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What’s he building in there!? 
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Introduction 

The term catalysis, from Greek meaning “to untie”, “to annul”, 
was first mentioned by Berzelius in 1835 to describe processes where reac-
tions are accelerated by substances that remain unchanged after the reaction.1 

Enzymes are unmatched in catalysing chemical reactions in aqueous solu-
tion. They possess the ability to act specifically on substrates in complex 
solutions and to enhance the rate of reactions by several orders of magnitude. 
Enzymes bind substrates, use active site amino acid side chains to catalyse 
chemical transformations and release the products. Complex protein struc-
tures are required to bring together catalytic amino acids to work in concert 
to solve these sophisticated tasks 

Mimicking enzymes and downsizing their functions are attractive goals 
and provide stringent tests of our understanding of enzyme structure and 
function.2 Early attempts at developing catalytic polypeptides based on sec-
ondary structure prediction rules included the synthesis of a thirty-four resi-
due polypeptide that was shown to possess modest ribonuclease activity.3 
However, the relationship between structure and function of this catalytic 
polypeptide was poorly understood. Later attempts at using rational design 
for the creation of peptide catalysts resulted in the peptide Oxaldie, a four-
teen amino acid residue catalyst, shown to catalyse the decarboxylation of 
oxaloacetate by covalent catalysis through the formation of an imine at the 
side chain of a lysine residue.4 

Currently, computational methods have been shown to be powerful tools 
in catalyst design.5 While steady progress is being made, the design of en-
zymes from scratch remains a considerable challenge. The goal is, however, 
important enough to justify continued efforts. 

An attractive reaction for catalyst design is the phosphoryl transfer of 
phosphodiesters because of the formidable challenge it presents. Phosphodi-
esters are stable in aqueous solution at neutral pH and the hydrolysis of di-
methyl phosphate in aqueous solution occurs with a half life of 130 000 
years.6 The reaction was studied using sealed quartz tubes at high tempera-
ture. In the presence of the enzyme Staphylococcal nuclease, the same sub-
strate is hydrolysed with a rate enhancement of fourteen orders of magni-
tude. Practical applications of designed catalysts with phosphodiesterase 
activity include their use as artificial restriction enzymes in vitro. Phos-
phodiester catalysts can be coupled to antisense oligonucleotides for selec-
tive sequence recognition. Similarly, peptide nucleic acids (PNA) can be 
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coupled to peptide catalysts for the same purpose.7 Artificial ribonucleases 
also have potential applications in chemotherapy as gene regulators.8, 9 

This thesis describes the design and synthesis of peptide based catalysts 
for phosphoryl transfer reactions of phosphodiesters. In order to bypass, at 
least partly, the protein folding problem, a designed helix-loop-helix dimer, 
prepared by solid phase peptide synthesis, was used as a scaffold for the 
introduction of catalytically active residues. Chemical peptide synthesis al-
lows straightforward incorporation of unnatural amino acids into polypep-
tides. The scaffold has been shown to be tolerant to sequence modifications 
and to allow the systematic variation of amino acids for mechanistic studies 
without any changes in the structure.  

The polypeptide catalyst HNI was shown to catalyse the phosphoryl 
transfer of phosphodiesters in a four-residue active site with two arginines 
and two histidine residues.10 The introduction of two tyrosine residues in the 
active site of HNI resulted in increased catalytic activity towards DNA 
model compounds. A designed amino acid was introduced that differs from 
those that appear in nature by combining several functional groups in a sin-
gle amino acid side chain. The designed amino acid Gcp, equipped with a 
guanidinium carbonyl pyrrole group, was used to replace the Arg and His 
residues of HNI and was shown to provide improved catalytic efficiency due 
to improved binding of phosphate groups and even better binding of the 
corresponding transition states. The polypeptide catalysts, with Gcp active 
site residues were capable of several orders of magnitude of rate enhance-
ments and were shown to follow saturation kinetics. Finally, a study was 
performed to test if catalysis could be regulated by an external stimulus. A 
photo regulating switch was inserted into a polypeptide sequence and cata-
lytic activity was changed when the polypeptide was irradiated with light. 
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1 De Novo design of Polypeptide Catalysts 

Catalytic proteins or macromolecules can be developed in several ways. 
Active catalysts can be retrieved from large libraries of candidate protein 
variants by selection methods.11 Mutations of different side chains in a natu-
ral protein can lead to novel catalytic sites.12 Immunization of hapten mole-
cules resembling the transition state or intermediate of the desired reaction 
can be made to create catalytic antibodies.13 Computational methods have 
lately shown success in constructing new protein fold and active sites.5  

De novo protein design is the engineering of a protein from first princi-
ples without reference to any known particular protein structure or concen-
sus sequence. It provides means for testing and refining the principles regu-
lating the structure and stability of proteins and attempts to design model 
proteins from scratch.14-16 

1.1 The Catalytic Diversity of Enzymes 
Catalysis is achieved by reducing the activation energy of a chemical reac-
tion and enzymes are powerful catalysts due to their ability to combine sev-
eral catalytic functions in one or more elementary reactions steps. The fun-
damental principles of catalysis applied to enzymes are by now well under-
stood. Intramolecular reactions proceed more rapidly than intermolecular 
ones and the enzyme binds the substrate to form a complex, where the 
chemical transformation of the substrate takes place. Acid and base catalysis 
occurs in enzymatic reactions involving proton transfer reactions and there 
are few enzymes that do not have acidic or basic catalytic groups in their 
active sites. General acid catalysis is observed for example when a leaving 
group is protonated by a catalytic residue in the transition state. The acidic 
residue must be protonated at the pH of the reaction and for optimal catalysis 
its pKa should be only slightly higher than the pH of the reaction medium. 
General base catalysis occurs for example when a nucleophile, such as a 
water molecule or a hydroxyl group, is deprotonated by a catalytic residue to 
increase its reactivity.17 Transition state stabilisation by electrostatic interac-
tions and nucleophilic catalysis are frequently observered. For enzymes to 
function optimally, they should bind and stabilise the transition state stronger 
than the substrate or product.  

