) 
TFA/TIS/H2O/EDT 
(94/1/2.5/2.5). 

Scheme 3. Synthesis 
of TIAP 4. Reagents 
and conditions: a) 20% 
piperidine, NMP; b) 
BOP, DiPEA, TAC, 
NMP; c) Fmoc-
AA(PG)-OH, BOP, 
DiPEA, NMP; d) 
Ac2O, DiPEA, HOBt, 
NMP; e) 
HSCH2CH2OH, DBU, 
DMF; f) Pd(PPh3)4, 
anilinium p-toluene 
sulfinate, NMP; g) 
TFA/TIS/H2O/EDT 
(94/1/2.5/2.5). 
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from the resin gave TIAP 5 which was purified by means of preparative HPLC resulting in a 
yield of 13% which corresponded to an average yield of 95% per step.  
Finally, the non-scaffolded peptides were prepared: the “sinker” 148Ac-DISDTIYPR-NH2

156 
(13), “zinc” 225Ac-PNCFF-NH2

229 (14) and “hook” 138Ac-DYLLRTGQV-NH2
146 (15) 

peptides were synthesized to investigate the necessity of scaffolding the splitted discontinuous 
epitope fragment as opposed to using just a mixture of the peptides. The peptides were 
purified by means of preparative HPLC resulting in total yields of “sinker” peptide (13) 50% 
(98% average per step), “zinc” peptide (14) 75% (97% average per step) and “hook” peptides 
(15) 25% (94% average per step). 
The yields, characterization data and purities of TIAP’s 3-5 and peptides 13-15 are 
summarized in table 2. The ESI-MS spectra of TIAP 3-5 are depicted in figure 10, 12 and 14. 
The HPLC chromatograms of TIAP 3-5 are depicted in figure 9,11 and 13.  
 
 
 
 
 

Compound Yield (per step)% MS calculated MS found Purity HPLC 
TIAP 3 10 (96) 3118.52 (M)+

ave 1560.20 (M+2H)2+ 
1040.76 (M+3H)3+ 

>95% 

TIAP 5 13 (95) 2072.34 (M)+
ave 1137.51 (M+2H)2+ >95% 

TIAP 4 64 (97) 1010.47 (M)+ 1011.69 (M+H)+ >99% 
Peptide 13 50 (98) 1104.59 (M)+

ave 1105.65 (M+H)+ 
1127.90 (M+Na)+ 

>99% 

Peptide 14 75 (97) 667.28 (M)+
ave 690.15 (M+Na)+ >99% 

Peptide 15 25 (94) 1119.56 (M)+
ave 1119.40 (M+H)+ >99% 
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Table 2. Overall yields, characterization data and purities of TIAP’s 3-5 peptides 13-15. Masses are measured 
on a ESI-MS apparatus . Masses indicated with “ave” are average masses, if nothing is indicated monoisotope 
masses are calculated. 

Figure 9. Analytical HPLC chromatogram of TIAP 3. Blue; 254 nm trace, green; 220 nm trace, red ELSD 
trace. 



Chapter 4    

 88

 
 
 
 

Minutes
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1
9

.4
6

7

 
 
 
 
 

Figure 10. ESI-Mass spectrum of TIAP 3. 

Figure 11. Analytical HPLC chromatogram of TIAP 4. Blue; 254 nm trace, green; 220 nm trace, red ELSD 
trace. 
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Figure 12. ESI-Mass spectrum of TIAP 4. 

Figure 13. Analytical HPLC chromatogram of TIAP 5. Blue; 254 nm trace, green; 220 nm trace, red ELSD 
trace. 
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4.3.2 Enzyme kinetics of TIAP’s 1-5 and peptides 8, 13-15. 
An overview of the five different TIAP’s synthesized and tested is depicted in figure 15. 
 

 
 
 
 

Figure 15. Overview of the five different TIAP’s designed and synthesized. 

Figure 14. ESI-Mass spectrum of TIAP 5. 
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For convenience each of the TIAP’s is represented by a cartoon. In this cartoon the triangle 
represents the TAC scaffold, whereas the colored bars represent the peptide epitope 
fragments. 
First the Km of the substrate, Ac-DEVD-pNA, was determined. To calculate this value for the 
Ac-DEVD-pNA substrate of caspase-3 an Eisenthal-Cornish-Bowden plot27 was derived. The 
calculated Km of the caspase-3 substrate Ac-DEVD-pNA (16, figure 16) was 11.3 �M which 
was in accordance with literature (Km = 11 �M) 28. 
To investigate whether the enzyme assay worked correctly a known inhibitor was tested. The 
commercially available caspase-3 colorimetric assay kit29 contained a standard inhibitor i.e. 
the substrate Ac-DEVD-aldehyde (17, figure 16). Despite the fact that this inhibitor has a 
different mode of action (viz. a covalent inhibition instead of non covalent) compared to the 
native XIAP, it was decided to use this inhibitor, because it belongs to the same class of 
inhibitors viz. the class of competitive inhibitors.  
In contrary to the papain assay (cf. chapter 3) it was now possible to perform the kinetic 
assays in a 96-well plate. 

 
 
 
 
According to literature29 the caspase-3 substrate was dissolved in DMSO resulting in a 
concentration of 20 mM from which 5 �L was used per assay well. Ac-DEVD-aldehyde was 
also dissolved in DMSO and added to the wells is a concentration range of 0.5-4 �M. Final 
DMSO concentrations per assay well were kept below 10%. Inhibitors were not preincubated 
with caspase-3 due to unacceptable loss of caspase-3 activity. For determination of the Ki of 
Ac-DEVD-aldehyde inhibitor (19) the used enzyme concentration [E] was 25 nM, the 
substrate concentration [S] was 1mM and the inhibitor concentration [I] was in the range of  
0.5-4 �M. Absorption of the liberated p-nitroaniline moiety was measured, directly in the 
wells for 1.5 hour at 405 nm. 
The results for determination of the Ki of Ac-DEVD-aldehyde are summarized in table 3 and 
figure 17, respectively. 
 
 
 

[AC-DEVD-aldehyde] 
µM 

V0 (AU) Vi (AU) (V0/Vi) -1 

0.5 9 7 0.29 
1.0 9 6 0.50 
2.0 9 5 0.80 
4.0 9 3.5 1.57 

 

Table 3. Kinetic data for the determination of the Ki of Ac-DEVD-aldehyde for caspase-3. 

Figure 16. Representation of the substrate (16) and inhibitor (17) used in the kinetic studies. 
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The slope of the graph (figure 17) was 0.36 ± 0.01. Combining the reciprocal of the slope and 
equation 1 (chapter 3) this resulted in a Ki of 31.1 ± 0.9 nM which was in accordance with the 
literature value of 27 nM30. 
At first, TIAP 1 and 2 were tested in which “hook” and “sinker” peptides were combined in a 
cyclic and a linear way, respectively. TIAP 1 was tested in a range of 5-35 µM and TIAP 2 in 
a range of 50-200 µM. 
Results for determination of the Ki for TIAP 1 are summarized in figure 18 and table 4. 
 
 

[TIAP 1] µM V0 (AU) Vi (AU) (V0/Vi) -1 
5 44 35 0.26 
15 44 27 0.63 
25 44 21 1.12 
35 44 17 1.62 
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Figure 17. Inhibition curve of 
caspase-3 inhibited by Ac-
DEVD-aldehyde. According to 
equation 3 in chapter 3, the 
reciprocal slope of the graph 
affords the Ki,app. The slope was 
0.36 ± 0.01. Y = 0.36X + 0.11 
R2 = 0.99. 

Table 4. Kinetic data for the determination of the Ki of TIAP 1 for caspase-3. 

Figure 18. Inhibition curve of 
caspase-3 inhibited by TIAP 1. 
According to equation 3 in 
chapter 3, the reciprocal slope 
of the graph affords the Ki,app. 
The slope was 0.05 ± 0.002. Y 
= 0.05X -0.007. 
R2 = 0.99. 
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The slope of the graph (figure 18) was 0.05 ± 0.002, resulting in a Ki of 2.2 ± 0.1 �M. 
Results for the determination of the Ki for TIAP 2 are summarized in figure 19 and table 5. 
 
 
 

[TIAP 4] µM V0 (AU) Vi (AU) (V0/Vi) -1 
50 47 34 0.39 

100 47 27 0.75 
150 47 24 0.99 
200 47 19 1.50 
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The slope of the graph (figure 19) was 0.007 ± 0.0007. Combining the reciprocal of the slope 
and equation 1 this resulted in a Ki of 16.1 ± 1.6 �M. 
The inhibition constants of TIAP 1 and 2 clearly indicate that cyclization is beneficial for the 
mimicry of the bioactive conformation of XIAP. 
To investigate the effect of scaffolding of the peptide sequences, a equimolar mixture of the 
non-scaffolded peptides,  225Ac-PNCFF-NH2

229 (14) and 138Ac-DYLLRTGQVVDISDTIYPR-
NH2

156 (8) was tested for its inhibitory capacities. 
Peptides  (8) and (14) were tested in concentrations ranging form 50 to 200 mM. Assay results 
for the Ki determination are summarized in figure 20 and table 6. 
 
 
 

[peptides 8 and 14] µM V0 (AU) Vi (AU) (V0/Vi) -1 
50 101 64 0.58 

100 101 51 0.97 
150 101 43 1.37 
200 101 36 1.82 

 

Table 5. Kinetic data for the determination of the Ki of TIAP 2 for caspase-3. 

Table 6. Kinetic data to determine the Ki of peptides 8 and 14 for caspase-3. 

Figure 19. Inhibition curve of 
caspase-3 inhibited by TIAP 2. 
According to equation 3 in 
chapter 3, the reciprocal slope of 
the graph affords the Ki,app. The 
slope was 0.007 ± 0.0007. Y = 
0.007X + 0.015. 
R2 = 0.98. 
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The slope of the graph (figure 20) was 0.008 ± 0.0002. Combined with equation 1 gave a Ki 
value of 14.0 ± 0.4 �M for the peptides (8) and (14) together. 

Next, the Ki values of TIAP’s 3-5 were determined using the same protocol as for the 
inhibitor Ac-DEVD-aldehyde. TIAP 3 was tested in a concentration range of 0.25-1 mM, 
TIAP 4 was tested in a concentration up to 2 mM and TIAP 5 was tested in a concentration 
range of 0.5-2 mM.  
Results for determination of the Ki for TIAP 3 are summarized in figure 21 and table 7. 
 
 

[TIAP 3] mM V0 (AU) Vi (AU) (V0/Vi) -1 
0.25 809 482 0.68 
0.25 809 455 0.78 
0.5 659 290 1.28 
0.5 809 342 1.37 
0.75 959 317 2.03 
0.75 959 316 2.03 
1.0 959 269 2.57 
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Figure 20. Inhibition curve of 
caspase-3 inhibited by peptides 8 
and 14. According to equation 3 
in chapter 3, the reciprocal slope 
of the graph affords the Ki,app. The 
slope was 0.008 ± 0.0002. Y = 
0.008X + 0.15. 
R2 = 0.99. 

Table 7. Kinetic data for the determination of the Ki of TIAP 3 for caspase-3. 

Figure 21. Inhibition curve of 
caspase-3 inhibited by TIAP 3. 
According to equation 3 in chapter 3, 
the reciprocal slope of the graph 
affords the Ki,app. The slope was 2.52 
± 0.09. Y = 2.52X + 0.1. 
R2 = 0.99. 
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The slope of the graph (figure 21) was 2.52 ± 0.09. Combining the reciprocal of the slope and 
equation 1 this resulted in a Ki of 4.2 ± 0.4 �M. 
TIAP 4 assay results are summarized in figure 22. 

Inhibition curve of TIAP 4
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No inhibitory activity was observed for TIAP 4 up to a concentration of 2 mM. 
Results for the determination of the Ki for TIAP 5 are summarized in figure 23 and table 8. 
 
 

[TIAP 5] mM V0 (AU) Vi (AU) (V0/Vi) -1 
0.5 501 437 0.15 
0.5 536 476 0.13 
1.0 571 432 0.32 
1.0 571 457 0.24 
1.5 501 342 0.47 
1.5 536 367 0.46 
2.0 571 354 0.61 
2.0 571 355 0.61 
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The slope of the graph (figure 23) was 0.32 ± 0.02, resulting in a Ki of 35.1 ± 2.2 �M. 

Table 8. Kinetic data for the determination of the Ki of TIAP 5 for Caspase-3. 

Figure 23. Inhibition curve 
of caspase-3 inhibited by 
TIAP 5. According to 
equation 3 in chapter 3, the 
reciprocal slope of the graph 
affords the Ki,app. The slope 
was 0.32 ± 0.02. Y = 0.32X – 
0.03. 
R2 = 0.98. 

Figure 22. Inhibition 
curve of caspase-3 
inhibited by TIAP 4. No 
inhibition was observed. 
Legends : �; 1 mM 
substrate, �; 2 mM TIAP 
4. 
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To investigate the necessity of scaffolding the separate parts of the discontinuous epitope a 
mixture of the non-scaffolded peptides,  225Ac-PNCFF-NH2

229 (14), 148Ac-DISDTIYPR-
NH2

156 (13) and 138Ac-DYLLRTGQV-NH2
146 (15) were tested for its inhibitory capacities.  

An initial assay showed that peptides 14 and 15 precipitated under caspase-3 assay conditions 
at a concentration of 0.25 mM. Therefore, new assay conditions had to be developed for 
testing inhibition by these peptides. It was decided to lower the substrate concentration a ten 
fold to a concentration of 100 �M. When inhibitor concentrations were also lowered a ten 
fold, compared to substrate concentrations, the assay was comparable with the TIAP’s 3-5 
assays, because the inhibitory capacity is determined by a competition between inhibitor 
affinity and substrate affinity for the enzyme. Peptides 13-15 were tested in concentration up 
to 200 �M.  
Assay results of the peptides 13, 14 and 15 tested together are summarized in figure 24. 

Inhibition curve of peptide 13+14+15
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No inhibitory activity was observed using a equimolar mixture of peptides 13, 14 and 15 
(each at a concentration of 200 �M). From this it was concluded that the scaffold ensures a 
proper positioning of the peptide sequences in order to bind to Caspase-3. 
The inhibition constants of TIAP’s 1-5 and non-scaffolded peptide 13-15 and peptides 8 + 14 
are summarized in table 9. 
 
 
 
 

Compounds Schematic representation Inhibition constant Ki (µM) 
TIAP 1 

 

2.2 ± 0.1 

TIAP 2 

 

16.1 ± 1.6 

TIAP 3 

 

4.2 ± 0.4 

TIAP 4 
 

ND* 

TIAP 5 
 

35 ± 2.2 

Peptides 13-14  ND** 
Peptides 14 + 8  14.0 ± 0.4 

Figure 24. Caspase-3 activity 
with peptides 13, 14 and 15 
together. Legends: �; 100 
�M substrate, �; 200 �M 
148DISDTIYPR156 (13), 200 
�M 138DYLLRTGQV146 (15), 
200 �M 225PNCFF229 (14). 

Table 9. Kinetic data of all compounds tested in this chapter. N.D. means not determined. *No inhibitory 
capacity was measured up to 2 mM for TIAP 4. **No inhibition was observed up to 200 µM of peptides 13-
15. 
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To investigate, whether the best binding TIAP i.e. TIAP 1 had the same mode of inhibition as 
the mimicked XIAP it was determined whether TIAP 1 was a competitive or non-competitive 
inhibitor using an Eisenthal-Cornish-Bowden plot27 (Figure 25). 

Eisenthal-Cornish-Bowden plot of TIAP 1
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The rate of hydrolysis was measured for different substrate concentrations ([S]) viz. 20, 30, 40 
and 50 �M.  
When the points of intersection of the blue (substrate) and red (substrate combined with TIAP 
1) lines have the same X-value i.e. Km, the inhibitor is classified as non-competitive. When 
the points of intersection of the blue (substrate) and red (substrate with TIAP 1) lines have the 
same Y-value i.e. Vmax, the inhibitor is classified as competitive. Average X and Y-values of 
the intersection points are outlined in table 10. 
 
 
 

Compound Average Y Error (±) Average X Error (±) 
Substrate + TIAP 1 11.5 0.20 23.2 0.68 

Substrate 11.9 0.33 11.6 1.22 
 
Average Y-values of the intersection points derived from the Eisenthal-Cornish-Bowden were 
almost equal for the substrate and substrate with TIAP 1, considering the error in these values 
the average Y-values could be the same. Average X-values of the intersection points derived 
from the Eisenthal-Cornish-Bowden were significantly different. These date indicate that 
TIAP 1 interacts with caspase-3 in the same mode as the natural inhibitor XIAP, i.e. in a 
competitive mode. 

Figure 25. Eisenthal-Cornish-
Bowden plot to determine 
whether TIAP 1 was a non-
competitive or competitive 
inhibitor determination TIAP 1. 
Legends: �; 50, 40, 30 and 20 
�M substrate, �; 50, 40, 30 and 
20 �M substrate with 10 �M of 
TIAP 1. 

Table 10. Mean x- and y- values derived from the intersection points of the Eisenthal-Cornish-Bowden plot 
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 4.4 Discussion and Conclusions 
 
In this chapter synthetic inhibitors of caspase-3 were designed and synthesized based on the 
crystal structure of caspase-3 and XIAP using the TAC scaffold to yield TAC based Inhibitors 
of Apoptotic Protein denoted as “TIAP’s”. Synthesis of TIAP’s 1-5 was all carried out in a 
very convenient way using SPPS resulting in good yields. After purification the analytical 
HPLC chromatograms showed that TIAP’s 1-3 were pure. TIAP 1 had to be pre-purified by 
gel filtration on a LH 20 column. After preparative HPLC the analytical HPLC showed that 
TIAP 1 was pure. Only for TIAP 2 a few additional peaks in the mass spectrum were 
observed, these peaks could not be assigned. Further purification of TIAP 2 was not 
performed since it was used as a reference compound.  
The Km value of the substrate –Ac-DEVD-pNA- was determined at 11.3 �M which was in 
agreement with the literature value of 11 �M. In an initial assay the Ki for inhibitor Ac-
DEVD-CHO was determined at approximately 31 nM which also correlated to the literature 
value of 27 nM. Therefore, it was concluded that the assay worked properly. 
The non-cyclized TIAP with the “hook-line-sinker” peptide (TIAP 2) was tested for its 
inhibitory capacity and had an Ki of 16.1 �M. This value is higher than the Ki of TIAP 3 (4.2 
�M) which might be explained by the flexibility of the “hook-line-sinker” peptide in the 
former. This explanation was corroborated by the inhibitory capacity of TIAP 1 which had an 
Ki of 2.2 �M. Clearly, the cyclized “hook-line-sinker” peptide of TIAP 1 was less flexible 
than the linear version of TIAP 2 which resulted in better binding affinity possibly due to a 
smaller entropy loss upon binding. Moreover, the binding affinity of TIAP 1 was two fold 
lower than the Ki of TIAP 3 indicating that TIAP 1 resembled the bioactive conformation of 
XIAP even better than TIAP 3 did. This result was also in agreement with the inhibitory 
capacity of peptides 8 and 14 which together had an Ki of 14.0 �M. When this Ki was 
compared to the non active “hook”, “sinker” and “zinc” peptides –13-15 (table 9)- it followed 
that the complete “hook-line-sinker” peptide was needed for the mimicry of the bioactive 
conformation of XIAP. 
Next, TIAP’s 3-5 were tested for their inhibitory capacities. TIAP 4 with just one binding 
peptide had no affinity at all, TIAP 5 had an affinity of 35.1 �M and TIAP 3 clearly was the 
best inhibitor with a affinity of 4.2 �M. These results clearly demonstrated that three peptide 
sequences were needed to yield a tight binding inhibitor of caspase-3. It was concluded that 
TIAP 3 shows good inhibition of caspase-3 and was a good mimic of a crucial discontinuous 
epitope of XIAP. To verify this conclusion inhibition kinetics were performed on the non-
scaffolded peptides 13-15. 
Compounds where the large epitope fragment (“hook-line-sinker”) was separated into the 
hook, and sinker components, i.e. TIAP 3-5 had a higher Ki than the compounds where this 
large epitope fragment was intact. Therefore, it was concluded that the “hook-line-sinker” part 
of the discontinuous epitope should be incorporated as a complete fragment. 
The non-scaffolded peptides were tested using a 10-fold lower substrate concentrations, due 
to poor solubility problems of the peptides, and showed no inhibition up to a concentration of 
200 �M. Comparing the kinetic data of the non-scaffolded peptides with those of the 
scaffolded compounds i.e TIAP’s 3-5 it was concluded that the TAC scaffold enabled the 
proper positioning of the epitopes. 
Lastly, from the Eisenthal-Cornish-Bowden plot it followed that TIAP 1 could be classified as 
a competitive inhibitor of Caspase-3. Based on the results described in this chapter TIAP 1 
could prevent apoptosis and, therefore, might be effective against ischemia injury, burns, 
endotoximia, sepsis, neonatal hypoxia and Parkinsons disease36. 
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4.5 Experimental methods 
 
General methods and materials: 
Instruments and methods: Synthesis of the peptide constructs was carried out manually in 
syringes containing a frit or when mentioned on a Applied biosystems 433A peptide 
synthesizer. All yields reported are isolated and theoretical yields. Analytical HPLC runs were 
performed on a Shimadzu HPLC system (detection at 220/254 nm and ELSD). Preparative 
HPLC runs was carried out on a Gilson workstation. Precipitates were centrifuged by means 
of a Hermle Z 323 centrifuge. Electrospray mass spectra (ESI-MS) were recorded on a 
Shimadzu QP-8000 LCMS spectrometer. Peptides were lyophilized from H2O/MeCN 
mixtures using a Christ Alpha 1-2 apparatus. 
 
Chemicals and reagents: Tentagel S RAM Rink NHFmoc resin and Benzotriazol-1-yloxy-tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP) were obtained from Richelieu 
Biotechnologies Inc. (Montreal, Canada). Fmoc-protected amino acids were purchased from 
MultiSynTech GmbH (Witten, Germany). Peptide grade dichloromethane (DCM), N-
methylpyrrolidone (NMP), trifluoroacetic acid (TFA), n-hexane, t-butyl methyl ether (MTBE) 
and HPLC grade acetonitrile were purchased from Biosolve (Valkenswaard, The 
Netherlands). Piperidine, N,N-diisopropylethylamine (DiPEA), and succinic anhydride were 
obtained from Acros Organics ('s-Hertogenbosch, The Netherlands). Triisopropylsilane (TIS), 
1,2-ethanedithiol (EDT) and HPLC grade TFA were obtained from Merck (Amsterdam, The 
Netherlands). Anilinium p-toluene sulfinate was prepared according to the literature31.  
 
General protocols synthesis 
Protocol 1: Standard solid phase peptide synthesis 
TIAP’s 1-5 and all peptide constructs were synthesized using standard Fmoc/tBu chemistry 
following the procedures described below. Coupling reactions were monitored by the Kaiser 
test32 (suitable for the primary amines of amino acids) and Bromophenolblue33 or Chloranil 
test34 (suitable for secondary amines of the TAC scaffold). The loading of the resin was 
determined from the dibenzofulvene adduct using a Perkin Elmer Lambda 2 UV/Vis 
spectrophotometer23. 
 
Fmoc deprotection: 
The resin was treated with a solution of 20% piperidine in NMP (3x 5mL, each 8 min.). The 
solution was removed by filtration, followed by washing with NMP (3x 5 mL, each 2 min.), 
CH2Cl2 (3x 5 mL, each 2 min.) and NMP (3x 5 mL, each 2 min.). 
 
Coupling of N�-Fmoc-protected aminoacids: 
A solution of N�-Fmoc-Xxx-OH (4 eq.), BOP (4 eq.) and DiPEA (8 eq.) in 5 mL NMP was 
added to the resin and N2 gas was bubbled through for 1 hour. The solution was removed by 
filtration, followed by washing with NMP (3x 5 mL, each 2 min.), CH2Cl2 (3x 5 mL, each 2 
min.) and NMP (3x 5 mL, each 2 min.). 
 
Acetylation: 
A solution of DiPEA (0.125 M), Acetic anhydride (0.5 M) and HOBt (0.015 M) in NMP was 
added to the resin (3x 5 mL, each 15 min.). The solution was removed by filtration, followed 
by washing with NMP (3x 5 mL, each 2 min.), CH2Cl2 (3x 5 mL, each 2 min.) and NMP (3x 
5 mL, each 2 min.). 
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Protocol 2:  
TIAP’s 1-5  and all peptide constructs were purified and characterized following the 
procedures described below. 
 
Peptide purification:  
Crude lyophilized peptide constructs were dissolved (10 mg ml-1) in mixtures of (0.1 TFA % 
in H2O/CH3CN 95/5 and 0.1% TFA in CH3CN/H2O 95:5. Aliquots of 5 ml were loaded onto 
the HPLC column (Adsorbosphere XL C8, 90 Å pore size, 10 µm particle size, 2.2 x 25 cm). 
Peptides were eluted with a flow rate of 5 ml min-1 with a gradient from 100 % buffer A (0.1 
TFA % in H2O/CH3CN 95/5) to 100 % buffer B (0.1% TFA in CH3CN/H2O 95:5) in 50 min. 
and detection at 220/254 nm and ELSD. Fractions were analyzed by analytical HPLC on an 
Adsorbosphere XL C8 or C18 column (90Å pore size, 5 um particle size, 250 x 4.6 mm) at a 
flow rate of 1 ml min-1 with a gradient from 100 % buffer A (0.1 TFA % in H2O) to 100 % 
buffer B (0.1% TFA in CH3CN/H2O 95/5) in 40 min. Masses of products in the fractions were 
measured by mass spectrometry (ESI-MS). Fractions containing products of the correct mass 
were combined and lyophilized from the water/MeCN mixtures. 
 
Peptide analysis:  
The collected peptide fractions described above were analyzed by analytical HPLC on an 
Adsorbosphere XL C8 or C18 column (90Å pore size, 5 um particle size, 250 x 4.6 mm) at a 
flow rate of 1 ml min-1 with a gradient from 100 % buffer A (0.1 TFA % in H2O/CH3CN 
95/5) to 100 % buffer B (0.1% TFA in CH3CN/H2O 95/5) in 40 min. Peptides were further 
characterized by mass spectrometry (ESI-MS). 
 
Peptide synthesis:  
 

 
TIAP 1. 1 gram of Fmoc deprotected Rink resin (0.23 
mmol g-1) was loaded using 2 eq. (354 mg) of the TAC 
scaffold 2, 2 eq. (203 mg) BOP and 4 eq. (152 µl) of 
DiPEA in 4 ml NMP for two hours. The first epitope was 
assembled on the TAC scaffold by means of protocol 1. 
Amino acids used were Fmoc-Phe-OH (twice), Fmoc-
Cys(Trt)-OH, Fmoc-Gln(Trt)-OH and Fmoc-Pro-OH. 
After the final Fmoc cleavage the peptide was acetylated. 
o-NBS-protecting group was cleaved using a mixture of 
DBU (5 eq. 172 µl) and mercaptoethanol (10 eq. 161 µl) in 
5 ml DMF at room temperature once for 30 min and once 

for 90 min. The second epitope was assembled by means of a robot synthesizer using Fmoc-
Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-Tyr(But)-OH, Fmoc-Ile-OH, Fmoc-Thr(But)-OH, Fmoc-
Asp(OBut)-OH, Fmoc-Ser(But)-OH, Fmoc-Ile-OH and Fmoc-Asp(OBut)-OH Fmoc-Val-OH 
(twice), Fmoc-Gln(Trt)-OH, Fmoc-Gly-OH, Fmoc-Thr(But)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-
Leu-OH (twice), Fmoc-Tyr(But)-OH, and Fmoc-Asp(OBut)-OH as amino acids. Half of the 
resin was used for the synthesis of TIAP 2. The Aloc-protecting group was cleaved with 
tetrakis-(triphenylphosphine) palladium (15 mol%, 41 mg) in the presence of anilinium p-
toluenesulfinate (20 eq. 1.1 gram) in 5 ml NMP at room temperature in the dark for 2 h and 
again with fresh catalyst overnight. To remove traces of Pd0 the resin was washed three times 
with 5 ml 0.1% diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 
5 ml Et2O and three times with 5 ml NMP. Succinylation was carried out using succinic 
anhydride (15 eq. 75 mg.) in the presence of DMAP (± 10 mg) in dry DCM for 8 hours. To 
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keep the volume constant, DCM was added when needed. The Fmoc-protecting group was 
removed and BOP (2 eq. 50 mg) and DiPEA (4 eq. 40 �L) in 3 ml NMP were added for 
cyclization (1x overnight, 1x 8 hours, 1x overnight). TIAP 1 was cleaved from the resin and 
deprotected with 7.5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5) at room temperature for 3 h 
followed by precipitation with 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 20 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, the precipitate was 
dissolved in H2O/MeCN 2:1 and subsequently lyophilized. The crude peptide construct was 
dissolved in DMSO (3 mL) and purified by gel filtration over Sephadex LH-20 (mw 500-
5000) with CH3CN/H2O 1/1 as an eluent (column size 135 x 3 cm) and subsequently by 
preparative HPLC. Fractions containing product with the correct mass were pooled and 
lyophilized to yield TIAP 1 (3.7 mg, 5% (96% per step)). ESI-MS: [M+2H]2+ found 1609.04, 
[M]+

ave calculated 3215.64. The purity was verified by analytical HPLC (>95 a/a%).  
 
TIAP 2. As is described for the synthesis of TIAP 
1 a portion of resin was taken for the synthesis of 
TIAP 2. This portion was Fmoc deprotected and 
acetylated. The Aloc-protecting group was cleaved 
with tetrakis-(triphenylphosphine) palladium (15 
mol%, 41 mg) and anilinium p-toluenesulfinate 
(20 eq. 1.1 gram) in NMP at room temperature in 
the dark for 2 h and again with fresh catalyst 
overnight. To remove traces of Pd0 the resin was 
washed three times with 5 ml 0.1% 

diethyldithiocarbamate in NMP, three times with 5 ml NMP, three times with 5 ml Et2O and 
three times with 5 ml NMP. After deprotection the compound was acetylated. TIAP 2 was 
cleaved from the resin and deprotected with 5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5) at room 
temperature for 3 h. TIAP 2 was precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. 
The precipitate was centrifuged at 3000 rpm for 5 min. followed by decanting and washing 
with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, 
the precipitate was dissolved in H2O/MeCN 1:1 and subsequently lyophilized. The crude 
peptide construct was purified to yield TIAP 2 (4.8 mg, 8% (96% per step)). ESI-MS: 
[M+2H]2+ found 1609.52, [M+H+Na]2+ found 1620.36, [M+2Na]2+ found 1634.40, (M+2K)2+ 
found 1648.14, (M+H+2K)3+ found 1099.02, [M+3H]3+ found 1073.74, [M]+

ave calculated 
3217.65. The purity was verified by analytical HPLC (>95 a/a%). 
 

 
TIAP 3. 1 gram of Fmoc deprotected Rink resin 
(0.23 mmol g-1) was loaded using 2 eq. (354 mg) 
of the TAC scaffold 2, 2 eq. (203 mg) BOP and 4 
eq. (152 µl) of DiPEA in 4 ml NMP for two hours. 
The loading was 0.22 mmol g-1. Remaining amines 
of the resin were acetylated and the first epitope 

was assembled on the TAC scaffold according to protocol 1. Amino acids used were Fmoc-
Phe-OH (twice), Fmoc-Cys(Trt)-OH, Fmoc-Gln(Trt)-OH and Fmoc-Pro-OH. After the final 
Fmoc cleavage the peptide was acetylated. o-NBS-protecting group was cleaved using a 
mixture of DBU (5 eq. 172 µl) and mercaptoethanol (10 eq. 161 µl) in DMF at room 
temperature once for 30 min and once for 90 min. One third of the resin was taken for the 
synthesis of TIAP 4. The second epitope was assembled using Fmoc-Arg(Pbf)-OH, Fmoc-
Pro-OH, Fmoc-Tyr(But)-OH, Fmoc-Ile-OH, Fmoc-Thr(But)-OH, Fmoc-Asp(OBut)-OH, 
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Fmoc-Ser(But)-OH, Fmoc-Ile-OH and Fmoc-Asp(OBut)-OH as amino acids. After the final 
Fmoc cleavage the peptide was acetylated. To assemble the third epitope the Aloc-protecting 
group was cleaved with tetrakis-(triphenylphosphine) palladium (15 mol%, 28 mg) and 
anilinium p-toluenesulfinate (20 eq. 1.1 gram) in 4 ml NMP at room temperature in the dark 
for 2 h and again with fresh catalyst overnight. To remove traces of Pd0 the resin was washed 
three times with 5 ml 0.1% diethyldithiocarbamate in NMP, three times with 5 ml NMP, three 
times with 5 ml Et2O and three times with 5 ml NMP. Half of the resin was taken for 
synthesis of TIAP 5. The third epitope was assembled by means of protocol 1 using Fmoc-
Val-OH, Fmoc-Gln(Trt)-OH, Fmoc-Gly-OH, Fmoc-Thr(But)-OH, Fmoc-Arg(Pbf)-OH, 
Fmoc-Leu-OH (twice), Fmoc-Tyr(But)-OH, and Fmoc-Asp(OBut)-OH as amino acids. After 
the final Fmoc cleavage the peptide was acetylated using protocol 1. After washing with NMP 
TIAP 3 was cleaved from the resin and deprotected with 7.5 ml TFA/TIS/H2O/EDT 
(94/1/2.5/2.5) at room temperature for 3 h. TIAP 3 was precipitated with 30 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. The precipitate was centrifuged at 3000 rpm for 5 min. followed by 
decanting and washing with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This procedure was 
carried out twice. Finally, the precipitate was dissolved in H2O/MeCN 2:1 and subsequently 
lyophilized. The crude peptide construct was purified to yield TIAP 3 (12 mg, 10% (96% per 
step)). ESI-MS: [M+2H]2+ found 1560.20, [M+3H]3+ found 1040.76, (M)+

ave calculated 
1039.84. The purity was verified by analytical HPLC (>95 a/a%). 
 