The number of functional groups in enzymes is limited, but enzymes still 
show a broad diversity of catalytic activity since the residues are combined 
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in well-defined three dimensional structures. The reactivities of ionizable 
groups can be fine-tuned because pKa values of active site residues are 
strongly influenced by their micro-environment. The pKa values of the cata-
lytically active groups in RNase H were determined and shown to vary sub-
stantially in comparison with those in short unordered peptides. Two Asp 
residues had individual pKa values of 6.1 and 2.6 where the former was pro-
posed to provide general acid catalysis or to take part in Mg2+ binding and 
the latter to provide general base catalysis.18 Systematic variations of the 
environment of His residues in solvent exposed positions was shown to 
modulate their pKa values by one pKa unit up or down.19 

Rate expressions commonly used to describe enzyme catalysis are derived 
from the simplified reaction scheme in Figure 1. Here it is assumed that an 
enzyme-substrate complex is formed and the substrate is transformed in a 
one step reaction followed by fast release of the reaction products. The reac-
tion is said to follow saturation kinetics, one of the hallmarks of enzyme 
catalysis. 

 
Figure 1. Schematic representation of an enzymatic reaction. The enzyme (E) reacts 
with substrate (S) to form an enzyme-substrate complex (ES). Here it is assumed 
that the product (P) is formed in a one step reaction. The rate constant kcat is a first-
order rate constant and describes the number of substrate molecules converted to 
product per active site per unit of time. 

Kinetic measurements of enzyme catalysis are often made under steady-state 
conditions, that is when the substrate concentration is in large excess over 
the enzyme concentration and the concentrations of intermediates are as-
sumed to be constant. Measurements under such conditions provide informa-
tion on three parameters: kcat, KM and kcat/KM.20 The catalytic constant kcat is 
the number of substrate molecules converted to product per active site per 
unit of time. Under saturation conditions the maximum velocity of catalysis 
VMAX equals kcat multiplied by the total enzyme concentration. The rate con-
stant kcat is referred to as the turnover number. KM is the apparent dissocia-
tion constant for all enzyme-bound species. KM is equal to the substrate con-
centration at which half the maximum velocity of catalysis is achieved. The 
ratio of kcat/KM is called the specificity constant. It is an apparent second-
order rate constant that allows the specificity of competing substrates to be 
compared. At low substrate concentrations it describes the catalytic effi-
ciency. It is an important criterion in catalyst design to determine whether 
the catalyst follows saturation kinetics. 
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1.2 The Helix-loop-helix Dimer 
Constructing proteins by de novo protein design will help to elucidate the 
principles that control protein structure and to provide an increased under-
standing of conformational stability. It lays the foundation for creating bio-
catalysts for reactions not catalysed by natural enzymes  

An attractive target for de novo protein design is the anti-parallel four-
helix bundle, a supersecondary structure build up as a homodimer of two 
helix-loop-helix hairpins. The hairpin consists of two anti-parallel amphi-
philic helices connected by a short loop. Helical structures are found in ap-
proximately one third of globular proteins21 and the structural determinants 
of -helical polypeptides are, at the present time, well understood.22 The 
structure formation of four-helix bundles is mainly driven by hydrophobic 
interactions between the hydrophobic faces of the amphiphilic helices. 

In an -helix the polypeptide forms a right-hand twist with approximately 
3.6 amino acid residues per turn and a pitch of 5.4 Å. Each amino acid has a 
conformational preference that leads to stabilisation or destabilisation of an 

-helix. Ala has a higher propensity for helix formation than Gly because 
Ala has less conformational flexibility, and less conformational freedom in 
the unfolded state.23, 24 Pro is conformationally restricted and not easily ac-
commodated in helical segments. Pro is known to induce kinks in helices.25 
The positive and negative ends of the dipole moments of the amide groups in 
the helical backbone are oriented toward the amino- and carboxy-terminus of 
the helix, respectively, giving rise to a macrodipole.26 Negatively charged 
residues stabilise the positive end of the dipole and vice versa and the intro-
duction of charged residues at the helical ends stabilise helical structures. 
Charged residues of opposite signs located one turn apart in a helix can form 
the so called salt bridges that are important for helix stabilisation. (Figure 
2).16  
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Figure 2 Schematic illustration of an -helix. Hydrogen bonds between backbone 
carbonyl groups and amide protons (not visualized in the illustration) contribute the 
most to -helix formation. The -helix has a macroscopic dipole moment arising 
from the alignment of the amide bonds. Introduction of residues that stabilise the 
macrodipole and introduction of salt bridges one turn apart are examples of impor-
tant design parameters. The amino acids have been ranked according to decreasing 
helix propensities: Ala, Arg, Leu, Lys, Gln, Glu, Ile, Tyr, Phe, Val, His, Asn, Asp, 
Gly, and Pro.24 

The design of a helix is conveniently described in terms of the heptad re-
peat. In an anti-parallel four-helix bundle, hydrophobic residues are intro-
duced in a and d position of each helix, and form the hydrophobic core. The 
b and e positions are at the helix interface and control dimerisation whereas 
the c and g residues are on the surface and used for functional residues in 
catalysis or molecular recognition. The dimer can form several supersecon-
dary structures. The motifs can dimerise in a parallel fashion with the loops 
in close proximity or in an anti-parallel mode (Figure 3). Each hairpin has a 
front and a back. The dimerisation can be “front to front”, “back to back” or 
“back to front”.27 To succesfully engineer a desired fold, both positive and 
negative design elements are required. One must destabilise the undesired 
fold as well as stabilise the desired fold.28 
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Figure 3. A) The heptad repeat pattern used to describe antiparallel helix-loop-helix 
dimers. Residues situated in the a and d positions form the hydrophobic core, the 
residues in b and e position are at the dimer interface and control dimerisation, and 
residues in c and g are on the surface of the dimer. B) Schematic representation of a 
four-helix bundle consisting of two hairpins that dimerises “front to front” in an 
anti-parallel fashion. 