TIAP 4. As is described for the synthesis of TIAP 3 
a portion of resin was taken and acetylated. The 
aloc-protecting group was cleaved by treatment with 
tetrakis-(triphenylphosphine) palladium (15 mol%, 
12 mg) and anilinium p-toluenesulfinate (20 eq. 0.34 
gram) in 4 ml NMP at room temperature in the dark 
for 2 h. and again with fresh catalyst overnight. To 

remove traces of Pd0 the resin was washed three times with 5 ml 0.1% diethyldithiocarbamate 
in NMP, three times with 5 ml NMP, three times with 5 ml Et2O and three times with 5 ml 
NMP. After acetylation and washing with NMP TIAP 4 was cleaved from the resin and 
deprotected with 5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5) at room temperature for 3 h. TIAP 4 
was precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 20 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, the precipitate was 
dissolved in H2O/MeCN 2:1 and subsequently lyophilized. The crude peptide construct was 
purified to yield TIAP 4 (32 mg, 12% (95% per step)). ESI-MS: [M+H]+ found 1011.69, (M)+ 
calculated 1010.47. The purity was verified by analytical HPLC (>99 a/a%). 
 

TIAP 5. As is described for the synthesis of TIAP 3 
a portion of resin was taken and acetylated by means 
of protocol 1. TIAP 5 was cleaved from the resin 
and deprotected with 5 ml TFA/TIS/H2O/EDT 
(94/1/2.5/2.5) at room temperature for 3 h. TIAP 5 
was precipitated with 20 ml MTBE/n-hexane 1/1 

(v/v) at -20°C. The precipitate was centrifuged at 3000 rpm for 5 min. followed by decanting 
and washing with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This procedure was carried out 
twice. Finally, the precipitate was dissolved in H2O/MeCN 2:1 and subsequently lyophilized. 
The crude peptide construct was purified by means of protocol 2 to yield TIAP 5 (32 mg, 12% 
(95% per step)). ESI-MS: [M+2H]2+ found 1137.51, (M)+

ave calculated 2072.34. The purity 
was verified by analytical HPLC (>95 a/a%). 
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138Ac-DYLLRTGQVVDISDTIYPR-NH2
156 (8). The “hook-line-sinker” epitope fragment 

was synthesized on 1 gram of Rink amide resin (0.23 mmol g-1) using automated SPPS on a 
robot synthesizer. Amino acids used were using Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-
Tyr(But)-OH, Fmoc-Ile-OH, Fmoc-Thr(But)-OH, Fmoc-Asp(OBut)-OH, Fmoc-Ser(But)-OH, 
Fmoc-Ile-OH and Fmoc-Asp(OBut)-OH Fmoc-Val-OH (twice), Fmoc-Gln(Trt)-OH, Fmoc-
Gly-OH, Fmoc-Thr(But)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH (twice), Fmoc-Tyr(But)-
OH, and Fmoc-Asp(OBut)-OH. After final Fmoc cleavage the peptide was acetylated. The 
peptide was cleaved from the resin and deprotected with 7.5 ml TFA/TIS/H2O (94/2.5/2.5) at 
room temperature for 3 h. It was precipitated by 30 ml MTBE/n-hexane 1/1 (v/v) at -20°C. 
The precipitate was centrifuged at 3000 rpm for 5 min. followed by decanting and washing 
with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, 
the precipitate was dissolved in H2O/MeCN 1:1 and subsequently lyophilized. The crude 
peptide construct was purified to yield peptide 8 (12% (95% per step)). ESI-MS: [M+2H]2+ 
found 1133.40, [M]+

ave calculated 2265.52. The purity was verified by analytical HPLC (>99 
a/a%). 
 
Ac-DISDTIYPR-NH2 (13). Peptide 13 was synthesized on 391 mg of Rink amide resin (0.23 
mmol g-1) using protocol 1. Amino acids used were Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH, 
Fmoc-Tyr(But)-OH, Fmoc-Ile-OH, Fmoc-Thr(But)-OH, Fmoc-Asp(OBut)-OH, Fmoc-
Ser(But)-OH, Fmoc-Ile-OH and Fmoc-Asp(OBut)-OH. Peptide 13 was cleaved from the resin 
and deprotected with 5 ml TFA/TIS/H2O (94/2.5/2.5) at room temperature for 3 h. Peptide 13 
was precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 20 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, the precipitate was 
dissolved in H2O/MeCN 2:1 and subsequently lyophilized. The crude peptide construct was 
purified to yield peptide 13 (55.2 mg, 55%). ESI-MS: [M+H]+ found 1106.04, [M]+ calculated 
1105.59. The purity was verified by analytical HPLC (>99 a/a%). 
 
Ac-PNCFF-NH2 (14). Peptide 14 was synthesized on 326 mg of Rink amide resin (0.23 
mmol g-1) using protocol 1. Amino acids used were Fmoc-Phe-OH (twice), Fmoc-Cys(Trt)-
OH, Fmoc-Gln(Trt)-OH and Fmoc-Pro-OH. Peptide 14 was cleaved from the resin and 
deprotected with 5 ml TFA/TIS/H2O/EDT (94/1/2.5/2.5) at room temperature for 3 h. Peptide 
14 was precipitated with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was 
centrifuged at 3000 rpm for 5 min. followed by decanting and washing with 20 ml MTBE/n-
hexane 1/1 (v/v) at -20°C. This procedure was carried out twice. Finally, the precipitate was 
dissolved in H2O/MeCN 1:2 and subsequently lyophilized. The crude peptide construct was 
purified to yield peptide 14 (37.5 mg, 75%). ESI-MS: [M+H]+ found 668.48, [M]+ calculated 
668.28. The purity was verified by analytical HPLC (>99 a/a%). 
 
Ac-DYLLRTGQV-NH2 (15). Peptide 15 was synthesized on 391 mg of Rink amide resin 
(0.23 mmol g-1). Amino acids used were Fmoc-Val-OH, Fmoc-Gln(Trt)-OH, Fmoc-Gly-OH, 
Fmoc-Thr(But)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH (twice), Fmoc-Tyr(But)-OH, and 
Fmoc-Asp(OBut)-OH. Peptide 15 was cleaved from the resin and deprotected with 5 ml 
TFA/TIS/H2O (94/2.5/2.5) at room temperature for 3 h. Peptide 15 was precipitated with 20 
ml MTBE/n-hexane 1/1 (v/v) at -20°C. The precipitate was centrifuged at 3000 rpm for 5 
min. followed by decanting and washing with 20 ml MTBE/n-hexane 1/1 (v/v) at -20°C. This 
procedure was carried out twice. Finally, the precipitate was dissolved in H2O/MeCN 2:1 and 
subsequently lyophilized. The crude peptide construct was purified to yield peptide 15 (24.8 
mg, 25%). ESI-MS: [M+H]+ found 1021.09, [M]+ calculated 1020.56. The purity was verified 
by analytical HPLC (>99 a/a%). 
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Inhibition kinetics: 
General: 
Inhibition assays were measured on a µQuant microtiterplate spectrophotometer at a 
wavelength of 405 nm. Caspase-3 colorimetric assay kit (5 µg of lyophilized powder, specific 
activity > 1 unit/mg protein) was obtained from Sigma Zwijndrecht, The Netherlands, and 
was used according to the instructions29. Reconstitution of the lyophilized Caspase-3 powder 
in 50 µL of 17 M� Millipore water gave a solution of 100 µg/mL Caspase-3 in 50 mM 
HEPES, pH 7.4, 0.1% CHAPS, 10 mM DTT, 100 mM NaCl, 1 mM EDTA and 10% sucrose. 
Aliquots were stored under –80oC. The assay buffer was diluted ten fold to give a solution of 
20 mM HEPES, pH 7.4, 2 mM EDTA, 0.1% CHAPS and 5 mM DTT. Aliquots were stored 
under –20oC. Caspase-3 inhibitor (0.5 mg of Ac-DEVD-CHO) was dissolved in DMSO to 
make a stock solution of 2 mM. Caspase-3 substrate (15 mg of Ac-DEVD-pNA) was 
dissolved in DMSO to make a stock solution of 20 mM. Graphpad prism version 4 was used 
to fit the inhibition curves.  
 
Inhibition assays: 
Inhibition kinetics of the peptide constructs against Caspase-3 were studied under pseudo 
first-order conditions. Activity was detected by the liberation of para-Nitroaniline (pNA) 
(absorption wavelength = 405 nm) from the substrate Ac-DEVD-pNA. TIAP’s 1-5 were 
measured in various concentrations. Concentrations used were 2 mM for TIAP 1, 0.5-2 mM 
for TIAP 5, 0.25-1 mM for TIAP 3, 200 µM for the peptide constructs 13-15, 200 µM for the 
peptide constructs in equimolar amounts together. 50-200 µM for TIAP 2, 5-35 µM for TIAP 
1 and 50-200 µM for peptide constructs 8 and 14 in equimolar amounts together. First 5 µL 
from different inhibitor stock solutions in DMSO, or 5 µL of DMSO for the blanco, were 
added in duplo to the wells of the microtiterplate. Aliquots of Caspase-3 were diluted a 20-
fold with freshly defrosted assay buffer. 15 µL of this solution was added to each of the wells. 
Measurements were started by addition of 5 µL substrate stock solution in 75 µL assay buffer. 
Addition was carried out by means of a multi channel pipette. Assay conditions were as 
follows: 19.5 mM HEPES, pH 7.4, 0.09% CHAPS, 4,75 mM DTT, 5 mM NaCl, 1.75 mM 
EDTA, 0.5% sucrose and 10% DMSO in 17 M� Millipore water. Final concentrations were 
25 nM Caspase-3 and 1 mM of substrate. 10 wells with four different concentrations of 
inhibitor and one with no inhibitor, all in duplo, were measured simultaneously. The OD was 
measured every 90 seconds for 1.5 hour at 405 nM. TIAP 1 and 2 were measured with a ten 
fold diluted substrate stock solution of 2 mM. TIAP 1 and 2, peptide constructs 8 + 14 were 
not measured in duplo. 
Data were analyzed in Graphpad prism. The slope of the graphs of the wells with no inhibitor, 
V0 (initial rate of hydrolysis), as well as slopes from the different inhibitor concentrations, Vi 
(rate of hydrolysis in presence of [I]) were obtained. The values of ((V0/Vi)-1) were plotted 
versus the increasing inhibitor concentrations. With the reciprocal slope of these graphs i.e. 
(Ki, app) and the affinity of the substrate Km (11 µM) the Ki of the inhibitors were calculated 
using the formula Ki = Ki, app/(1+([S]/Km)). 
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5.1 Abstract 
 
Bordetella pertussis, the causative agent of pertussis (whooping cough), is re-emerging in 
several countries. In B. pertussis strains associated with re-emergence, polymorphisms were 
found in several proteins, including P.69 pertactin. Previously, conserved discontinuous 
epitopes on P.69 pertactin Prn1 were identified which are recognized by mouse monoclonal 
antibodies. Since human antibodies recognize similar epitopes, these may be potential vaccine 
targets. A general method to design fully synthetic vaccines has not been realized so far due 
to the inability of linear synthetic peptides to mimic the native shape of protein fragments, 
needed to induce protective antibodies.The TAC scaffold was used for the mimicry of these 
discontinuous epitopes by confined presentation of three different peptide arms. Using the X-
ray crystal structure of P.69 pertactin Prn1 (1DAB.pdb)2 and modeling, TAC peptide 
constructs “PEPTAC’s” were designed to mimic the epitopes recognized by mouse 
antibodies. In this chapter a novel strategy to mimic discontinuous protective epitopes using 
the TAC scaffold is described. 
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5.2 Introduction 
 
Despite the fact that many people nowadays are vaccinated against whooping cough, 
Bordetella pertussis, the causative agent of pertussis (whooping cough), is re-emerging in 
several countries. In B. pertussis strains associated with re-emergence, polymorphisms were 
found in several proteins, including P.69 pertactin. 
Successful vaccines ideally induce antibody responses that provide life long protection 
against infection. The efficacy of such vaccines depends largely on the induction of broadly 
protective, high affinity, neutralizing antibody responses and the induction of T-cell 
responses3. Due to the tertiary and quaternary structure of proteins, protective or neutralizing 
Abs are often induced against discontinuous epitope4-17. 
Synthetic peptides can be rapidly synthesized in clinical grade for potential therapeutic 
applications such as vaccines. Peptides are easier and cheaper to produce than the more 
expensive subunit vaccines and are therefore more promising for use in the developing world. 
Large scale screening of genome sequences and microarray technology have facilitated the 
identification of potential vaccine targets. Further, availability of large numbers (>32,000) of 
solved protein structures and tools to predict and model possible epitopes may aid the 
rationalization of vaccine design.  
Despite these techniques only a few available synthetic peptide vaccine approaches for the 
mimicry of discontinuous epitopes have been developed. Furthermore, these approaches have 
a few drawbacks (see conclusion). Therefore, new approaches are required for the design of 
molecular constructs capable of the assembly of peptides that mimic the native discontinuous 
B-cell epitopes, against which protective Abs can be induced. The Bordetella pertussis 
protein P.69 Pertactin type 1 (P.69 Prn 1) was used as a model since a crystal structure 
(1DAB.pdb)2, a mouse infection model and epitope data were available18,19. Importantly, P.69 
Prn 1 is a principal component of most current pertussis subunit vaccines and antibody levels 
to P.69 Prn1 have been shown to correlate with clinical protection20-23. P.69 Prn1, the focus of 
this study, belongs to a class of so-called autotransporter proteins that undergo autoproteolytic 
processing24. P.69 Prn1 is processed from a 93 kDa large precursor to a 69 kDa and 22 kDa 
protein which are located at the cell-surface and in the outer membrane, respectively25. The 69 
kDa product (referred to as P.69 Prn1) is used in acellular vaccines (ACV’s). P.69 Prn1 
contains an Arg-Gly-Asp (RGD) motif implicated in ligand-receptor interactions in 
eukaryotes. It has been shown that this motif is involved in P.69 Prn-mediated attachment of 
B. pertussis to mammalian cells26,27. P.69 Prn is polymorphic, and 13 variants (P.69 Prn1 – 
P.69 Prn13) have been identified so far. Hijnen et al18,26,27 mapped several discontinuous 
epitopes against pertussis by means of Pepscan methodology. It was shown that human Abs 
recognized similar epitopes, thus representing a potential vaccine target. The epitopes chosen 
for this study are represented in figure 1 and table 1.  
 
 

 
 
 
 

Molecular constructs 
to synthesize 

Epitope fragment 1 Epitope fragment 2 Epitope fragment 3 

Molecular construct 1 11GERQH15 97GDTWDDD103 247GGFGP251 
Molecular construct 2 70DGIRRFL76 156SLQPED162 247GGFGP251 

 Table 1. Epitope fragments of Pertactin. 
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The TAC scaffold, that enables the selective, sequential introduction of three peptides28,29, 
was used for the mimicry of these discontinuous epitopes by confined presentation of three 
different epitope fragments. Guided by molecular modelling and comparison with the crystal 
structure, molecular construct 1 and 2 have been synthesized. After the assembly of the 
epitope fragments on the TAC scaffold, the epitope fragments were acetylated in order to get 
a better mimicry of the backbone of the peptide which originally was part of the protein. A 
representative schematic overview of the overall concept for construct 1 is depicted in figure 
2 (N.B. the concept for molecular construct 2 largely resembles the topical concept) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this chapter the design and synthesis of the two molecular constructs is described. These 
relatively small (2 kD) constructs were studied as mimetics of the discontinuous epitopes of 
the large Bordetella pertussis protein P.69 Pertactin Prn1 (69 kD). 

Figure 2.  
(A) Crystal structure of P.69 Prn1.  
 
(B) Enlargement of a part of the crystal 
structure of P.69 Prn1. The three peptides 
that are part of a previously mapped 
discontinuous epitope are indicated in blue 
boxes.  
 
(C) Molecular construct 1: Mimic of the 
discontinuous epitope of P.69 Prn1 as a 
potential vaccine.  

Figure 1. Crystal 
structure of P.69 
Prn1. The most 
important epitopes 
are depicted in blue 
boxes. 11GERQH15, 
97GDTWDDD103 and 
247GGFGP251 are 
epitopes recognized 
by mAbs. 
70DGIRRFL76, 
156SLQPEDL162 and 
247GGFGP251 are 
epitopes recognized 
by human sera. 
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5.3 Results 
 
5.3.1 Molecular construct 1: Design and synthesis of PEPTAC-3 
 
Six different peptide containing TAC scaffold “PEPTAC” isomeric molecular constructs are 
possible upon attachment of three peptides corresponding to three discontinuous epitope 
fragments in P.69 Pertactin (fig 3). 
 

 
 
 
These PEPTAC isomers where constructed in the molecular modeling package MacroModel30 
using the crystal structure of P.69 Pertactin. Pertinent epitope fragments where dissected in 
MacroModel and attached to the TAC scaffold leading the six isomeric PEPTAC's. The six 
possible isomers were subjected to energy minimization using MacroModel. 
The resulting mimimized PEPTAC's were visually, on screen, compared with the crystal 
structure of P.69 Pertactin. From this, it was concluded that a promising candidate was 

Figure 3. Representation of the six PEPTAC isomers, based on the recognition of mAbs. 
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obtained with isomer 2 having the 11GERQH15 epitope fragment attached to position 
originally protected with an Fmoc-group, the 97GDTWDDD103 epitope fragment on the 
position occupied by the o-NBS group and lastly the 247GGFGP251 epitope fragment on the 
Aloc protected site, resulting in PEPTAC 3. 
 

 
PEPTAC 3 and its intermediates were constructed using the TAC scaffold. The TAC scaffold 
enables the selective, sequential introduction of three peptide sequences using semi-
orthogonal protecting groups. In principle even four positions are available, but in this work 
the fourth position was reserved for the introduction of a cysteine residue, thereby enabling 
the selective attachment of tetanus toxin. The synthesis of PEPTAC 3 is outlined in scheme 1. 
PEPTAC 3 was assembled by solid phase synthesis starting from Rink amide resin. A 
cysteine residue was introduced first, followed by attachment of the TAC Scaffold carried out 
with 2 eq BOP, 4 eq DiPEA and 2 eq. of the TAC scaffold. The Fmoc protecting group on the 
TAC scaffold was removed by piperidine followed by synthesis of epitope fragment 
11GERQH15 using appropriately side chain protected Fmoc-amino acids and Fmoc/tBu 
chemistry. All peptide couplings were monitored by Kaiser test 31 in case of primary amines 
and Bromophenolblue32 or Chloranil test33 (in case of secondary amines). Upon completion of 
the sequence, the peptide was acetylated with Ac2O, DiPEA and HOBT leading to the N-
acylated sequence. Then, selective removal of the o-NBS group was performed by 
mercaptoethanol and DBU. Upon deprotonation of mercaptoethanol by DBU a nucleophilic 
attack of the thiolate at the phenyl ring takes place resulting in a greenish colored reaction 
mixture caused by the Meisenheimer intermediate 34 (scheme 2) which is resonance stabilized 
by the phenyl ring and the nitro group. After collapse of this intermediate the secondary 
amine is liberated. 
Cleavage of the o-NBS group was followed by synthesis of the epitope fragment 
97GDTWDDD103 sequence. After acetylating the N-acetylated peptide, the resin bound 
molecular construct was ready for deprotection of the Aloc position by Pd0 and anilinium p-
toluenesulfinate, which was used as a scavenger to prevent the liberated amine from addition 
to the intermediate 	-allyl complex35. Peptide 247GGFGP251 was now synthesized on this 
position and after acetylating PEPTAC 3 was cleaved and deprotected simultaneously with a 
mixture of TFA/TIS/H2O/EDT (94/1/2.5/2.5). After preparative HPLC PEPTAC 3 was 
obtained in an overall yield of 27% which corresponded to 97% per step (figure 9 and 10). 
 

Figure 4. Structure of PEPTAC 3, containing  
the 11GERQH15 epitope fragment on the Fmoc 
position, the 97GDTWDDD103 epitope fragment 
on the o-NBS position and the 247GGFGP251 
epitope fragment on the aloc position 
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Scheme 1. Synthesis of PEPTAC 3. a). 20 % Piperidine, NMP; b). Fmoc-AA(PG)-OH, BOP, DiPEA, NMP; 
c). TAC scaffold, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Pd(PPh3)4, 
anilinium p-toluenesulfinate, NMP; g). TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 
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In addition, several biomolecular constructs were prepared to evaluate the influence of the 
scaffold in the mimicry of the discontinuous epitope, the contribution of each of the three 
peptides on the TAC scaffold as well as only presenting the free peptides. 
The first reference compounds were the intermediates of PEPTAC 3 i.e. PEPTAC 4 
containing no peptide arms, PEPTAC 1 containing only the 11GERQH15 arm as well as 
PEPTAC 2 containing the 11GERQH15 and 97GDTWDDD103 arm. PEPTAC 4 (scheme 3) was 
prepared by deprotection of resin bound Cys-TAC(o-NBS)3 by means of thiolysis followed by 
acetylation and finally deprotection/cleavage leading to PEPTAC 4 in an overall yield of 
97%, which corresponded to 99% per step (figure 11 and 12). 
 

 
 
 
 

Scheme 3. Synthesis of PEPTAC 4. a). 20 % Piperidine, NMP; b). Fmoc-Cys(Trt)-OH, BOP, DiPEA, NMP; 
c). TAC(oNBS)3, BOP, DiPEA, NMP; d). HSCH2CH2OH, DBU, DMF; e). Ac2O, DiPEA, HOBt; f). 
TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 

Scheme 2. Cleavage of the oNBS protecting group with mercaptoethanol and DBU 
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PEPTAC 4 will enable the determination of the immunogenic response solely caused by the 
TAC scaffold. 
Similar to the synthesis described for PEPTAC 3, PEPTAC 1 and 2 were synthesized. The 
synthesis is depicted in scheme 4. PEPTAC 1 enabled the evaluation of only one epitope-
TAC combination response, and PEPTAC 2 enabled the evaluation of the presence of already 
two discontinuous epitope fragments on the TAC scaffold. 

 
 
 
 
 
 
PEPTAC 1 was prepared analogously to PEPTAC 3. However, instead of introducing all 
three arms, for PEPTAC 1, assembly of the first acetylated epitope fragment onto the TAC 
scaffold was followed by deprotection and acetylation of the o-NBS and Aloc positions 
leading to resin bound Cys-TAC(NAc)2-GERQH-Ac. This molecular construct was 
deprotected and cleaved from the resin and after preparative HPLC PEPTAC 1 was obtained 
in an overall yield of 73%, which corresponded to 98% (figure 5 and 6).  
The two peptide arm construct PEPTAC 2 was also synthesized analogously to PEPTAC 3, 
now halting the introduction of the third peptide and acetylating this position, after 

Scheme 4. Synthesis of PEPTAC’s 1 and 2. a). 20 % Piperidine, NMP; b). Fmoc-AA(PG)-OH, BOP, 
DiPEA, NMP; c). TAC scaffold, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). 
Pd(PPh3)4, anilinium p-toluenesulfinate, NMP; g). TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 
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deprotection/cleavage and purification PEPTAC 2 and was obtained in an overall yield of 
43% (97% per step) (figure 7 and 8). 
From literature it was known that the 247GGFGP251 peptide is a repeating unit in the protein 
structure of P.69 Pertactin Prn1, therefore we were also interested in the molecular construct 
containing only the 247GGFGP251

, i.e. PEPTAC 5, of which the synthesis is outlined in scheme 
5. 

 
 
 
 
 
After loading of the resin with Fmoc-Cys(Trt)-OH the Fmoc group was removed. The TAC 
scaffold was coupled to this residue. Subsequently, the Fmoc and o-NBS groups were 
removed and acetylated. Next the Aloc group was cleaved and the 247GGFGP251 epitope 
fragment was assembled. After deprotection and cleavage from the resin PEPTAC-5 was 
obtained in an overall yield of 83% (99% per step) (figure 13 and 14, respectively). 
The yields, characterization data and purities of PEPTAC 1-5 are summarized below. 
MALDI-TOF spectra of PEPTAC 1-3 are depicted in figure 6,8 and 10, respectively. ESI-MS 
spectra in figures 12 and 13. HPLC chromatograms are depicted in figure 5,7,9,11 and 14, 
respectively. 
 
 
 
 

Compound Yield (per step)% MS calculated MS found Purity HPLC 
PEPTAC-1 73 (98) *1113.25 (M)+

ave *1113.78 (M)+ >95 % 
PEPTAC-2 43 (97) *1917.97 (M)+

ave *1917.90 (M)+ >95 % 
PEPTAC-3 27 (97) *2333.96 (M)+ *2333.94 (M)+ >95 % 
PEPTAC-4 97 (99) 505.63 (M)+ 506.50 (M+H)+ >85 % 
PEPTAC-5 83 (99) 920.42 (M)+

ave 921.60 (M+H)+ >80 % 
 

Table 2. Overall yields, characterization data and purities of PEPTAC 1-5. Masses are measured on a ESI-MS 
apparatus . Masses indicated with an asterisk are measured by means of MALDI-TOF. Masses indicated with 
“ave” are average masses, if nothing is indicated monoisotope masses are calculated. 

Scheme 5. Synthesis of PEPTAC 5. a). 20 % Piperidine, NMP; b). Fmoc-AA(PG)-OH, BOP, DiPEA, NMP; 
c). TAC scaffold, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Pd(PPh3)4, 
anilinium p-toluenesulfinate, NMP; g). TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 
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Figure 5. Analytical HPLC chromatogram of PEPTAC 1. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 

Figure 6. MALDI spectrum of PEPTAC 1. 
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Figure 7. Analytical HPLC chromatogram of PEPTAC 2. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 

Figure 8. MALDI spectrum of PEPTAC 3. 



  Synthesis of P.69 Pertactin Prn1 mimics 

 

5 

  119 

Minutes
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1
7

.7
5

0
1

8
.0

3
3

 
 
 
 
 

 
 
 
 
 

Figure 9. Analytical HPLC chromatogram of PEPTAC 3. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 
 

Figure 10. MALDI spectrum of PEPTAC 3. 
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Figure 12. ESI-Mass spectrum of PEPTAC 4. 

Figure 13. ESI-Mass spectrum of PEPTAC 5. 

Figure 11. Analytical HPLC chromatogram of PEPTAC 4. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 
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Finally, the "free" non scaffolded peptides Ac-11GERQH15-NH2, Ac-97GDTWDDD103NH2 
and Ac-247GGFGP251-NH2 were synthesized by means of standard Fmoc/tBu SPPS to 
investigate the necessity of scaffolding the fragments of the discontinuous peptide epitope as 
opposed to the mere combined solution of the separate parts of the discontinuous epitope. 
 
5.3.2 Molecular construct 2: Design and synthesis of PEPTAC-6 
 
Again six different peptide containing TAC scaffold ("PEPTAC") isomeric molecular 
constructs are possible upon attachment of three peptides corresponding to three 
discontinuous epitope fragments in P.69 Pertactin (fig 15). These PEPTAC isomers were 
constructed in the molecular modeling package MacroModel30 using the crystal structure of 
P.69 Pertactin. Pertinent epitope fragments where dissected in MacroModel and attached to 
the TAC scaffold leading the six isomeric PEPTAC's. The epitope fragments were 
constrained and their conformation remains fixed during minimalization. The newly formed 
amide bonds and the TAC scaffold were subjected to energy minimization using 
MacroModel. After this initial minimalization a second minimalization was performed 
without any constraints of the structure. 
 

Figure 14. Analytical HPLC chromatogram of PEPTAC 5. Blue; 254 nm trace, green; 220 nm trace, red 
ELSD trace. 



Chapter 5    

 122

 
 
 
The resulting mimimized PEPTAC's were superimposed on the crystal structure of P.69 
Pertactin and the RMSD was determined using Sybyl36 (table 3). In this molecular modeling 
program four different methods to superimpose a peptide on a protein are possible viz. using 
backbone atoms, using C alpha atom, side chain atoms or using all atoms. 
 
 
 
 

RMSD values aftersuperimpostion Compound 
Backbone (Å) C Alpha (Å) Side Chain (Å) All (Å) 

1st isomer 2.8 2.4 2.2 2.6 
2nd isomer 3.5 3.3 3.0 3.4 
3rd isomer 2.2 1.8 2.0 2.2 
4th isomer 2.5 2.3 1.8 2.5 
5th isomer 2.6 2.4 3.3 3.1 
6th isomer 3.2 2.9 3.1 3.5 

Table 3. RMSD values (Å) of the six minimized isomers after superimposition on the crystal structure of P.69 
Pertactin Prn1. 

Figure 15. Representation of the six possibilities of PEPTAC’s, based on the recognition of human sera. 
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From this, it was concluded that a promising fit with the parent Pertactin was obtained with 
isomer 3 having the 247GGFGP251 epitope fragment attached to position previously protected 
with an Fmoc-group, the 156SLQPEDL162 epitope fragment on the position earlier occupied by 
the o-NBS group and lastly the 70DGIRRFL76 epitope fragment on the Aloc protected site, 
resulting in PEPTAC 6. 
 

 
 
Similar to PEPTAC 3 we assembled PEPTAC 6 on the solid support (Scheme 7). 

 
 
 
 
 
PEPTAC 6 was assembled by solid phase synthesis starting from Rink amide resin. A 
cysteine residue was introduced first followed by attachment of the TAC scaffold carried out 
with 2 eq BOP, 2 eq DiPEA and 2 eq. of the TAC scaffold. The Fmoc group on the TAC 
scaffold was removed by piperidine followed by synthesis of 247GGFGP251 using 
appropriately side chain protected Fmoc-amino acids on Fmoc/tBu chemistry. Upon 
completion of the sequence the peptide was acetylated with Ac2O, DiPEA and HOBT leading 
to the N-acylated sequence. Then, selective removal of the o-NBS group was performed by 
thiolysis. Cleavage of the o-NBS group was followed by synthesis of 156SLQPEDL162  and 
after acetylation to the N-acetylated peptide, the resin bound molecular construct was ready 
for deprotection of the Aloc position by Pd0. Peptide 70DGIRRFL76 was now synthesized on 
this position and after acetylation PEPTAC 6 was cleaved and deprotected simultaneously 
with a mixture of TFA/TIS/H2O/EDT (94/1/2.5/2.5). in an overall yield of 21%, which 
corresponded to 97% per step. 

Scheme 6. Synthesis of PEPTAC 6. a). 20 % Piperidine, NMP; b). Fmoc-AA-OH, BOP, DiPEA, NMP; c). 
TAC scaffold, BOP, DiPEA; d). Ac2O, DiPEA, HOBt; e). HSCH2CH2OH, DBU, DMF; f). Pd(PPh3)4, 
anilinium p-toluenesulfinate, NMP; g). TFA/TIS/H2O/EDT (94.5/1/2.5/2.5). 

Figure 16. Structure of PEPTAC 6, containing 
the 247GGFGP251 epitope fragment on the Fmoc 
position, 156SLQPEDL162 epitope fragment on 
the o-NBS position and 70DGIRRFL76 epitope 
fragment on the aloc position 
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PEPTAC 6 was synthesized without isolating the intermediates. The intermediates, other 
control PEPTAC’s and the "free" non-scaffolded peptides Ac-70DGIRRFL76-NH2, Ac-
156SLQPEDL162-NH2 and Ac-247GGFGP251-NH2 will be synthesized in the future depending 
on in vitro and in vivo results from biological experiments. 
The yield, characterization data and purity of PEPTAC 6 are summarized below 
 
 
 
 

Compound Yield (per step)% MS calculated MS found Purity HPLC 
PEPTAC 6 21 (97) 2561.91 (M)+

ave 1281.80 (M+2H)2+ >95 % 
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Table 4. Yield, characterization and purity of PEPTAC 6. Masses are measured on a ESI-MS apparatus. 
Masses indicated with “ave” are average masses. 

Figure 18. HPLC chromatogram of PEPTAC 6. Blue; 254 nm trace, green; 220 nm trace, red; ELSD trace. 

Figure17. ESI-Mass spectrum of PEPTAC 6. 



  Synthesis of P.69 Pertactin Prn1 mimics 

 

5 

  125 

5.4 Discussion 
 
Since the TAC scaffold has four different positions (carboxylic acid, Fmoc, o-NBS and Aloc) 
to assemble peptides, a method was needed to discriminate between the different possibilities 
for attachment of peptide arms. Molecular modelling was chosen for this purpose, however, 
the conformation used in the comparisons can be different from the final conformation in the 
in vitro test. Despite this drawback, modeling was used solely as a guidance to decide which 
of the PEPTAC isomers had to be synthesized. During the synthesis of the PEPTAC’s no 
problems were encountered. The synthesis was performed using standard coupling reagents 
and standard conditions. As expected, more activated coupling reagents were not needed. 
 

5.5 Conclusions 
 
In this study we intended to develop a new general strategy to mimic discontinuous epitopes 
in order to synthesize synthetic vaccines against Whooping Cough. A new strategy is needed 
because previously published approaches only concerned constructs with a very limited 
capacity of mimicking distant epitopes. These constructs had a poor propensity for proper 
positioning of epitopes in space due to the fact that relatively large flexible peptide constructs 
were used, without significant pre-organization of peptide sequences that are present in 
discontinuous epitopes37-39. The triazacyclophane core of the TAC scaffold is relatively rigid 
and therefore it is likely that constructs containing the TAC scaffold are less flexible than 
previously published constructs. The peptides will be more pre-organized, resulting in a lower 
penalty in the binding constant upon binding40,41 because less isomerisation is needed to yield 
the best conformation. When no pre-organization is present a lot of isomerisation is possible 
and needed to yield this conformation. This results in a dramatic decrease of the entropy of 
the system, a higher binding constant and thus a lower affinity is the consequence. Based on 
the results described in this chapter we can conclude that a new general method is developed 
to synthesize molecules which could mimic a discontinuous protective epitope. The synthesis 
of these molecules is reliable and robust. The PEPTAC’s synthesized in this chapter have 
been tested for their immunological and protective properties and the results are described in 
chapter 6. 
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5.6 Experimental methods 
 
General methods and materials: Synthesis of the PEPTAC’s was carried out manually in 
syringes containing a frit. All reported yields are isolated theoretical yields. Analytical HPLC 
runs were performed on a Shimadzu HPLC system (detection at 220/254 nm and ELSD). 
Preparative HPLC runs (detection at 220 nm) were performed on a Gilson workstation 
(Middleton, Wisconsin, USA). For analysis and purification Adsorbosphere XL C8, 90 Å 
columns were used and appropriate gradients of water to water/acetonitrile buffers containing 
0.1% TFA. ESI-MS was carried out on a Shimadzu QP-8000 LCMS spectrometer. MALDI-
TOF spectra were recorded on a Kratos CFR spectrometer where CHCA was used as a matrix 
and ACTH 18-39 as internal standard. Modelling studies were performed on a SGI O2 
workstation with MacroModel version 7. Solid phase resin, chemicals and solvents were 
obtained commercially and used without further purification. 
 