1.3 The Molten Globule 
Protein folding requires a thermodynamically favourable driving force, 
which arises most often through interactions between hydrophobic groups. 
In order for a protein to have a unique structure, a large free energy gap be-
tween the lowest energy state of the protein and all the other states is needed. 
A hypothetical free energy diagram describing the energy states of a folded 
protein is shown in Figure 4. If there are many conformations with similar 
low free energies, an ensemble of conformers will be in rapid equilibrium, 
and these proteins are referred to as molten globules.29, 30 They are character-
ised by noncooperative melting behaviour and poorly dispersed NMR spec-
tra with broadened resonances. Most de novo designed proteins have been 
found to have a small energy gap between the lowest free energy fold and 
alternative folds, and are thus best describes as molten globules. Poorly 
packed hydrophobic cores are likely to be the reason for the formation of 
molten globules. In successfully designed helical proteins aromatic residues 
have been introduced to restrict the dynamics of the hydrophobic core to 
form native-like folds.31, 32 However, successful design of polypeptides with 
novel functions is not limited to polypeptides with native-like folds. The 
design and synthesis of the catalytic peptide Oxaldie that catalysed the de-
carboxylation of oxaloacetate is an example of a catalytically active molten 
globule.4 
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Figure 4. Hypothetical free energy diagram illustrating the folding of a protein. Each 
line represent the free energy of a conformational state and the population of each 
state is determined by the Boltzmann distribution. For a uniquely folded protein the 
free energy gap ( ) is large enough to significantly populate only the state with the 
lowest free energy. 

1.4 From SA-42 to HNI 
SA-42, a designed forty-two amino acid residue polypeptide which forms an 
anti-parallel helix-loop-helix dimer in solution, was extensively character-
ised by NMR and CD spectroscopy and analytical ultracentrifugation.27 In 
contrast to earlier designs, the sequence of SA-42 did not include repetitive 
segments, in order to enable assignment and studies of structure and activity 
by NMR spectroscopy. The fold of SA-42 was found to be tolerant to sys-
tematic modifications of the amino acid sequence and SA-42 served as a 
template polypeptide for many subsequent helix-loop-helix dimers. SA-42 
was designed using established principles for helical bundles. Amino acids 
with high propensities for helix formation, such as alanine, were preferred 
over those with lesser helix propensity, such as Gly. Hydrophobic residues 
were introduced in a or d positions according to the heptad repeat. Intra-
helical salt bridges were incorporated as well as charged residues at the ends 
of the helices to neutralise the macroscopic dipole moment. A Gly-Pro pair 
was inserted into the sequence to break the helices and initiate a short loop. 
Helix formation was verified by CD spectroscopy and dimerisation was 
studied by equilibrium sedimentation ultra-centrifugation as well as by 1H-
NMR spectroscopy. SA-42 was found to dimerise in an anti-parallel fashion 
based on long range NOEs. Computational analysis of four-helix-bundles 
have provided support for the hypothesis that the formation of anti-parallel 
over parallel dimers is favoured due to the interactions between the dipoles.33 

The de novo design of protein catalysts is even more challenging than the 
design of a non-functional protein because a successfully designed polypep-
tide catalysts must bind and precisely orient substrates and intermediates 
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adjacent to the catalytically active groups and provide higher affinity for the 
transition state of the reaction than for the substrate and product.34 The SA-
42 polypeptide was shown to possess modest hydrolytic activity towards 
activated esters. The catalytic activity was later refined leading up to a novel 
sequence RA-42 with the ability to undergo self-functionalisation.35 In the 
design of RA-42, ornithine residues were introduced in positions 11 and 15 
to form a reactive site where the positively charged residues could bind the 
substrate and position it towards the catalytically active His11 as well as 
provide transition state stabilisation. The HNI polypeptide catalyst was de-
signed, based on RA-42, to react with phosphate esters. Four Arg residues 
were introduced to interact with the negatively charged phosphate esters and 
their transition states by electrostatic interactions and hydrogen bonding. 
Two His residues were introduced on the surface of the dimer for use of the 
catalytic propensity of the imidazole side chain in general acid/base cataly-
sis. The putative quadratic active site included these key catalytic residues 
and the fact that HNI was able to catalyse the cleavage of phosphodiesters is 
likely a result of those residues acting together (Figure 5).10 

 
Figure 5. The amino acid sequences of SA-42 and HNI. The Arg and His residues in 
positions 11, 15, 30, and 34 of HN1 form an approximately quadratic active site. 
The heptad repeat nomenclature is shown to clarify the positions of the active site 
residues. The N-termini were acetylated and the C-termini amidated. 
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2 Catalysis of Phosphoryl Transfer Reactions 
of Phosphodiesters 

The design of polypeptide catalysts for the hydrolysis of phosphodiesters 
presents a challenge because of the low reactivity of the substrates, and the 
need for exact positioning of several catalytic residues in the folded polypep-
tide. Before the development of sophisticated catalysts is attempted, it is 
beneficial to consider what is known about the mechanism of cleavage of 
phosphodiesters.  

2.1 RNA Cleavage 
The central dogma of molecular biology states that sequential information is 
transferred from information carrying biomolecules such as DNA and RNA 
to proteins.36 The flow of information goes through RNA and the transfer of 
information is essential for life. The synthesis and degradation of RNA is 
controlled by two enzyme classes. RNA polymerases catalyse the synthesis 
and RNA depolymerases (most often referred to as “ribonucleases”) catalyse 
the degradation of the polymer.37 Phosphodiesters occur in nature, not only 
as genetic material, but also in energy reservoirs and coenzymes.  

The cleavage of RNA occurs in two steps. In the first, the 2 -hydroxyl 
group acts as a nucleophile and attacks the phosphorus atom of the phos-
phate group to form a 2 ,3 cyclic phosphate under the release of the 5 -OH 
group of the neighbouring ribose. In the second step, the cyclic intermediate 
is hydrolysed by nucleophilic attack of water and the 2 -hydroxyl group is 
regenerated (Figure 6). 

 
Figure 6. Hydrolysis of RNA. 
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 The attack of the nucleophile on the phosphorous atom in the first step 
leads to a pentacoordinated phosphorane with a trigonal bipyramidal struc-
ture. The species formed is likely to be a divalent intermediate with a formal 
charge of -2 or a phosphorane-like transition state. 

2.1.1 RNase A  
The most rigorously studied ribonuclease in terms of folding, stability and 
enzymology is ribonuclease A (RNase A). RNase A is a small enzyme con-
sisting of 124 amino acid residues. In RNase A there is a four stranded anti-
parallel -sheet and three short -helices. His12, His119, and Lys41 are 
critical for catalysis by RNase A, which follows a bell-shaped pH profile 
consistent with a mechanism that involves two catalytically active His resi-
dues (Figure 7).38 

 
Figure 7. His12 and His119 provide general base and general acid catalysis in the 
hydrolysis of RNA catalysed by RNase A. 