Modeling 
Six different peptide containing TAC scaffold isomeric molecular constructs were possible 
upon attachment of three peptides. These corresponded to the three peptides that were part of 
a discontinuous epitope of Prn1. The PEPTAC isomers where constructed in the molecular 
modeling package MacroModel using the X-ray structure of Prn1 (1DAB.pdb)2. Pertinent 
epitopes where dissected in MacroModel and attached to the TAC scaffold leading the six 
isomeric PEPTAC’s followed by energy minimization. For the energy minimization the 
following settings were used: PRG gradient42 = on, MMFF planar delocalized sp2 N’s43, 
CCcrit44 = 0.01 kJ/A, It/S44 = max, SLVNT = water. The resulting minimized PEPTAC’s 
were compared with the crystal structure of Prn1.  
 
Synthesis PEPTAC’s 1-6 
General: The TAC scaffold was prepared as described earlier29 and chapter 3. Peptide 
assembly was carried out using appropriate Fmoc amino acids, BOP, DiPEA using standard 
amount of equivalents (Fmoc-AA-OH/BOP/DiPEA 4/4/8) en conditions (reaction time was 1 
hour, reactions were performed at room temperature in NMP). Coupling reactions were 
followed by Kaiser test 31 (for the primary amines) and Bromophenolblue32 or Chloranil test33 
(for secondary amines). 
 
Peptide purification: The crude lyophilized peptide constructs were dissolved in 0.1 % TFA 
in H2O (5 mg ml-1). Aliquots of 5 ml were loaded onto the HPLC column (Adsorbosphere XL 
C8, 90 Å pore size, 10 µm particle size, 2.2 x 25 cm). The peptides were eluted with a flow 
rate of 5 ml min-1 with a gradient from 100 % buffer A  (0.1 TFA % in H2O/CH3CN 95/5) to 
100 % buffer B (0.1% TFA in CH3CN/H2O 95/5) in 50 min and detection at 220 nm. 
 
Peptide analysis: Peptide purity was analyzed by analytical HPLC on an Adsorbosphere XL 
C8 or C18 column (90Å pore size, 5 um particle size, 250 x 4.6 mm) at a flow rate of 1 ml 
min-1 with a gradient from 100 % buffer A (0.1 TFA % in H2O/CH3CN 95/5) to 100 % buffer 
B (0.1% TFA in CH3CN/H2O 95/5). 
The peptides were further characterized by ESI mass spectrometry or MALDI-TOF. 
 
Cleavage and capping procedures: Fmoc cleavage: 20% piperidine in NMP 3 times 15 min. 
o-NBS cleavage: A mixture of DBU 5 eq. and mercaptoethanol 10 eq. in DMF at room 
temperature 2 times for 30 min. Aloc cleavage: Tetrakis-(triphenylphosphine) palladium (15 
mol%) and anilinium p-toluenesulfinate 20 eq. in NMP at room temperature in the dark 2 
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times for 2 h. Wash the resin with 0.1% diethyldithiocarbamate in NMP to remove the traces 
of Pd0. Capping solution: Ac2O/DiPEA/HOBt (0.5M/0.125M/0.015M) in NMP. PEPTAC 1-6 
were cleaved and deprotected with TFA/TIS/H2O/EDT (94.5%/1%/2.5%/2.5%) at room 
temperature for 3 h.  

 
PEPTAC 1. According to the synthesis of PEPTAC 3, only the 
first peptide arm was assembled on the solid phase attached 
cysteine-TAC scaffold. Instead of a peptide arm on the o-NBS 
and aloc position, the positions were acetylated. Simultaneous 
cleavage and deprotection gave after preparative HPLC pure 
PEPTAC 1 (30 mg, 73%). MALDI-TOF: [M]+

ave calculated 
1113.25, found 1113.78. The purity was verified by analytical HPLC (>95 a/a%). 
 

PEPTAC 2. According to the synthesis of PEPTAC 3, except 
for assembly of the third arm. At this position an acetyl group 
was introduced. Cleavage, deprotection, precipitation and 
purification by preparative HPLC gave PEPTAC 2 (29 mg, 
43%). MALDI-TOF: [M]+

ave calculated 1917.97, found 
1918.46. The purity was verified by analytical HPLC (>95 

a/a%). 
 

PEPTAC 3. 0.17 g Fmoc-Cys(Trt)-OH was coupled to Fmoc-
deprotected ArgoGel™ Rink resin (0.44 g 0.34 mmol g-1) using 
0.13 g BOP and 101 µl DiPEA followed by attachment of 0.21 
g of TAC scaffold again using BOP (0.13 g) and DiPEA (101 
µl). The first peptide arm (11GERQH15) was assembled after 
cleavage of the Fmoc-group on the TAC scaffold and upon 
completion capped with an acetyl group. After removal of the o-
NBS group, the second peptide arm (97GDTWDDD103) was 
assembled concluded by capping. 

Assembly of the third peptide arm (247GGFGP251) followed after Aloc removal and its solid 
phase synthesis was ended by capping. Crude PEPTAC 3 was obtained after cleavage and 
simultaneous deprotection using a TFA/TIS/H2O/EDT mixture followed by precipitation from 
MBTE/n-hexane. Then, the precipitate was lyophilized from water. Pure PEPTAC 3 was 
obtained after preparative HPLC. The fractions were analyzed by analytical HPLC and 
fractions containing a pure product which had the correct masses were pooled and lyophilized 
to yield PEPTAC 3 (40 mg, 27%). MALDI-TOF: [M]+ calculated 2333.95, found 2333.96. 
The purity was verified by analytical HPLC (>95 a/a%). 
 

PEPTAC 4. For the preparation of PEPTAC 4 solid phase 
attached cysteine-TAC(tri-o-NBS)3 on rink amide resin was 
used. All three o-NBS protecting groups were removed by 
DBU/mercaptoethanol followed by acetylation. After cleavage 
from the resin, precipitation, lyophilizing PEPTAC 4 (24 mg, 
97%) was obtained. ESI-MS: [M]+ calculated 505.63, found 
506.50. The purity was verified by analytical HPLC (>85 a/a%). 
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PEPTAC 5. According to the synthesis of PEPTAC 3, the Fmoc 
and o-NBS protecting groups were removed subsequently and 
the thus liberated secondary amines were acetylated. Palladium 
effected removal of the Aloc group was followed by 
introduction of the third peptide arm (247GGFGP251). Then, the 
synthesis of resin bound PEPTAC 5 was completed by 
acetylation. TFA/TIS/H2O/EDT induced cleavage and 

deprotection led to PEPTAC 5 (38 mg, 83%). ESI-MS: [M]+
ave calculated 920.07, 

found 921.65, [M+Na]+
ave calculated 943.07, found 944.50. The purity was verified by 

analytical HPLC (>80 a/a%). 
 

PEPTAC 6. 0.26 g Fmoc-Cys(Trt)-OH was coupled to Fmoc-
deprotected ArgoGel™ Rink resin (0.5 g 0.22 mmol g-1) using 
0.19 g BOP and 145 µl DiPEA followed by attachment of 0.17 g 
of TAC scaffold again using BOP (0.095 g) and DiPEA (72.5 
µl). The first peptide arm (247GGFGP251) was assembled after 
cleavage of the Fmoc-group on the TAC scaffold and upon 

completion capped with an acetyl group. After removal of the o-NBS group, the second 
peptide arm (156SLQPEDL162) was assembled concluded by capping. Assembly of the third 
peptide arm (70DGIRRFL76) followed after Aloc removal and its solid phase synthesis was 
ended by capping. Crude PEPTAC 6 was obtained after cleavage and simultaneous 
deprotection using a TFA/TIS/H2O/EDT mixture followed by precipitation (twice) from 
MBTE/n-hexane. Then, the precipitate was lyophilized from water. Pure PEPTAC 6 was 
obtained after preparative HPLC. The fractions were analyzed by analytical HPLC and 
fractions containing a pure product which had the correct masses were pooled and lyophilized 
to yield PEPTAC 6 (29 mg, 21%). ESI-MS: [M]+

ave calculated 2561.91, found 1281.60 
(M+2H)2+. The purity was verified by analytical HPLC (>95 a/a%). 
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6.1 Abstract 
 
The PEPTAC’s designed and synthesized in chapter 5 were tested for their protective and 
immunological properties in this chapter. Therefore, mice were immunized and challenged 
with Bordetella Pertussis. These experiments clearly showed that PEPTAC 3 induces 
protective antibodies against a discontinuous epitope of Pertactin P69 Prn1. Although 
PEPTAC 6 was able to induce antibodies against a discontinuous epitope of Pertactin, these 
were unfortunately not protective antibodies. Nevertheless, this approach can be employed to 
design new synthetic vaccines that induce protective Abs which cannot be induced by single 
peptides or a mixture thereof. Our general strategy can be extended to protective 
discontinuous epitopes of other vaccine preventable pathogens like Influenza, RSV, SARS 
and HIV and represents a significant step towards the realization of synthetic vaccines. 
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6.2 Introduction 
 
Pertussis or whooping cough is a highly contagious disease caused by Gram-negative bacteria 
called Bordetella Pertussis. Other bacteria known from the Bordetella genus are Bordetella 
parapertussis and Bordetella bronchiseptica. The incubation period is 7 to 10 days and the 
classical illness goes through three stages. In the first, catarrhal stage, there are symptoms of a 
normal cold. In the second, paroxysmal stage, the illness is characterized by series of repeated 
coughing (paroxysms). The paroxysms are followed by massive respiratory efforts during 
which the classic whoops occur. In the last, convalescent stage, the frequency of paroxysms 
decreases. This last stage usually lasts several weeks to months2. The illness lasts in total up 
to 6 to 12 weeks. Bordetella Pertussis was not isolated until 19063. Due to high mortality 
rates among children and elderly caused by the paroxysmal stage of whooping cough, 
attempts were made to create a vaccine. In the 1930s pertussis vaccines were introduced 
(vaccination started in early 50s). These vaccines were mono component whole cell vaccines 
(WCV’s). In a later stage (1957), in the Netherlands, these mono component whole cell 
vaccines were combined into so called combination vaccines with diphtheria and tetanus 
toxoids. Mass vaccination resulted in a 10-fold decrease in pertussis mortality in the 
Netherlands in the late 1950s4. Due to (severe) side effects, caused by strong immunogens 
like Ptx and LPS, acellular pertussis vaccines (ACV’s) were developed5. These ACV’s consist 
of 1 to 5 virulence factors. Virulence factors are those parts of a bacterium which give the 
bacterium the power to damage the invaded host cell. These virulence factors determine 
whether infection occurs and how severe the resulting disease symptoms are. A schematic 
picture of the bacterium Bordetella Pertussis and its virulence factors is depicted in figure 16. 

 

 

Figure 1. Schematic overview of Bordetella Pertussis. The most important virulence factors are in blue 
boxes. Adapted from C. Locht, Curr. Opin. Microbiol, 2001. 
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Bordetella pertussis produces several virulence factors which classically have been divided 
into adhesions and toxins7. Seven adhesions are known viz. FHA, Fim, P.69 Pertactin, TcfA, 
BrkA, Vag8 and Bats. In addition to adhesions 4 protein toxins are known viz. Ptx, CyaA, 
DNT and TCT. From these virulence factors Ptx, FHA, Fim and P.69 Pertactin are the most 
important and therefore most widely used in ACV’s. 
Filamentous haemagglutinin (FHA) is a protein with at least three binding domains viz. 
carbohydrate binding, a heparin sulphate binding and integrin binding domain via its RGD 
site8. FHA is one of the major attachment factors of Bordetella Pertussis to epithelial cells9. 
Due to FHA Bordetella Pertussis is capable of colonizing the entire respiratory tract. 
Next to FHA, Bordetella Pertussis also produces fimbriae composed of the major subunits 
Fim2 and Fim3 (depending on the serotype 2 or 3) and of the minor subunit FimD located at 
the top of Fim2 or 3 aggregate10. Fim 2 and 3 play key roles in the infection of the laryngeal 
mucosa11. 
Like FHA P.69 Pertactin contains a RGD site which is believed to be involved in P.69 Prn-
mediated attachment of Bordetella Pertussis to mammalian cells12,13. P.69 Prn1 is processed 
from a 93 kDa large precursor to a 69 kDa and 22 kDa protein which are located at the cell-
surface and in the outer membrane, respectively14. The 69 kDa product (referred to as P.69 
Prn1) is used in ACV’s. P.69 Prn is polymorphic, and 13 variants (P.69 Prn1 – P.69 Prn13) 
have been identified so far. Hijnen et al15 mapped several discontinuous epitopes against 
pertussis by means of the Pepscan methodology. It was shown that human Abs recognized 
similar epitopes, thus representing a potential vaccine target. 
Pertussis Toxin (Ptx) is a very complex protein composed of five different subunits (S1 to 
S5)16. Besides the complex structure also the mechanism of action is very complex and Ptx is 
believed to be involved in many stages of pertussis (e.g. Interfering with the innate immune 
system, a role in the adaptive immune system, suppression of antibody responses during 
Bordetella Pertussis infection17) 
Analysis of clinical isolates revealed polymorphisms in P.69 Pertactin and Ptx. These 
polymorphisms are believed to be the main cause of re-emergence of pertussis18.  
The level of antibodies to both P.69 Pertactin and Ptx have been shown to correlate with 
clinical protection19,20. Further, ACV’s containing Ptx, FHA and P.69 Prn1 were more 
effective compared to ACV’s containing Ptx and FHA only, also implicating an important 
role for P.69 Prn1 in immunity21-23. For reasons mentioned in chapter 5 we intended to 
mimicry P.69 Pertactin Bordetella Pertussis virulence factor. In this chapter the six 
PEPTAC’s (figure 2) synthesized in the previous chapter were tested on their immunogenicity 
and protective properties by immunization/challenge experiments in mice.  
An overview of the six different PEPTAC’s is given in figure 2. For convenience each of the 
PEPTAC is represented by a cartoon. In this cartoon the triangle represents the TAC scaffold, 
whereas the colored bars represent the peptide epitope fragments. 
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6.3 Results 
 
6.3.1 Protective properties and immunogenicity of PEPTAC’s 1-5 
 
6.3.1.1 Protective properties and antibody responses induced by the PEPTAC’s 1-5 
 
The discontinuous epitope presented on PEPTAC 3 was based on PEPSCAN data generated 
with mAb PeM2915. The binding of PeM29 to PEPTAC 3 was tested in ELISA and on a 
Biacore1000 instrument, but no binding was observed. 
Nevertheless, to investigate whether it was possible to mimic a discontinuous epitope using a 
peptide scaffold, we first raised Abs against the PEPTAC’s and tested the protective 
properties in a mouse model. Since small peptides, like the peptides described here, are poor 
immunogens and induce low amounts of Abs in mice, we coupled the PEPTAC’s to a strong 
immunogen, tetanus toxoid (TT) 24. The immune response of mice to free, unconjugated 
peptides, was also tested. 
Groups of eight mice were immunized with PEPTAC’S 1-5 either conjugated to TT or as free 
constructs. After three immunizations with peptides and adjuvant, mice were challenged with 
a mixture containing 4 x 107 colony forming units (CFU’s) of two isogenic B. pertussis strains 
which vary in Prn type and antibiotic susceptibility. This allowed us to calculate a possible 
differential protection against these isogenic strains and asses cross-immunity. Three days 
after the challenge, the number of CFU in the lungs and trachea were determined. Several 

Figure 2. Schematic overview of the six PEPTAC’s. 
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control experiments were performed. First, to rule out a protective effect of anti-TT Abs, or 
anti-PEPTAC Abs, an empty scaffold (PEPTAC 4) was coupled to TT to serve as a control. 
Secondly, the protective properties of the PEPTAC 3 intermediates (PEPTAC 1 and PEPTAC 
2) were tested in the mouse model. In several previous studies, linear synthetic peptides 
containing a GGFGP sequence were shown to induce Abs that confer some protection25. To 
investigate the protective role of the GGFGP peptide on PEPTAC 3, a scaffold containing 
only the GGFGP peptide i.e. PEPTAC 5 on its respective position (Aloc-position) was 
synthesized and subsequently coupled to TT. The amount of protection induced with the 
scaffolds was compared to a group of mice receiving purified Prn or PBS (control). Protective 
properties of all the five PEPTAC’s are summarized in figure 3. 
 

 
 
 
 
 
 
 
 
 
In a first experiment, the protective properties of PEPTAC 3 as free a peptide were compared 
with the TT-conjugated PEPTAC 3. As expected, mice immunized with unconjugated 
PEPTAC 3 were not protected against infection whereas mice immunized with the conjugated 
PEPTAC 3 showed protection against infection. This observation correlates with the observed 
titers. The mice were well-protected and a 90% (1.0 Log10)  and > 90% (1.3 Log10) 
reduction in the number of Prn1 and Prn2 CFU respectively, was observed compared to 
unvaccinated control mice. PEPTAC 3 immunized mice were better protected against Prn 2 
strains then to Prn 1 strains. When mice were immunized with the empty PEPTAC 4, no 
protection against infection was observed. Similar results were obtained with PEPTAC 1. 
Mice receiving PEPTAC 2 showed a slight decrease of 0.25 Log10 CFU in both trachea and 
lungs. To rule out that all observed protection was induced by the GGFGP peptide, a group of 
mice were immunized with PEPTAC 5. Similar as observed with PEPTAC 3, a difference in 
differential protection against Prn1 and Prn2 strains was observed. A decrease of respectively 
0.2 and 0.4 Log10 in the number of Prn1 and Prn2 CFU’s, was observed in the lungs and 
trachea of PEPTAC 5 immunized mice. Mice receiving purified Prn showed the highest 

Figure 3. Protective properties of PEPTAC 1-5 in mice challenged with B. pertussis. Log protection and 
serum titer of anti-Prn1 antibodies are indicated on the left and right Y-axis, respectively. P-values of the 
differences in Log protection against the two isogonics strains are indicated in the graph. Abbreviations used: 
PEPTAC 1: Cys-TAC-HQREG-2Ac, PEPTAC 2: Cys-TAC-HQREG-DDDWTDG-Ac, PEPTAC 3: Cys-
TAC-HQREG-DDDWTDG-PGFGG, PEPTAC 4: Cys-TAC-3Ac, PEPTAC 5: Cys-TAC-PGFGG-2Ac, Prn1: 
Strain producing Prn1, Prn2: strain producing Prn2, �Prn: antibody titer against Prn1. 
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protection rate, a 2.4-Log10 decrease in the number of CFU/ml was observed and this 
correlated again with the high antibody titers against purified Prn. As expected, the control 
mice (immunized with PBS) were not protected against infection. These results summarized 
in figure 3 clearly indicate that PEPTAC 3 was capable of inducing protective antibodies. 
 
6.3.1.2 Analysis of anti-PEPTAC-3 antibodies 
 
It was investigated whether the response of Abs, induced after immunization with the TT-
conjugated scaffolds, was raised against a discontinuous epitope. We first measured the 
response of induced Abs against the five PEPTAC variants in the Biacore (Fig. 4). Secondly, 
we depleted the sera with several linear peptides, PEPTAC’s and a combination of both, after 
which we measured the response of the remaining Abs (Fig. 5). Lastly, we tested the response 
of the Abs with several Prn deletion mutants lacking parts of the protein (Fig. 6). The results 
of these experiments will be discussed in this order.  
 
Reaction of sera with PEPTAC’s 1-5 (Biacore experiemnts) 
 
To investigate the response of the anti-PEPTAC sera to the five PEPTAC constructs, all five 
were coupled to a CM5 sensor chip, after which individual sera were allowed to interact with 
the PEPTAC’s in the Biacore (Fig. 4).  
PEPTAC 1 induced far lower levels of Abs directed against the 5 PEPTAC’s compared to 
PEPTAC 4. The highest responses of anti-PEPTAC 1 Abs were observed with chip-bound 
PEPTAC 4 and 1. Similar as described for anti-PEPTAC 4 Abs, anti-PEPTAC 1 Abs were 
almost unable to react with PEPTAC 2 and 3. In contrast to anti-PEPTAC 4 Abs, anti-
PEPTAC 1 Abs were not very reactive with PEPTAC 5. 
Antibodies from PEPTAC 2 immunized mice showed almost no reaction with PEPTAC 4 and 
5, which can be explained by the absence of peptides (PEPTAC 4) or a peptide arm other than 
present in PEPTAC 2. Furthermore, this suggests that when two or more peptides are present 
on the TAC scaffold, they block the binding or induction of Abs to the TAC scaffold 
structure. However, it is interesting that PEPTAC 2 antisera strongly reacted with PEPTAC 2 
and 3, but only a small reaction was observed with PEPTAC 1. This could indicate that 
almost no Abs are induced against the peptide present on PEPTAC 1 (GERQH), but that most 
Abs recognized an epitope that comprised both peptides present on PEPTAC 2 (GERQH and 
GDTWDDD). 
Antibodies from mice immunized with PEPTAC 3 showed only a minor reaction with 
PEPTAC 4. Antibodies induced against PEPTAC 3 very effectively bound to PEPTAC 2. The 
highest response was measured with PEPTAC 3. Anti-PEPTAC 3 Abs were also able to bind 
to PEPTAC 5 with a similar response as to PEPTAC 1. Both PEPTAC 1 and 5 contain only 
one peptide arm.  
Antibodies induced by PEPTAC 4 were very reactive with chip bound PEPTAC 4, 1 and 5. 
Almost no reaction was observed with PEPTAC 2 and 3 (Fig. 4). PEPTAC 1 and 5 both 
contain only one peptide arm whereas PEPTAC 2 and 3 contain two and three peptide arms, 
respectively. It is possible that when two or more peptides are present on the TAC scaffold, 
binding of Abs to the TAC scaffold structure is blocked. This may explain that Abs against 
PEPTAC 4 show little reactivity with PEPTAC 2 and 3. 
When anti-PEPTAC 5 Abs were tested a reaction was observed with PEPTAC 4, 1 and 5. No 
reaction was observed with PEPTAC 2 and 3, a result similar to that obtained with anti-
PEPTAC 4 or 1 antibodies. This result indicated that the majority of Abs were directed 
against the TAC scaffold structure.  
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Sera from mice immunized with Prn1 were unable to bind to either one of the five 
PEPTAC’s. As expected, no reaction of antibodies from mice immunized with PBS was 
observed. Taken together these results indicate that PEPTAC 2 and 3 induce protective 
antibodies directed against a discontinuous epitope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction of depleted sera with PEPTAC’s 
 
To further confirm whether anti-PEPTAC 3 Abs were directed against a discontinuous 
epitope, anti-PEPTAC 3 sera were depleted with several linear peptides, the five PEPTAC’s 
and a mix of both. Since we were only interested in the discontinuous epitope which is 
mimicked by PEPTAC 3, only anti-PEPTAC 3 sera were depleted. The amount of response 
units (RU) obtained with PBS depleted serum was set to 100% (Fig. 5). 
Anti-PEPTAC 3 sera were first depleted with PEPTAC 4, and only a small decrease of 20% 
in the amount of binding was observed. When the anti-PEPTAC 3 sera were depleted with 
PEPTAC 1, only a small decrease of 10% in binding was observed. Depletion with a linear 
peptide GERQH, similar as the peptide present on PEPTAC 1, resulted in a 15% decrease in 
Ab binding. When serum was depleted with PEPTAC 2, a decrease of 50% in Ab binding was 
observed. All these three results are consistent with the results presented in figure 3.  
To test whether the anti-PEPTAC 3 Abs that were depleted with PEPTAC 2 were directed 
against a discontinuous epitope, a depletion with either 1 or a mix of 2 linear peptides, both 
present on PEPTAC 2, was performed. These depletions did not result in the same decrease of 
Ab binding as observed with the PEPTAC 2 depletion. A decrease of 20 and 5 % in Ab 
binding was observed when the serum was depleted with a mix of both peptides or with a 
single GDTWDDD peptide, respectively. 
As expected, when anti-PEPTAC 3 sera were depleted with PEPTAC 3, the amount of 
binding decreased towards the background. Similar as described above, the serum was 

Figure 4. Reactivity of Abs raised against PEPTAC constructs. Mice were vaccinated with PEPTAC 1-5 
after which the binding of the Abs to PEPTAC 1-5 and Prn1 was tested in the BIAcore. The average response 
of all sera per group of 8 mice is displayed. Equal amounts of PEPTAC’s were coupled to a CM5 sensor 
chip. Abbreviations used: PEPTAC 1: Cys-TAC-HQREG-2Ac, PEPTAC 2: Cys-TAC-HQREG-
DDDWTDG-Ac, PEPTAC 3: Cys-TAC-HQREG-DDDWTDG-PGFGG, PEPTAC 4: Cys-TAC-3Ac, 
PEPTAC 5: Cys-TAC-PGFGG-2Ac. 
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depleted with a mix of 3 linear peptides all present on PEPTAC 3. This depletion resulted in a 
20 % decrease in antibody binding.  
Since the mix with 3 linear peptides did not deplete the serum to a similar level as PEPTAC 3 
did, which indicated that a spatial presentation of the peptides is needed, a mix containing 
PEPTAC 1, 5 and a linear peptide with the sequence GDTWDDD was used to mimic 
PEPTAC 3. The latter peptide was used since a scaffold containing only the peptide 
GDTWDDD was not synthesized. This depletion resulted in a decrease of 40 % of antibody 
binding.  
Anti-PEPTAC 3 sera were also depleted with a linear GGFGP peptide and with a mix of 
linear GGFGP and GDTWDDD peptides. Both depletions did not result in a decrease of more 
then 5 % of antibody binding. This result indicated that almost no antibodies to linear GGFGP 
or GDTWDDD epitopes were induced. 
Lastly, when anti-PEPTAC 3 sera were depleted with PEPTAC 5, a decrease of 10% of 
antibody binding was observed.  
Taken together, these results indicated that anti-PEPTAC 3 Abs recognize a discontinuous 
epitope which requires the simultaneous presence of all peptides in a certain distinct spatial 
position. This spatial position is not present when linear peptides are in solution, or presented 
as separate peptides on scaffolds. 
 

 
 
 
 
 
 
 
 
Analysis of antibody binding to Prn deletion mutants 
 
Lastly, recombinant Prn mutants were used to analyse the response of Abs. The binding of 
anti-PEPTAC-2, 3 and 5 to Prn mutants lacking different parts of the N-terminus or the 
variable region 1 (see table 1) was tested and compared to the binding to native Prn1 (Fig. 6). 
 

Figure 5. Depletion of anti-PEPTAC 3 Abs. Anti-PEPTAC 3 Abs were depleted with peptides or PEPTAC 
constructs (indicated below the X-axis) and residual binding to PEPTAC 3 was assayed with the Biacore. 
The binding activity of the PBS control was set at 100%. Sera from 5 mice were pooled and used in the 
assay. Abbreviations used: PEPTAC 1: Cys-TAC-HQREG-2Ac, PEPTAC 2: Cys-TAC-HQREG-
DDDWTDG-Ac, PEPTAC 3: Cys-TAC-HQREG-DDDWTDG-PGFGG, PEPTAC 4: Cys-TAC-3Ac, 
PEPTAC 5: Cys-TAC-PGFGG-2Ac, Pep = linear peptide. 
Reactivity of Abs raised against PEPTAC constructs. Mice were vaccinated with PEPTAC-1-5 after which 
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Prn mutant Peptide(s) missing 
Prn1 None 
N-term-1 11GERQH15 

N-term-3 11GERQH15 + 97GDTWDDD103 
Prn1-R1-KO 247GGFGP251 

 

 
 
 
 
 
 
 
The binding of anti-PEPTAC 2 sera were first tested to Prn mutants N-term1 and 3, in which 
the peptide arms GERQH and GDTWDDD are missing respectively. These deletions resulted 
in a 6-fold decrease and abolished binding, respectively. Deletion of region 1 did not affect 
the binding of anti-PEPTAC 2 Abs, which was to be expected since PEPTAC 2 does not 
contain peptides which are present in region 1. 
When the binding of anti-PEPTAC 3 sera were tested to Prn mutants lacking parts of the N-
terminus, a dramatic decrease in the amount of antibody binding was observed. The binding 
of PEPTAC 3 anti sera to mutants N-term1 and 3 decreased 4 and 7 fold, respectively. 
Deletion of region1 resulted in a 14 fold decrease in antibody binding. 
The binding of anti-PEPTAC 5 sera was abolished when region1 was deleted from Prn. This 
result was to be expected since region 1 contains the peptide that is present on PEPTAC 5. 
To summarize, these results confirm that most of the induced anti-PEPTAC 3 antibodies were 
directed against a discontinuous epitope. 
 
6.3.2 Protective properties and immunogenicity of PEPTAC 6 
 
6.3.2.1 Protective properties and antibody responses induced by the PEPTAC 6 (fig 2) 
 
PEPTAC 1-5 were designed and synthesized to induce protective antibodies based on the 
recognition of mAbs (see previous chapter). PEPTAC 6 was designed on the basis of 
recognition of human sera. Similar to PEPTAC 1-5 the protective properties of PEPTAC 6 
were determined in a mouse model together with PEPTAC 3 (fig. 7). The number of CFU’s in 
the trachea and lungs from mice immunized with tetanus conjugated PEPTAC 3, PEPTAC 6, 
unconjugated PEPTAC 6 and Prn1 were determined to calculate the amount of protection 
induced by the different “vaccines”. Since mice were infected with both Prn1 and Prn2 

Figure 6. Binding of anti-PEPTAC Abs to Prn1 and mutant derivatives in ELISA. 
The values of the grey and black bars are plotted on the left and right Y-axes, respectively. Abbreviations 
used: PEPTAC 1: Cys-TAC-HQREG-2Ac, PEPTAC 2: Cys-TAC-HQREG-DDDWTDG-Ac, PEPTAC 3: 
Cys-TAC-HQREG-DDDWTDG-PGFGG, PEPTAC 4: Cys-TAC-3Ac, PEPTAC 5: Cys-TAC-PGFGG-2Ac, 
Vac: vaccine. 

Table 1. Representation of Prn 
mutants and the peptides that are 
missing. 
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strains, the results are separated into these two groups to determine whether better protection 
against one of those strains can be observed. As is also apparent from figure 3 it should be 
noted that there is a large difference in the LOG protection of PEPTAC 3 and Prn (for 
PEPTAC 3 +/- 1log compared to +/- 0.3log and for Prn 2.4log compared to +/ 0.7log). 
Therefore, firm conclusions based on these results can not be made. But these results should 
be used as an indication. As expected mice immunized with unconjugated PEPTAC 6 were 
not protected (log value comparable with the control, i.e. PBS), but unfortunately this also 
seems to be the case for the conjugated PEPTAC 6 (log value of 0.6). The antibody titers 
against PEPTAC 6 on the other hand were comparable with PEPTAC 5 (figure 3) indicating 
that PEPTAC 6 induces an immune response and antibodies were raised. 
 
6.3.3.2 Analysis of anti-PEPTAC 6 antibodies 
 
Although figure 7 clearly shows that antibodies induced against PEPTAC 6 are not protective, 
we were interested in the question whether these antibodies were raised against a 
discontinuous epitope.  
 

 
 
 
 
 
 
 
 
 
 
Therefore, a depletion ELISA was performed (fig 8). 
Anti-PEPTAC 6 sera were first depleted with PEPTAC 5, 4 and 3, no depletion was observed. 
When the anti-PEPTAC 6 sera were depleted with the free linear peptides present on 
PEPTAC 6, GGFGP, DGIRRFL and SLQPEDL, no depletion was observed. Only PEPTAC-
6 was capable of depleting the antibodies resulting in a signal at background level. To 
summarize, these results indicate that most of the induced anti-PEPTAC 6 antibodies were 
directed against a discontinuous epitope. 
 

Figure 7. Protective properties of PEPTAC 6 in mice challenged with B. pertussis. Log protection and 
serum titer of anti-Prn1 antibodies are indicated on the left and right Y-axis, respectively. Mice were 
vaccinated with PBS, Prn1 or PEPTAC constructs and challenged with a mixture of two isogenic strains 
producing Prn1 and Prn2, respectively. Three days after infection, mice were sacrificed and the amount of 
bacteria in the lungs and the level of anti-Prn1 Abs in the blood were determined. The degree of protection 
was calculated by subtracting the Log10 CFU of each unvaccinated mice by the average of Log10 CFU of 
vaccinated mice. PEPTAC 3: Cys-TAC-HQREG-DDDWTDG-PGFGG, PEPTAC 6: Cys-TAC-PGFGG-
DIGRRFL-SLQPEDL, Prn1: Strain producing Prn1, Prn2: strain producing Prn2, �Prn: antibody titer 
against Prn1. 
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6.4 Discussion 
 

6.4.1 PEPTAC 1-5 
 
In an attempt to mimic the discontinuous epitope recognized by a mAb, we employed a novel 
synthetic peptide scaffold. When subsequently the binding of this mAb was tested to 
PEPTAC 3, no reaction was observed. It is possible that the epitope presented by PEPTAC 3 
did not exactly mimic the epitope that is recognized by this mAb. Although the mAb did not 
bind, we still investigated whether PEPTAC 3 was capable of presenting a discontinuous 
epitope and raise protective antibodies. To facilitate this, Abs were induced against the 
PEPTAC’s in mice. When immunized mice were challenged, only mice that received the 
conjugated peptide were protected against infection. Unconjugated PEPTAC’s did not induce 
a proper immune response, which was in accordance with the expectation. 
In mice immunized with PEPTAC 3 and 5, a difference in the protection against Prn1 and 2 
strains was observed. Prn2 strains contain 4 GGFGP repeats in the variable region 1 of P.69 
Prn whereas Prn1 strains only have 2 GGFGP repeats. It is likely that anti GGFGP Abs are 
capable of binding more often to Prn2 then to Prn1. Although the GGFGP repeats are located 
adjacent to each other in the variable loop of Prn, the tertiary structure of this large loop will 
presumably allow the subsequent binding of two Abs without steric hindrance.  
When the Ab response of immunized mice was tested to purified Prn1, only sera from mice 
immunized with PEPTAC 2, 3 and 5 were able to bind. Sera from mice immunized with 
purified Prn1 however, were unable to bind to any of the peptide scaffolds. This could 
indicate that the epitope presented on PEPTAC 3 is a non existing one in P.69 Prn. However, 
mice immunized with PEPTAC 3 were protected against infection with B. pertussis, and anti- 
PEPTAC 3 Abs did bind to purified Prn. Therefore it is more likely that antibodies were 