The role of Lys41 has been attributed to stabilisation of the negative charge 
that develops on the non-bridging phosphate oxygens in the transition state 
during phosphoryl transfer. This stabilisation has either been explained by 
coulombic interactions39 or as a donation of a hydrogen bond.40 
 

2.1.2 Factors that Contribute to Catalysis of RNA Hydrolysis 
The most important catalytic functions contributing to the first step of the 
cleavage of RNA are illustrated in Figure 8.41 
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Figure 8. Catalytic functions involved in the phosphoryl transfer of RNA. Deproto-
nation of the 2 -hydroxyl group increases nucleophilicity (I),  preorganisation of the 
2 -oxygen promotes in-line attack (II), interaction with the non-bridging phosphate 
oxygen provides transition state stabilisation (III), and general acid catalysis pro-
vides protonation of the leaving group (IV). 

Activation of the 2 -hydroxyl group by deprotonation by a general base such 
as His12 of RNase A, makes the 2 -oxygen more nucleophilic. The preor-
ganised in-line orientation of the nucleophilic 2 -oxygen relative to the phos-
phate is favourable for catalysis. In an in-line mechanism, the nucleophilic 
2 -oxygen and the departing 5 -oxygen occupy the two apical positions of a 
trigonal bypyramidal and avoid the energy barrier associated with pseudoro-
tation of the intermediate. Since the leaving group must depart from one 
apical position with the nucleophile in the other, pseudorotation is required if 
the attack is not in line.42 Transition state stabilisation of the negative charge 
of the non-bridging phosphate oxygen is favourable for catalysis. Protona-
tion of one of these oxygens has been discussed in terms of comparison with 
a triester mechanism, assuming that an alkyl group and a proton influence 
phosphoester similary.43 The positioning of an intramolecular proton donor 
in close proximity to the non-bridging phosphate anion accelerated the gen-
eral base catalysed cleavage of a model compound by a factor of 40.44 The 
5 -OH of the ribose leaving group in RNA hydrolysis has a pKa of above 
14.5, and the reaction rate is increased if the departing alkoxide ion is proto-
nated by general acid catalysis, for example by a protonated His residue as in 
RNase A catalysis. 

The large rate enhancements observed in ribonuclease catalysis are due to 
the combination of all the four catalytic components described above. 

2.1.3 Metal ion dependent Catalytic Cleavage of Phosphodiesters 
Several ribonucleases take advantage of metal ions in catalysis and Zinc is a 
cofactor found in many of the different enzyme classes.45 Zn2+ binds water 
and reduces its pKa to make it more nucleophilic at neutral pH.46 In RNase H 
catalysis, Mg2+ binds to the non-bridging oxygens as an Asp residue acti-
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vates a water molecule by general base catalysis for attack on the phospho-
rous center.45 Polypeptide sequences with designed amino acids that carry 
chelating groups containing Zn2+ have been tested as small metallonucle-
ases.47 

2.1.4 RNA Model Compounds 
The poor reactivity of RNA makes it necessary to use model compounds that 
are more reactive, in the evaluation of catalytic activity of early state de-
signed catalysts. Two RNA “mimics” described in this thesis are 2-
hydroxypropyl-p-nitrophenylphosphate (1, HPNP) and uridine 3 -2,2,2-
trichloroethylphosphate (2) (Figure 9). 

 
Figure 9. RNA model compounds used in the evaluation of catalyst performance. 2-
hydroxypropyl-p-nitrophenylphosphate (HPNP) (1) and uridine 3 -2,2,2-
trichloroethylphosphate (2). 

The relative reactivities of the substrates depend on the nature of the leaving 
groups and on their conformational degrees of freedom. The pKa of the pro-
tonated form of the leaving group of 1 (p-nitrophenol48) is 7.2, and the corre-
sponding value for 2 (trichloroethanol49) is 12.2. A leaving group is more 
reactive the lower the pKa and 1 is from this perspective more reactive than 
2. The 2 -hydroxyl group of uridine 3 -2,2,2-trichloroethylphosphate is fixed 
relative to the phosphate group whereas that of HPNP is not. A substrate is 
more reactive if the nucleophile is preorganized for nucleophilic attack than 
if it is not and from this perspective 2 is more reactive than 1. HPNP is a 
popular RNA mimic because the leaving group is reactive and the reaction is 
easy to follow by spectroscopy. The structure of uridine 3 -2,2,2-
trichloroethylphosphate is analogous to that of RNA and taking into consid-
eration also the higher pKa value of the leaving group, which is closer to that 
of the 5 -OH of 14.5, it is a more realistic model substrate for catalysis of 
RNA hydrolysis. 
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2.2 Anion Binding and Stabilisation 
The positively charged amino acid residues arginine and lysine recognise 
and bind anionic substrates and transition states in enzyme active sites. Ar-
ginine with a resonance stabilised guanidinium group in the side chain is the 
most basic with a pKa of 12.5 in water.50 The guandinium ion side chain of 
arginine has five hydrogens available for hydrogen bonding and it is highly 
soluble in water (Figure 10). The guanidinium group interacts well with 
phosphate containing substances because of its planar structure and its abil-
ity to form multiple hydrogen bonds with the phosphate group.51 

 
Figure 10. Structure of arginine (3a). The guanidinium group represented in its 
protonated form is responsible for the majority of noncovalent interactions by argin-
ine. Bidentate hydrogen bonding pattern between guanidinium and an anion (3b). 

2.2.1 Artificial Anion Receptors 
Anion recognition chemistry has its roots in supramolecular chemistry where 
cryptands are examples of “host” molecules that recognise and selectively 
bind guests.52 Early receptors and catalysts for phosphates were developed 
using macrocyclic polyamines53, and polyguanidinium salts53 (Figure 11), 
where the former was shown to catalyse the hydrolysis of acetylphosphates. 

 
Figure 11. Receptors for phosphate binding designed by Lehn et. al.53, 54 Macrocycle 
shown to catalyse the hydrolysis of acetylphosphates (4). Tris(3-
guanidinopropyl)amine (5) used in phosphate anion complexation studies in water. 
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Hamilton et. al. designed 1,3-di-carbonylguanidiniumbenzene (6) and re-
ported its acceleration of phosphodiester cleavage.55 One of the more succes-
ful examples of catalyst design based on the guanidinium structure stems 
from the group of Göbel where guanidinium groups were replaced by deriva-
tives of 2-aminobenzimidazoles.56 These catalysts were shown to hydrolyse 
RNA and attachment to antisense nucleotides provided catalysts that were 
shown to hydrolyse RNA in a site-specific manner (Figure 12).57 

 
Figure 12. Designed receptors for phosphate binding with phosphodiester hydrolytic 
capability. 1,3-di-carbonylguanidiniumbenzene (6). Tris-[2-benzimidazol-2-
ylamino)ethyl]amine (7). 

2.2.2 Guanidinium Carbonyl Pyrrole 
In order to improve the capacity of guanidinium cations for carboxylate 
binding, Schmuck and co-workers developed an amino acid with a guanidin-
ium carbonyl pyrrole side chain as a receptor.58 Acyl guanidinium ions are 
known to have pKa values of 7-8 and 1H-NMR studies of guanidinium car-
bonyl pyrrole have shown the pKa value to be as low as 6-7 in aqueous solu-
tion.59 Additional hydrogen bonding by the amide NH group can further 
enhance the binding affinity for an anion (Figure 13). 

 
Figure 13. The guanidinium carbonyl pyrrole residue has been shown to bind car-
boxylate ions effectively in aqueous solution through a combination of ion pair for-
mation and hydrogen bonding. 

The most important factors in catalysis of RNA and DNA model sub-
strates are effective deprotonation of the 2 -hydroxyl group, protonation of 
the leaving group, and interaction with the non-bridging phosphate oxygens. 
The most efficient catalysts reported so far use metal ions for the hydrolysis 
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of phosphodiesters but there is an interest in developing catalysts without the 
use of metal ions. Metal ions show poor substrate specificity which limits 
their use in complex mixtures. For in vivo use, metal-free catalysts are 
needed because the use of metal ions can be invasive. Small organic cata-
lysts can suffer from solubility problems in aqueous solutions, as in the case 
of compound 7 where problems with aggregation was observed.57 Solubility 
problems are not expected to the same extent with polypeptide catalysts.  
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3 Polypeptide Catalysts Based on the 
Common Amino acids (Paper I) 

The HNI polypeptide has been shown to catalyse the cyclisation of the RNA 
analogues 2-hydroxypropyl-p-nitrophenylphosphate (HPNP) (1) and uridine 
3 -2,2,2-trichloroethylphosphate (2) (Figure 9) through a combination of 
transition state stabilisation, general acid and general base catalysis.10 In this 
thesis, the HNI polypeptide has been used as a starting point for redesign and 
modifications have been introduced to improve catalyst performance. 

 

3.1 The HNI Catalysed Cyclisation of HPNP 
The experimental procedures for the determination of second-order rate con-
stants for polypeptide catalysis were carefully assessed using HNI as the 
catalyst and HPNP (1) as the substrate (Figure 14). The progress of the reac-
tion was followed by UV spectroscopy. The pseudo first-order rate constants 
under initial rate conditions were determined at three different concentra-
tions of catalyst and the second-order rate constants were obtained from the 
best fit of a straight line to the plots of the pseudo first-order rate constants 
versus catalyst concentration.  
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Figure 14. Representative plot of pseudo first-order rate constants versus catalyst 
concentration for the determination of the second-order rate constant of the cyclisa-
tion of HPNP (1). The pseudo first-order rate constant (kobs) obtained under initial 
rate conditions was divided by substrate concentration and plotted as a function of 
peptide (HNI) concentration. The second-order rate constant k2 was obtained from 
the slope of the best fit of a straight line to the experimental data. The first-order rate 
constant was the average of two runs for each catalyst concentration as illustrated in 
the plot. 

In the hydrolysis of phosphate diesters a negatively charged substrate is 
converted to an even more negatively charged transition state, and salt ef-
fects on catalysis are expected. The effect of NaCl on the rate of the HNI 
catalysed reaction of HPNP (1) was therefore investigated. The second-order 
rate constant increased by approximately a factor of two upon addition of 75 
mM NaCl to the reaction solution (Table 1). 

Table 1. Influence of NaCl concentration on the second-order rate constants (M-1 s-1) 
for the phosphoryl transfer reaction of HPNP catalysed by HNI. 

Added [NaCl] k2 (M-1 s-1)  10-5 
- 2.74 ± 0.38 

75 mM 5.27 ± 0.35 
Conditions: peptide concentrations 0.4-1.0 mM, 10 mM HPNP, 50 mM Bis-Tris buffer pH 
7.0, 313 K. 
 

In the absence of salt the substrate itself gave rise to a salt effect and the 
second-order rate constant decreased by more than a factor of two in the 
presence of 10 mM HPNP in comparison with the reaction carried out at a 
substrate concentration of 2 mM. At a concentration of 20 mM HPNP, k2 
was somewhat lower than that at 2 mM but higher than at 10 mM (Table 2). 
The reaction was clearly affected by the medium, although in a complex 
way. 
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Table 2. Second-order rate constants (M-1 s-1) for the phosphoryl transfer of HPNP 
catalysed by HNI at different substrate concentrations. 

[HPNP] (mM) k2 (M-1 s-1)  10-5 
2 8.19 ± 0.27 

10 2.74 ± 0.38 
20 4.38 ± 2.57 

Conditions: peptide concentrations 0.4, 0.6, 0.8 mM, 50 mM Bis-Tris buffer pH 7.0, 313 K. 
 

The salt effects were also studied using imidazole as the catalyst. This reac-
tion was virtually unaffected by the addition of NaCl to the solution and by 
the concentration of substrate. 

3.2 Improved Catalytic Efficiency Towards DNA Model 
Compounds 

In order to develop catalysts not only for reactions of RNA model com-
pounds, but also for those of DNA, the HJ1 peptide sequence was designed 
and synthesised. Two Tyr residues were introduced into the active site of 
HNI that contained four Arg and two His residues. The two Tyr residues 
were introduced to provide hydrophobic interaction with the substrates as 
well as nucleophilic catalysis through their hydroxyl groups. To elucidate the 
effect of the introduction of Tyr residues into the sequence four polypeptides 
were prepared. The sequences HJ0-HJ3 deviated from HNI in only two posi-
tions each. HJ0 was used as a reference sequence where His residues were 
replaced by Tyr. In HJ1 the Tyr residues flanked the His to supplement and 
improve on the catalytic site of HNI, and to investigate the possibility of 
providing nucleophilic attack on the phosphate group of the DNA model 
compounds. The HJ2 sequence deviated from the HJ1 sequence in that the 
two Tyr were replaced by Ser to investigate the role of pKa and accessibility 
of the nucleophiles. In the HJ3 polypeptide the positions of Tyr and His were 
reversed compared to HNI (Figure 15). 
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Figure 15. Schematic representation of the HJ0-HJ3 polypeptides. Only the residues 
incorporated for catalysis and the amino acids that differ from those in the HNI 
sequence are shown. 