Figure 8. Depletion ELISA of sera from mice immunized with PEPTAC 6. The plates were coated with 5 
�g/ml of PEPTAC 6. Legends : �; PBS, �; mixture of Ac-70DGIRRFL76-NH2, Ac-156SLQPEDL162-NH2 
and Ac-247GGFGP251-NH2, �; PEPTAC 5, �; PEPTAC 3, �; PEPTAC 4, �; PEPTAC 6.  
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induced to an epitope that, in native P.69 Prn seems hidden. More evidence for this hypothesis 
is given in the thesis of M. Hijnen2.  
To investigate if Abs, induced after immunization with the PEPTAC’s, were directed against 
a discontinuous epitope, the binding of serum Abs obtained from immunized mice, was tested 
in several assays. When the binding of serum Abs resulting from immunization by PEPTAC 
1-5 was tested in the Biacore, it became clear that anti-PEPTAC 4, 1 and 5 Abs were unable 
to bind to PEPTAC 2 and 3 which contain 2 and 3 peptides respectively. Apparently, when 2 
or more peptides are presented on the scaffold, they fold into a spatial configuration that 
blocks the binding, or prevents the induction of antibodies directed against the scaffold itself. 
When the binding of anti- PEPTAC 2 and 3 antibodies was tested in the Biacore, the 
discontinuous structure of PEPTAC 2 and 3 became more evident. Anti- PEPTAC 2 
antibodies mainly bound to PEPTAC 2 and 3. Almost no response of anti- PEPTAC 2 Abs to 
PEPTAC 1 was observed. Apparently, almost no antibodies are induced to the GERQH 
peptide solely present on PEPTAC 1, but are rather induced to an epitope comprising both 
peptides present on PEPTAC 2. A similar result was obtained with anti-PEPTAC 3 Abs. Only 
a small amount of anti- PEPTAC 3 Abs bound to PEPTAC 1 and 5, whereas a large response 
was observed with PEPTAC 2 and 3.  
To provide more direct evidence that the induced anti-scaffold antibodies were directed 
against a discontinuous epitope, anti- PEPTAC 3 sera were depleted with several linear 
peptides with identical sequences as the peptides present on the scaffold. With this approach, 
all Abs directed against a linear epitope would be depleted from the serum. When 3 linear 
peptides with identical AA-sequences as the 3 peptides present on PEPTAC 3 were used to 
deplete the serum, only a decrease of 20 % in Ab binding was observed. In contrast, when 
PEPTAC 3 was used to deplete the serum, a decrease of 80 % in Ab binding was observed. 
When anti- PEPTAC 3 sera were depleted with a mixture of peptide PEPTAC 1 and 5 and a 
linear peptide with AA-sequence GDTWDDD, only a decrease of 40 % of antibody binding 
was observed. These results clearly indicated that the majority of induced anti-PEPTAC 3 
Abs were directed against a discontinuous epitope.  
Final evidence that anti- PEPTAC 3 Abs mainly bound to a discontinuous epitope was 
generated when the binding of these Abs was tested to purified Prn deletion mutants. When 
the binding of anti- PEPTAC 3 Abs was tested to a Prn deletion mutant lacking the GERQH 
peptide, the binding decreased 4 fold. When the binding was tested to a mutant lacking 
peptides GERQH and GDTWDDD, or to a mutant lacking the variable region 1 which 
contains the GGFGP peptide, the binding was almost abolished. Since the binding of anti- 
PEPTAC 3 Abs to individual peptides was limited, these results clearly indicate that PEPTAC 
3 displayed a discontinuous epitope, and was able to induce protective antibodies to this 
epitope. 
 
6.4.2 PEPTAC-6 
 
Compared to figure 3 the levels of protection of Prn1 and PEPTAC 3 (fig 7) were too low, 
perhaps an old batch of the inoculum was used. The average antibody titer against Prn1 on the 
other hand were comparable with figure 3, this indicated that the mice were correctly 
immunized. All together, it was disappointing that no protective antibodies were generated 
against PEPTAC 6. This could be explained that either the epitope is not as immunogenic as 
expected, or that there is no antibody induction. The last explanation is highly unlikely 
because figure 7 clearly showed high antibody titers. To provide evidence that the induced 
anti-PEPTAC 6 antibodies were directed against a discontinuous epitope, anti-PEPTAC 6 sera 
were depleted with several linear peptides with identical sequences as the peptides present on 
the scaffold. With this approach, all Abs directed against a linear epitope would be depleted 
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from the serum. When three linear peptides with identical AA-sequences as the three peptides 
present on PEPTAC 6 were used to deplete the serum, no depletion was observed. In contrast, 
when PEPTAC 6 was used to deplete the serum, complete depletion was observed. These 
results clearly indicated that the majority of induced anti PEPTAC 6 Abs were directed 
against a discontinuous epitope. 
 
 6.5 Conclusion 
 
This chapter demonstrates that a protective synthetic peptide vaccine can be designed that 
mimics a discontinuous epitope. Peptide vaccines have the advantage that they can be 
designed to include specific T- or B-cell epitopes for optimal stimulation of the immune 
response, including immunologic memory26,27. Only three of the four sites of the TAC 
scaffold were used in this study, and the fourth could be used to attach a T-cell epitope. To 
our knowledge this is the first example of a synthetic vaccine approach that employs a novel 
selectively addressable TAC scaffold for spatial presentation of peptides, thus displaying a set 
of discontinuous epitopes. Using the design and synthesis of chapter 5, a mimicry of a 
discontinuous epitope of Prn1 was constructed (PEPTAC’s). These PEPTAC’s induced 
protective Abs in mice against a discontinuous epitope. This approach can be employed to 
design new synthetic vaccines that induce protective Abs which cannot be induced by single 
peptides or a mixture thereof. Our general strategy can be extended to protective 
discontinuous epitopes of other vaccine preventable pathogens like Influenza, RSV, SARS 
and HIV and represents a significant step towards the realization of synthetic vaccines. 
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6.6 Experimental methods 
 
PEPTAC 1-5 
 
Coupling of PEPTAC’s to tetanus toxoid 
The cysteinyl-containing PEPTAC’s (3-5 mg) were dissolved in a freshly prepared solution of 
bromoacetylated tetanus toxoid (TT)24 (1.2 – 2.0 ml, protein content 2.1 mg/ml) in 0.1 M 
sodium phosphate + 5 mM EDTA, pH 6.0, and left to stand at room temperature for 16 h. 
Each mixture was transferred into an Amicon Ultra-15 centrifugal filter device (15 ml, 10 K 
MWCO), diluted with 13 ml PBS, pH 7.2, and centrifuged at room temperature for 30 min. at 
3000 g. The concentrate (≈ 250 µl) was diluted with 15 ml PBS and centrifuged again. The 
final concentrate was removed from the filter device, diluted with PBS to a protein content of 
≈ 1 mg/ml, and stored at 4oC until further use 
 
Mouse experiments 
To investigate the protective properties of the PEPTAC’s, and to raise Abs, mice were 
immunized and subsequently challenged with 2 B. pertussis strains. To determine if there was 
a difference in protection after immunization against Prn1 and Prn2 strains, mice were 
challenged with a mixture of 2 isogenic Prn1 and Prn2 strains. 
 
Immunization scheme 
Mice were immunized 3 times with either unconjugated or TT-conjugated PEPTAC’s with a 
14 day interval. Per immunization, a total of 50µg of PEPTAC or purified Prn1 mixed with 
20µg of the adjuvant QuilA (Iscotec AB, Stockholm, Sweden) was administered 
subcutaneously. 
 
In vivo challenge 
Fourteen days after the last immunization, mice were intranasally challenged with a mixture 
of 4.0 X 107 colony forming units (CFU’s) containing two isogenic B. pertussis strains 
harboring prn1 and prn2, respectively. To be able to discriminate between the 2 strains, a 
kanamycin and gentamycin resistance gene was inserted into the fim3 gene of B. pertussis 
Prn1 and B. pertussis Prn2, respectively. Three days after the challenge, mice were sacrificed 
and the blood, trachea and lungs were collected. The number of CFU’s were counted as 
described previously25. 
 
Calculations 
The Log protection values were calculated by subtracting the Log10 CFU of immunized mice 
from the mean Log10 CFU of non-immunized mice. The statistical significance of differences 
between two groups was assessed by the Student t test (2-sided). P values below 0.05 were 
regarded as statistically significant. 
 
Antibody depletion 
To determine the specificity of the humoral response, mouse sera were depleted using 
synthetic peptides with identical sequences as peptides on the scaffold. Linear peptides used 
for depletion comprised the sequences GERQH (pep1), GDTWDDD (pep2) and GGFGP 
(pep3). Sera were also depleted with the PEPTAC’s 1-5. Sera were mixed in a 1:1 ratio with 
PBS containing 1mg/ml of peptide or PEPTAC’s. Sera were depleted overnight at 4ºC after 
which the samples were centrifuged at 4ºC for 15 minutes. Supernatants were used for ELISA 
and BIAcore experiments.  
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Analysis of antibody binding using ELISA 
Binding of mouse sera to the PEPTAC’s or purified Prn1, was measured by ELISA. 
Polystyrene 96-well ELISA plates (Immulon II; Dynatech, Chantilly, Va.) were coated 
overnight at 22°C by adding 100 µl of PBS containing 2 µg/ml of peptide or protein to each 
well. The plates were washed four times with 200 µl of PBS supplemented with 0.05% Tween 
20 (PBST) per well by using a Titertek Plus M96V washer (ICN, Irvine, Calif.). Sera, diluted 
in PBST, were added to the wells and were incubated for 2 h at 37 °C followed by four 
washings as described above. Bound Abs were detected by using horseradish peroxidase-
conjugated anti-mouse total IgG (Cappel, Organon Technica, Boxtel, The Netherlands). The 
optical density at 450 nm (OD450) was measured with a plate reader (EL312e; BioTek 
Systems, Winooski, Vt.). The dilution at half of the maximum OD450 was used as the ELISA 
titer 
 
Analysis of antibody binding to PEPTAC’s using surface plasmon resonance 
The binding of mouse sera to the PEPTAC’s was also studied on a BIAcore 1000 instrument 
(Pharmacia, Uppsala, Sweden). PEPTAC’s were coupled to a carboxymethyl dextran sensor 
chip CM5 using N-ethyl-N’-(dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) chemistry with the Thiol coupling kit (Pharmacia BIAcore) to 
activate the CM5 dextran. After activation, 20µl of 2-(2-Pyridinyldithio) ethaneamine 
hydrochloride (PDEA) was injected and subsequently, 35µl of the cysteine containing 
PEPTAC 1-5, 0.5mg/ml in 0.1M NaAc, 1M NaCl, pH4.0, were injected during 7 minutes. 
Unreacted groups were blocked by injection of 20µl of L-cysteine during 4 Sera were diluted 
1:100 in HBS-EP buffer (10 mM HEPES (pH 7.4) containing 150 mM NaCl, 3 mM EDTA 
and 0.005 % surfactant P20). Antibodies were allowed to interact with the immobilized 
PEPTAC’s for two minutes after which the dissociation was followed for another minute. 
Residual bound antibody was removed by washing the chip for three minutes with 10mM 
glycine-HCl (pH 1.5) or 20mM NaOH + 1M NaCl solution. 
 
PEPTAC 6 
 
CFU determination in lungs and trachea 
Three days after the challenge, mice were sacrificed and the blood, trachea and lungs were 
collected. The number of CFU’s were counted as described previously25. 
 
Analysis of antibody binding using ELISA 
ELISA was used to measure the binding of mouse sera to purified P.69 Prn1. Immulon 2.HB 
plates (ThermoLabSystems, Vantaa, Finland) were coated overnight at room temperature or 
for 2 hours at 37oC with 100µl 0.04M carbonate buffer pH9.6 containing 2µg/ml of P.69 
Prn1. The plates were washed 4 times with 200µl PBS with 0.05% Tween 20 (PBST) per 
well. After which diluted mouse sera were added to the wells and incubated for 2 hours at 
37oC, followed by washing of the plates as described before. Bound antibodies were detected 
by Rabbit anti Mouse IgG (Dako, Glostrup, Denmark), measuring the optical density at 450 
nm with a Biotek EL312e plate reader .  
 
Depletion ELISA 
Mouse sera from mice infected with PEPTAC 6 were pooled according to the antibody titer 
determined by the ELISA. Subsequently the pooled sera with the highest titer were depleted 
overnight at 4oC with: PBS, unconjugated PEPTAC 3, unconjugated PEPTAC 6, the three 
linear peptides or PEPTAC 4. All depletants had a concentration of 1mg/ml and were either 
added 1:1 to pooled sera pre-diluted 1:500 for plates coated with unconjugated PEPTAC 6, or 



  Immunology of P.69 Pertactin Prn1 Mimics 

 

6 

  147 

1:1 to pooled sera pre-diluted 1:50 for plates coated with Prn1. After depletion the samples 
were centrifuged for 10 minutes at 14.000rpm at 4 oC, to lose possible aggregations. 
Immulon 2.HB plates (ThermoLabSystems, Vantaa, Finland) were coated overnight at room 
temperature or 75µl 0.04M carbonate buffer pH9.6 containing 5µg/ml unconjugated scaffold 
or 2µg/ml purified P.69 Prn1. The plates were washed 4 times with 200µl PBS with 0.05% 
Tween 20 (PBST) per well. The depleted sera were added to the wells and incubated for 1 
hour at 37oC, followed by washing of the plates as described before. Bound antibodies were 
detected by Rabbit anti Mouse IgG (Dako, Glostrup, Denmark), measuring the optical density 
at 450 nm with a Biotek EL312e plate reader. 
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List of Abbreviations 
 
AA’s  Amino acid’s      
Ab  Antibody      
Ac  Acetyl 
Ac2O  Acetic anhydride      
ACTH  Adrenocorticotropic hormone      
ACV’s  A cellular vaccines 
AIBN  Azoisobutyronitril (2,2’-Azobis(2-methylpropionitrile)) 
Aloc  Allyloxycarbonyl    
Aloc-Cl Allylchloroformate      
AMC  Aminomethylcoumarine 
Ar  Aromatic 
AU  Arbitrary units 
BIR  Baculovirus IAP repeat 
B. pertussis Bordetella pertussis      
Boc  t-Butyloxycarbonyl      
BOP  (benzotriazol-1-yloxy)-tris(dimethyl-amino)-phosphoniumhexafluorophosphate 
BrkA  Bvg-regulated autotransporter      
BSA  Bovine serum albumine 
Cat  Catalytic amount 
CCrit  Convergence criterion - energy, movement or gradient.    
CDCl3  Deuterated chloroform      
CDR   Complementary determining region 
CFU  Colony forming units      
CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate 
CHCA  �-cyano-4-hydroxycinnamic acid 
COSY  Correlation spectroscopy      
CTV  Cyclotriveratrylene      
d  doublet      
DBU  1,2-diazabicyclo-[5.4.0.]undec-7-ene 
DCB  2,6-Dichloro benzoylchloride      
DCE  Dichloroethane      
DCM  Dichloromethane      
DIC  N,N’-Diisopropylcarbodiimide      
DiPEA  N,N-Diisopropylethylamine      
DMAP  4-(dimethylamino)-pyridine      
DMF  N,N-Dimethylformamide      
DMSO  Dimethylsulfoxide 
DNA  Deoxyribonucleic acid 
DTT  threo-1,4-Dimercapto-2,3-butanediol, Cleland’s reagent 
EDC  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride   
EDT  1,2-Ethanedithiol      
EDTA  Ethylenediaminetetraacetic acid      
ELISA  Enzyme-linked immunosorbent assay      
ELSD  Evaporative light scattering detection      
eq  equivalent      
EtOAc  Ethylacetate 
ESI-(MS) Electrospray ionization mass spectrometry     
Et2O  Diethylether      
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FHA  Filamentous haemagglutinin      
Fim  Fimbriae      
Fmoc  9-Fluorenylmethyloxycarbonyl      
FTIR  Fourier transform infrared 
g  Gram      
HATU  O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluroniumhexafluorophosphate 
HBS-EP 10 mM Hepes/150 mM NaCl/3 mM EDTA/0.005% surfactant P20, pH 7.4 
HEPES 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethansulfonic acid 
HFIP  Hexafluoroisopropanol      
HIV  Human immunodeficiency virus      
HOBt  1-Hydroxybenzotriazole      
IgG  Immuno globulin G 
ITAM  Immunoreceptor tyrosine based activation motif 
kD(a)  Kilo dalton      
Ki  Inhibition constant 
Ki,app  Apparent inhibition constant 
Km  Michealis Menten constant 
KO  Knock out 
LCMS  Liquid chromatography mass spectrometry 
LH 20  Crosslinked dextran-based resin for gel permeation chromatography 
LPS  Lipopolysaccharide 
m  multiplet 
mAbs  monoclonal antibodies 
MALDI-TOF  Matrix assisted laser desorption ionization time of flight 
MDM2 Protein produced by murine double minute 2 oncogene 
MeCN  Acetonitrile 
MeOH  Methanol 
mg  milligram 
ml  milliliter 
mM  millimolar 
MMFF  Macro model force field 
MTBE  Methyl tert-butyl ether 
MWCO Molecular weight cut off 
NBS  N-Bromo succinimide 
NHS  N-Hydroxysuccinimide 
nM  nanomolar 
nm  nanometer 
NMP  N-Methyl pyrrolidonone 
NMR  Nuclear magnetic resonance 
OBt  N-hydroxybenzotriazole 
OD  Optical density 
o-NBS-Cl ortho-nitrobenzenesulfonyl chloride 
OSu  N-hydroxysuccinimidyl 
PBS  Phosphate buffered saline 
PBST  PBS with 0.05% tween 
PDEA  2-(2-Pyridinyldithio) ethaneamine hydrochloride 
PDGF  Platelet-derived growth factor 
PeM29  Monoclonal mouse antibody 29 
pM  picomolar 
ppm  parts per million 
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PRG  Polak and Ribiere gradient 
Prn 1  P.69 Pertactin 
Ptx  Pertussis toxin 
Rf  Retardation factor 
RMSD  Root mean square deviation 
(RP)-HPLC (Reversed phase) high pressure liquid chromatography 
RSV  Respiratory syncytial virus 
RU  Response units 
s (br)  singlet (broad) 
SARS  Severe acute respiratory syndrome 
scFv  Single chain Fv fragment 
SLVNT solvent 
SH2  Src homology-2 
SPPS  Solid phase peptide synthesis 
t  triplet 
TAC  Triazacyclophane 
TBAF  Tetrabutylammoniumfluoride 
tBu  tert-butyl 
TDM  4,4’-methylene bis(N,N’-dimethylaniline) 
TEA  Triethylamine 
TFA  Trifluoroacetic acid 
TIS  Triisopropylsilane 
THF  Tetrahydrofuran 
TLC  Thin layer chromatography 
TLR  Toll-like receptor 
TMS  Tetramethyl silane 
Trt  trityl 
TT  Tetanus toxoid 
UV  Ultra violet 
Vac  Vaccine 
Vi  Rate of hydrolysis in the presence of an inhibitor 
V0  Rate of hydrolysis without the presence of an inhibitor 
WCV’s Whole cell vaccines 
XIAP  X-linked inhibitor of apoptotic protein 
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Nederlandse samenvatting 
 