A series of substrates were synthesised based on the RNA analogue HPNP 
(1) but without the hydroxyl group, in order to mimic the deoxyribose of 
DNA. When there is no internal hydroxyl group, the nucleophile needs to be 
provided by the catalyst for efficient catalysis. The Tyr residues were intro-
duced to provide nucleophilic catalysis in the cleavage of the DNA model 
compounds (Figure 16). 

 
Figure 16. DNA model compounds for studies of polypeptide catalysis. Ethyl-p-
nitrophenylphosphate (8), heptyl-p-nitrophenylphosphate (9), and butyl-p-
nitrophenylphosphate (10). 

The pseudo-first-order rate constants of the polypeptide catalysed phos-
phoryl transfer reactions were determined by UV spectroscopy, by detecting 
the production of the p-nitrophenolate anion as a function of time. The back-
ground reaction was measured separately and subtracted from the pseudo-
first-order rate constants. Second-order rate constants were obtained by sub-
sequent division by initial concentration of the catalysts and the substrate. 
The second-order rate constants for the cleavage of DNA model compounds 
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8 and 9 catalysed by HNI, HJ1, and imidazole are shown in Table 3. The 
second-order rate constants for the cleavage of compound 10 by HN1 and 
HJ0-HJ3 are also shown in Table 3. 

Table 3. Second-order rate constants, k2 (M-1s-1), for the cleavage of substrate 8, 9 
and 10 catalysed by imidazole, HNI, and HJ0-HJ3.  

Catalyst 8 9 10 
Imidazole 9.48  10-8 5.04  10-8 - 

HN1 0.74  10-5 1.01  10-4 3.81  10-5 
HJ1 4.04  10-5 1.58  10-4 8.57  10-5 
HJ2 - - 2.97  10-5 
HJ3 - - 3.18  10-5 
HJ0 - - 4.52  10-6 

Conditions: 1-2.2 mM of substrate, 1 mM of peptide, 50 mM of imidazole, 50 mM HEPES 
buffer pH 7.0, 313 K. 

The reactivities of the polypeptides were compared to that of imidazole, the 
functional group of the side chain of His. Imidazole is a catalyst that is able 
to provide general acid and general base catalysis, but not proximity effects 
and cooperativity, unlike what is observed among residues found in the ac-
tive site of a catalytic polypeptide.60 A comparison between polypeptide 
catalysts and imidazole is therefore designed to determine the level of coop-
erativity between catalytically active amino acids in the folded polypeptide, 
and the similarity, if any, to an enzyme. The rate enhancement over the imi-
dazole catalysed reactions by those of the two polypeptide catalysts are 
shown in Table 4. 

Table 4. Rate enhancements k2(Pept)/k2(Im) of the polypeptide catalysed reactions of 
substrates 8 and 9 relative to those of imidazole. 

Catalyst 8 9 
HNI 78 2004 
HJ1 426 3135 

 

The HJ1 polypeptide showed rate enhancements over the imidazole cata-
lysed reactions, k2(HJ1)/k2(Im), for the phosphoryl transfer of the DNA 
model compounds 8 and 9 of factors of 426 and 3135 respectively. This 
represents a rate enchancement k2(HJ1)/k2(HNI) of 5.5 and 1.6 respectively 
compared to the same reaction catalysed by HNI. The introduction of Tyr 
residues was therefore moderately successful although the role of the Tyr 
residues is not completely clear (Figure 17). The increased rate of hydrolysis 
of substrate 8 compared to 9 in the polypeptide catalysed reaction probably 
reflects the hydrophobic character of the helix-loop-helix motif and the en-
hanced catalytic efficiency may be a result of productive binding of the ali-
phatic substituents of the heptyl ester. The relative rate enchancement ob-
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served for the hydrolysis of 8 catalysed by HJ1 in comparison with that cata-
lysed by HNI is larger than that observed for substrate 9, suggesting that in 
the case of the ethyl ester the catalytic activity of the active site Tyr residues 
are more important whereas in the case of the heptyl ester binding plays a 
more important role.  

 

 
Figure 17. Schematic illustration of the possible interactions between the amino 
acids of HJ1 and the substrate. The positively charged arginines are likely to con-
tribute with transition state stabilisation, the histidines with general acid general base 
catalysis, and the tyrosines with hydrogen bonding in the transition state or by cova-
lent catalysis. 

The differences in reactivity of the HJ peptides are exemplified with the 
hydrolysis of compound 10. The rate of hydrolysis was 6-fold lower in the 
HJ0 catalysed reaction compared to the reaction with HJ2, and 20 fold lower 
compared to HJ1. This shows that the His pair is critical for hydrolysis of 10. 
The lower hydrolysis of 10 by HJ3 and HJ2 compared with HJ1 is because 
of the interchange of His and Tyr residues in HJ3 (positions 8-11 and 26-30), 
and the exchange of Tyr with Ser residues in HJ2. Ser residues are not as 
good nucleophiles as Tyr residues, because their pKa values are higher, and 
because the hydroxyl group of Tyr is more exposed than the hydroxyl group 
of Ser. The observation that covalent modification was not observed in any 
of the polypeptide catalysts indicates a mechanism where no covalent inter-
mediates are postulated and that Tyr does not act as a nucleophile. However, 
it must be taken into account that a catalytic machinery that is capable of 
forming a covalent conjugate in an intermolecular reaction will also be able 
to hydrolyse it in an intramolecular, and faster, reaction.  

3.2.1 Conclusions and Outlook 
In this chapter, it has been shown that the nature and relative positions of the 
amino acids in the active site of a polypeptide catalyst is important for ca-
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talysis but hard to predict. Hydrophobic interactions between substrate and 
catalyst can be advantageous for catalysis but the design of a catalyst where 
all catalytic components work in synergy remains a considerable challenge. 
It appears that fine tuning of the interactions between the residues of the 
active site is difficult when the common amino acids are used. The combined 
experience from the design of polypeptide catalysts implies that the con-
struction of designed amino acids may be a more promising strategy for 
catalyst design. 
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4 Polypeptide Catalysts Based on a Designed 
Amino acid (Paper II-III) 

Acid and base catalysis is involved in most enzymatic processes involving 
proton transfer reactions. Thus enzymatic reactions require amino acids in 
well-defined states of ionisation. Dissociation constants are controlled by 
complex interactions within the protein scaffold. In contrast, chemical syn-
thesis of amino acids with non-natural side chains will allow the control of 
dissociation constants with high accuracy by design. 

 

4.1 Replacing Arginines by Guanidinium Carbonyl Pyrroles 
To improve the catalytic activity beyond that of HJ1, the amino acid side 
chain repertoire in the active site of HNI was expanded. Two of the four 
arginines, in g and d position of the heptad repeat pattern, were replaced by 
the guanidinium carbonyl pyrrole residue (Gcp) (Figure 18).  

 
Figure 18. The sequences of the polypeptide catalysts HNI and JL1. Arg residues 
were replaced by Gcp residues in position 15 and 34. 

The hypothesis was tested that the Gcp residues bind the phosphodiesters 
and the corresponding transition states better than arginines, bind the sub-
strates productively for phosphoryl transfer in close proximity to the His 
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pair, and lower the activation energy by better binding of the transition state 
than the substrate.  

The sequence JL1 was synthesised using a strategy where the Gcp resi-
dues were incorporated according to an orthogonal deprotection strategy 
where ornithine residues were selectively deprotected and the Gcp side 
chains were conjugated to the polypeptide on the solid phase. The ornithines 
carried allyloxycarbonyl (Aloc) protecting groups at the side chain amino 
groups that were selectively removed using the catalyst Pd(PPh3)4 to liberate 
the free amines. The 1H-Pyrrole-5-N-Boc-guanidiniocarbonyl-2-carboxylic 
acid (19) was activated by PyBop and coupled to the free amines, after 
which the polypeptide was cleaved from the solid phase, precipitated, ly-
ophilised and purified by HPLC. Compound 19 was synthesised from pyr-
role as described in Figure 19. This synthetic strategy was crucial to the pro-
ject as the overall yields of synthesis improved dramatically. 

 
Figure 19. Reagents and conditions: i) trichloroacetyl chloride, diethyl ether, r. t, 4 
h.; ii) sodium benzyloxylate, CHCl3, r. t., 2 h; iii) phosphoryl chloride, DMF, 
CH2Cl2, -20 °C, 1 h, addition of NaHCO3 (sat.) reflux 30 min; iv) KMnO4, acetone, 
40 °C, 1 h; a) di-tert-butyl dicarbonate, dioxane, 0 °C, 4 h; v) PyBOP, NMM, DMF, 
r. t., o. n.; vi) H2, Pd/C, CH3OH, 40 °C, 5 h. Overall yield of 9% 

The identity and purity of the peptide was checked by MALDI-TOF-MS, 
analytical HPLC, and amino acid analysis. CD spectroscopy was used to 
determine the level of helix-loop-helix formation of the sequence in aqueous 
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solution. The mean residue ellipticity of -18400 deg dmol-1 cm2 at 222 nm 
showed that JL1 is highly helical, and in view of the previous investigations 
of similar sequences, studied by NMR and CD spectroscopy and analytical 
ultra-centrifugation, it was reasonable to assume that JL1 formed an antipar-
allel helix-loop-helix dimer. The phosphodiester HPNP (1) was used for 
determination of the catalytic efficiency of the polypeptide catalyst. 

 

4.1.1 Catalysis of Phosphoryl Transfer Reactions of RNA model      
Compounds 

JL1 was shown to catalyse the cyclisation of HPNP (1) under the release of 
the p-nitrophenolate ion with a rate enhancement of one order of magnitude 
compared to HNI and two orders of magnitude compared to imidazole (Ta-
ble 5). 

Table 5. Second-order rate constants k2, and rate enhancements relative to imidazole 
for the cyclisation of HPNP. 

Catalyst k2 (M-1 s-1) k2(pept)/k2(Im) 
HNI[a] 2.2  10-5 10 
JL1[a] 2.4  10-4 109 

Imidazole[b] 2.2  10-6 - 
Conditions: 10 mM substrate, 50 mM Bis-Tris buffer pH 7.0, 313 K. [a] 0.4, 0.6, and 0.8 mM 
of peptide. [b] 50, 100, and 150 mM of imidazole. 

To further evaluate the mechanism of Gcp based catalysis, the pH depend-
ence of the JL1 catalysed reaction was determined and compared to that of 
HNI and imidazole in the range 6.5-7.5 (Figure 20). 

 
Figure 20. The second-order rate constant of the cyclisation of HPNP as a function 
of pH catalysed by JL1 (�), HNI (�), and imidazole (�). Conditions: 50 mM Bis-
Tris buffer, 313 K, 10 mM substrate. For each catalyst concentration the reaction 
rate is the average of two measurements. 
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The absence of an observable dependence on pH in the experimentally ac-
cessible range between 6.5 and 7.5 for the JL1 catalysed reaction is compati-
ble with the following mechanistic models. The pKa value or values of the 
catalytically active residue or residues are below 6.5 or above 7.5. The pKa 
of the catalytically active residue in aqueous solutions have been reported to 
be around 6-7, and a pKa of 6 would be in agreement with the observed pH 
profile, suggesting a general base catalysis. However, a pKa value of 7.5 or 
more cannot be excluded based on the experimental results although it is 
more unlikely because there is no electrostatic interaction between JL1 resi-
dues that seems likely to stabilise the charged form of the Gcp residue and 
increase the pKa value by 0.5 pKa units or more. The alternative interpreta-
tion would be that there is a change in mechanism as a function of pH and 
that there is a transition from a general acid catalysed reaction to a general 
base catalysed reaction that masks the pH dependence. Based on the estab-
lished affinity of Gcp residues for anions we assume that the Gcp residues 
contribute to catalysis also by transition state binding. Saturation kinetics 
was not observed for this catalyst. 