Veel biologische processen in de natuur worden gereguleerd door middel van eiwit-eiwit 
interacties. Stoornissen in deze processen vormen dan ook vaak de basis van vele ziekten 
zoals bijvoorbeeld kanker, Huntington’s disease, auto-immuun ziekten en osteoporosis. De 
interacties die plaatsvinden tussen verschillende eiwitten vinden meestal plaats d.m.v. 
zogenaamde discontinue epitopen. Bij discontinue epitopen vertonen verschillende sequenties 
van een eiwit interacties met sequenties van een ander eiwit. Deze verschillende sequenties 
bevinden zich op totaal andere plaatsen in de aminozuur sequentie, maar zitten in de tertiaire 
eiwit structuur wel dicht bij elkaar door vouwing van het eiwit. 
Het doel van dit onderzoeksproject was de ontwikkeling van methoden om discontinue 
epitopen na te bootsen gebruikmakend van de TAC scaffold. Verschillende relevante 
biologische systemen zijn uitgekozen, resulterend in een “pars-pro-toto” nabootsing van de 
grotere biologische moleculen. “Pars-pro-toto” wil zeggen dat de gesynthetiseerde moleculen 
delen van het gehele eiwit bevatten en nog steeds dezelfde functie kunnen vervullen als het 
complete eiwit. Als doelsystemen voor de ontwikkeling van een methode voor de nabootsing 
van discontinue epitopen hebben we gebruik gemaakt van het complex tussen de cysteine 
protease papain en zijn natuurlijke remmer, cystatin B. Ten tweede, het complex tussen een 
andere cysteine protease caspase-3 en zijn natuurlijke remmer XIAP. Als laatste is het eiwit 
pertactine uitgekozen als doelwit voor nabootsing m.b.v. de TAC scaffold. 
 
De nabootsing van de discontinue epitoop van cystatin B werd beschreven in de 
hoofdstukken twee en drie. Cystatin B, met een molecuulgewicht van ongeveer 21 kD, is 
een zuur eiwit, dat is opgebouwd uit een enkele keten. Er zijn geen disulfidebruggen 
aanwezig in de structuur. Dit eiwit bindt aan papain met een hoge affiniteit. Cystatin B is de 
natuurlijke remmer van papain en vertoont interactie met papain d.m.v. drie peptide 
sequenties namelijk de sequentie van de N-terminus (6MMCGA10), een �-hairpin loop 
(53QVVAGT58) en de sequentie van de C-terminus (122LTYF125). Papain is een enzym 
behorend tot de C1 familie van de cysteine proteases. Papain wordt geïsoleerd uit papaya 
latex en hydrolyseert peptide bindingen na basische aminozuren, leucine of glycine. Andere 
proteases (enzymen) van deze C1 familie zijn betrokken bij ziekten als kanker en 
botdegradatie. Gebaseerd op de kristalstructuur van het enzym papain in complex met zijn 
natuurlijke remmer cystatin B zijn synthetische remmers ontwikkeld en gesynthetiseerd. 
Vervolgens zijn deze synthetische remmers getest op hun vermogen om het enzym papain te 
kunnen remmen. De gesynthetiseerde constructen, die veel kleiner waren dan cystatin B, 
lieten zien dat ze het vermogen hadden om papain kunnen remmen met een affiniteit van 12 
nM.  
 
In hoofdstuk 4 werd de methode ontwikkeld in hoofdstukken twee en drie toegepast om 
synthetische remmers van caspase-3 te ontwikkelen en te synthetiseren gebaseerd op de 
discontinue epitope van XIAP. Caspase-3 is het cruciale eiwit van de intrinsieke en 
extrinsieke apoptose cascade. Apoptose is de geprogrammeerde celdood. In de normale 
situatie wordt caspase-3 selectief geremd door XIAP om apoptose te voorkomen. Onderzoek 
heeft uitgewezen dat XIAP caspase-3 selectief bindt en remt. Daarom was XIAP een 
interessant uitgangspunt voor ontwerp en synthese van selectieve synthetische remmers tegen 
caspase-3. De kristalstructuur van caspase-3 in complex met XIAP laat zien dat ook deze 
interactie gebaseerd is op een discontinue epitoop. Deze discontinue epitoop bestond uit drie 
peptide sequenties namelijk “zinc” 225PNCFF229, “hook” 138DYLLRTGQV146 en de “sinker” 
148DISDTIYPR156 sequentie. Deze sequenties werden opgebouwd op de TAC scaffold om 
synthetische remmers tegen caspase-3 te verkrijgen. Omdat de “hook” en “sinker” sequenties 
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niet ver van elkaar verwijderd zijn in aminozuur sequentie is er ook een construct gemaakt 
waarbij de volledige “hook-line-sinker” sequentie op de TAC is opgebouwd. Dit 19-meer 
werd vervolgens gecycliseerd op de derde positie, dat was de positie die voorheen beschermd 
was met een Aloc beschermgroep, van de TAC scaffold. D.m.v. kinetische studies werd 
aangetoond dat de ontwikkelde moleculen het vermogen hebben om caspase-3 te remmen. 
Het construct met de hoogste affiniteit was de TAC scaffold waarbij de complete hook-line-
sinker sequentie was gecycliseerd en had een Ki van 2 µM. 
 
De Hoofdstukken vijf en zes behandelen de nabootsing van pertactine. Pertactine is een 
eiwit, dat zich bevindt op het buitenmembraan van de bacterie Bordetella pertussis. Pertactine 
is een zeer belangrijke component van de meeste huidige acellulaire kinkhoest vaccins. Van 
de antilichaam hoeveelheden tegen pertactine is bewezen dat ze correleren met de klinische 
bescherming. Pertactine behoort tot de klasse van autotransporter eiwitten welke 
autoproteolyse ondergaat. De epitoop structuur van dit eiwit werd bepaald door Hijnen et al. 
Twee verschillende discontinue epitopen zijn nagebootst namelijk een discontinue epitoop 
11GERQH15, 97GDTWDDD103 and 247GGFGP251 welke herkend wordt door een mAb en 
70DGIRRFL76, 156SLQPEDL162 and 247GGFGP251 welke herkend wordt door humane sera. 
Deze sequenties werden opgebouwd op de TAC scaffold resulterend in een serie van 
PEPTAC’s. Deze PEPTAC’s zijn geconjugeerd aan Tetanus Toxoid waarna muis 
experimenten zijn gedaan om te onderzoeken of de geconjugeerde PEPTAC’s ook een 
daadwerkelijke bescherming konden induceren. De PEPTAC’s welke gebaseerd waren op de 
discontinue epitoop die herkend werd door mAbs hadden duidelijk beschermende 
capaciteiten. De populatie kinkhoest bacteriën in de luchtpijp en longen nam met 90% af. In 
vitro experimenten hebben vervolgens aangetoond dat de opgewekte antilichamen opgewekt 
waren tegen de discontinue epitoop van pertactine. 
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Summary 
 
All biological processes are regulated by means of protein-protein interactions. In practically 
each step of the often complicated molecular cascades, protein-protein interactions play a 
crucial role. Outstanding examples include the immune response, apoptosis or signal 
transduction. Defects in the regulation of these interactions are believed to be involved in 
several diseases e.g. cancer, Huntington’s disease, auto-immune diseases and osteoporosis. 
Because protein-protein interactions are involved in many diseases, drug design in order to 
modulate and/or interfere with protein-protein interactions has become very important. In 
nature most binding events between two proteins take place through epitopes which are 
arranged in a discontinuous fashion. In a discontinuous epitope the binding sites are distant in 
amino acid backbone sequence, but are brought into spatial proximity by means of protein 
folding.  
The aim of this thesis is the development of methods to mimic discontinuous epitopes 
employing the TAC scaffold. Several biological relevant target systems are chosen for the 
development of a method for the mimicry of discontinuous epitopes, resulting in the “pars pro 
toto” mimicry of their parent biomolecules. The target systems were the complex between the 
cysteine protease papain and its natural inhibitor cystatin B, the complex between cysteine 
protease caspase-3 and the natural inhibitor XIAP and the third target system dealt with the 
mimicry of pertactin. 
 
The mimicry of a discontinuous epitope of cystatin B is described in chapters two and three. 
Cystatin B, is a single chain, acidic protein of low molecular weight (21 kD), with no 
disulfide bonds or carbohydrate residues, which binds papain in low nanomolar range. The 
inhibitor interacts through three epitope sequences viz. the N-terminus (6MMCGA10), a �-
hairpin loop (53QVVAGT58) and the C-terminus (122LTYF125) with papain. Papain is a 
cysteine protease isolated from papaya latex which belongs to the C1 family of the cysteine 
proteases and cleaves peptide bonds of basic amino acids, leucine or glycine. Other proteases 
of this family are believed to be involved in cancer growth and bone degradation. Based on 
the crystal structure of papain in complex with cystatin B synthetic inhibitors were designed, 
synthesized (including replacement of methionine residues by norleucine residues) and kinetic 
assays were carried out. Next to the assembly of linear epitopes an attempt was made to 
synthesize a TAC scaffold decorated with a cyclic epitope sequence. The linear constructs 
have shown to be capable of inhibition of papain. The best inhibitor had an Ki of 12 nM.  
 
In chapter four the methodology developed in chapters two and three was applied to design 
en synthesize inhibitors of Caspase-3 based on the discontinuous epitope of XIAP. Caspase-3 
is the pivotal protein of the intrinsic and the extrinsic apoptotic pathways. In the normal 
situation is Caspase-3 blocked selectively by XIAP (X-linked IAP) to prevent apoptosis. 
Studies indicated that XIAP binds and inhibits Caspase-3 selectively through a BIR2 binding 
domain. Because XIAP binds Caspase-3 selectively this protease-protein interaction is an 
interesting target for a new type of synthetic inhibitors. The crystal structure of Caspase-3 in 
complex with XIAP indicates three binding sequences (discontinuous epitope) of XIAP that 
interact with Caspase-3 viz. the “zinc” 225PNCFF229, the “hook” 138DYLLRTGQV146 and the 
“sinker” 148DISDTIYPR156 epitope. This discontinuous epitope was assembled on the TAC 
scaffold to yield synthetic inhibitors of Caspase-3. Since the “hook” and “sinker” epitope 
sequences are not far in distance in amino acid sequence, also a construct was synthesized 
were the complete “hook-line-sinker” epitope was assembled on the position of the TAC 
scaffold previously protected with an o-NBS protecting group. This 19 amino acid peptide 
was constrained by cyclization on the third Aloc) position of the TAC scaffold. The designed 
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and synthesized constructs were evaluated for their inhibitory capacities. TIAP 5 was the best 
competitive inhibitor and had an Ki of 2 µM. 
 
Chapters five and six deal with the mimicry of pertactin (P.69 Prn 1). Pertactin is an outer 
membrane protein of the bacterium Bordetella pertussis. Importantly, P.69 Prn 1 is a principal 
component of most current pertussis subunit vaccines. Antibody levels against P.69 Prn1 have 
shown to correlate with clinical protection. P.69 Prn1, the focus of this study, belongs to a 
class of so-called autotransporter proteins that undergo autoproteolytic processing. The 
epitopes of this protein were previously mapped by Hijnen et al. Two different discontinuous 
epitopes were used i.e. 11GERQH15, 97GDTWDDD103 and 247GGFGP251, which are sequences 
recognized by mAbs and 70DGIRRFL76, 156SLQPEDL162 and 247GGFGP251, which are 
sequences recognized by human sera. These discontinuous epitopes were assembled on the 
TAC scaffold yielding a series of PEPTAC’s. After conjugation to Tetanus Toxoid, mouse 
experiments were carried out to test the protective properties of the PEPTAC’s. In vitro 
experiments were performed to demonstrate that antibodies raised were induced against a 
discontinuous epitope. The mouse experiments clearly showed that the PEPTAC’s designed 
and synthesized based on the recognition by mAbs were capable of protection. The bacterium 
population in the trachea and lungs was reduced with 90%. From the depletion and knock-out 
studies the conclusion was drawn that the antibodies raised against the PEPTAC’s were raised 
against a discontinuous epitope. This approach might be employed to design new synthetic 
vaccines that induce protective Abs which cannot be induced by single peptides or a mixture 
thereof. 
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Na vele uren leesplezier van mijn boekje zijn we aangekomen bij het dankwoord. Eindelijk 
kan ik de mensen bedanken die me de afgelopen jaren hebben gesteund en geholpen. 
 
Allereerst natuurlijk Rob Liskamp, mijn promotor en begeleider. -Je of U-, ik ben er nog 
steeds niet uit, hebt teveel voor me gedaan om hier te volstaan met het feit dat ik je dankbaar 
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Cristina, Ana, Miriam and Bauke, thank very much for the nice environment you have 
created. It was an honour to work with you and thanks to you I had a great time. The artificial 
antibodies (if they do something) will be published in Science. 
 
Van de AIO’s wil ik allereerst Remco (Merkx wel te verstaan…!?) noemen. Mijn 
kamergenoot in San Diego, ik heb daar een leuke tijd met je gehad (pas je voortaan wel op 
voor de koffers die mogelijk op de grond kunnen liggen), bedankt. Jou en Ingrid wil ik veel 
succes wensen met de afronding van jullie promotie. De drie binckies Ronald, Bauke en 
Anton…13de maand al binnen? De nieuwe generatie AIO’s Alex, Hilbert, Monique, Joeri, 
Maarten en Cheng. Veel succes en maak er wat moois van. De oude generatie AIO’s Jeroen, 
Menno, Reshma, Bas, Yannis, Chris, Frank, Nourdin, Hefziba…iemand ontbreekt hier!? 
Bedankt, ik heb veel van jullie geleerd. 
 
Veel van mijn werk heb ik niet alleen gedaan, nooit was het gelukt zonder de hulp van Hans 
Hilbers (nog een blokje om?) en Ed Moret (@ mor@). Bedankt voor jullie hulp bij de 
modeling. Ook de studenten Husni en Timo (vanavond voetballen en daarna tik tik boem 
klaar ?) wil ik hartelijk bedanken, zonder jullie was mijn boekje heel wat magerder geweest. 
 



Dankwoord 

 158

Via deze weg wil ik ook mijn samenwerkingspartners bedanken van het RIVM. Guy en 
Marcel bedankt voor de fijne samenwerking met jullie…ongelooflijk dat onze publicatie 
zoveel moeite heeft gekost om de wetenschappelijk schrijvende wereld ervan te overtuigen 
hoe mooi ons werk is geweest en nog steeds is. Ik hoop dat dit project in de toekomst wordt 
voortgezet. Samenwerkingen zijn soms moeilijk en leveren soms weinig vruchten op maar 
deze samenwerking was er een die een uitzondering vormde op alle regels. 
 
Bijna aan het einde gekomen wilde ik Germa, mijn vrouw, bedanken voor alles wat ze in de 
afgelopen jaren voor me heeft willen doen. Meer dan eens ten koste van jezelf heb je mij alle 
mogelijkheden en ruimte gegeven om te promoveren. Ik ben je daar immens dankbaar voor, 
zonder jou was het nooit gelukt. 
 
Ten slotte ben ik Hem dankbaar voor alle gaven en talenten die Hij mij heeft gegeven, 
uiteindelijk blijft alleen maar over: SOLI DEO GLORIA. 
 
 
 
 
 
 
 
 
 
 