The rate enhancement of one order of magnitude shown by JL1 compared 
to HNI for the phosphoryl transfer of HPNP (1) is a considerable improve-
ment and reflects the importance of transition state binding in catalysis. This 
finding led to further development of polypeptide catalysts with the Gcp 
residue in the active site. 
 

4.2 Replacing Both Arginines and Histidines by Guanidinium 
Carbonyl Pyrroles 

While it was shown that the Gcp residue could effectively replace Arg in a 
polypeptide catalyst, it might also be able to replace His in the sequence. The 
pKa values of Gcp and His are similar and the Gcp residue could in principle 
also carry out general acid and general base catalysis. The His pair is critical 
for the HJ catalysed phosphoryl transfer of phosphodiesters as shown by the 
lower catalytic activity of the polypeptide HJ0 compared to HJ1. The rate of 
hydrolysis of butyl-p-nitrophenyl phosphate (10) was 20-fold lower in the 
HJ0 catalysed reaction compared to the reaction catalysed by HJ1. An im-
proved His function in JL1 catalysis would therefore be of great interest. The 
polypeptide JL2 was designed by replacing the His pair of HNI by Gcp resi-
dues. The sequences JL1 and JL2 showed poor solubility at high pH. Solu-
tions of JL1 and JL2 both became turbid when the pH was raised above 7.5, 
possibly reflecting the formation of a complex between negatively charged 
residues in the sequence and Gcp. To be able to introduce four Gcp residues 
in one sequence and determine a pH profile over a wider range, the isoelec-
tric point had to be increased. The JL3 polypeptide was designed by replac-
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ing both the His pair and two Arg residues in the active site by Gcp residues. 
In order to increase solubility and raise the isoelectric point the negatively 
charged residues Glu6 and Asp23 were replaced by Arg and Lys, and the 
negatively charged residues Glu29 and Glu36 were replaced by alanines 
(Figure 21). 

 
Figure 21. Schematic representation of the JL1, JL2, and JL3 peptides illustrating 
the putative quadratic active site (A) and the sequences presented according to the 
one letter code (B) with two exceptions. Nle is norleucine and Gcp is guanidinium 
carbonyl pyrrole. 

The polypeptides were analysed by CD spectroscopy and the mean residue 
ellipticities at 222 nm, [ ]222, were determined as a qualitative measure of 
the degree of helix formation. The mean residue ellipticities are reported in 
Table 6, and show that polypeptides are highly helical and therefore they 
dimerised at pH 7.0 and 298 K in aqueous solution. The helical content in-
creases with the number of Gcp residues in the sequence, showing that Gcp 
has a higher propensity for helix formation than Arg and His.  

Table 6. Mean residue ellipticity at 222 nm, [ ]222, (deg dmol-1 cm2) of HNI and 
Gcp containing peptides JL1, JL2, and JL3. 

HNI[a] JL1[a] JL2[b] JL3[b] 
-16800 -18400 -22500 -24300 

Conditions: pH 7.0, 298 K, 0.1 cm cuvettes. [a] 60 M peptide in 10 mM phosphate buffer. 
[b] 50 M peptide in 10 mM borate buffer. Samples were ± 500 deg dmol-1 cm2. 

The cyclisation of 1 was followed by UV spectroscopy as described above 
but in substrate 2 there is no chromophore that can be used to follow the 
reaction. Hence, the reactions were monitored by HPLC. The reaction mix-
tures were kept in closed vials in an oil bath under accurate temperature con-
trol at 313 K. Aliquots were withdrawn by syringe and analysed by analyti-
cal HPLC. The amount of product produced in the reaction as a function of 
time was determined by integration of product and substrate peaks in the 
HPLC chromatogram (Figure 22). 
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Figure 22. Experimental procedure for the determination of the second-order rate 
constant of the phosphoryl transfer reaction of uridine 3 -2,2,2-
trichloroethylphosphate (2). Chromatogram after injection of aliquot from the reac-
tion solution (A). The initial rate (kobs) divided by substrate concentration as a func-
tion of peptide (JL3) concentration provided k2 from the slope of the best fit of a 
straight line (B). Each rate constant was the average of two kinetic runs.  

The sample mixture was injected on a C-8 analytical column (Kromasil 250 
 4.6 mm, particle size 5 m), using an isocratic eluent of 13% acetonitrile 

in 25 mM sodium acetate buffer containing 100 mM NH4Cl, pH 4.3. The 
retention times were 1.9 min for the product, 5.8 min for the internal stan-
dard, 3-nitrobenzene sulfonic acid, and 8.5 min for the substrate (2). The 
flow rate was 1.5 ml min-1, and the detection wavelength was 260 nm. 

Because salt effects were observed in the HNI catalysed cyclisation of 
HPNP (1) control experiments were carried out with the JL peptides in reac-
tions where salt was added. The JL1 catalysed phosphoryl transfer reaction 
of 1 was studied under reaction conditions as described above and in the 
presence of 100 mM of NaCl. The same control experiment was carried out 
in the JL3 catalysed reaction of substrate 2. Salt effects on the second-order 
rate constants were non-existent or within the limits of experimental error. 

The polypeptide JL2 was shown to be slightly more efficient than the 
polypeptide JL1 in catalysing the phosphoryl transfer reactions of substrates 
1 and 2. The rate enhancements may be caused by having the Gcp residues 
in more favourable positions than in JL1, or be the result of a different reac-
tion mechanism. Gcp is capable of general acid as well as general base ca-
talysis at pH 7. The JL3 catalysed reaction showed a rate enhancement of 
two orders of magnitude over that of the HNI catalysed phosphoryl transfer 
reaction of substrate 1. The rate enhancement observed in the JL3 catalysed 
reaction of 2 is not strictly compatible to that of HN1 since the JL3 catalysed 
reaction follows saturation kinetics (see below). The apparent second order 
rate constant kcat/KM is however one order of magnitude larger than the sec-
ond-order rate constant of the HNI catalysed reaction of substrate 2 (Table 
7). The Gcp residue was therefore shown to be capable of improving on the 
catalytic activity of both Arg and His residues, at least in the model proteins 
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of the helix-loop-helix dimer. Based on the observed catalysis it is reason-
able to assume that the Gcp residue provides both transition state stabilisa-
tion and general acid or general base catalysis. 

Table 7. Second-order rate constants (M-1s-1)  10-4 for the phosphoryl transfer 
reactions of RNA model compounds 1 and 2. The JL3 catalysed reaction of 2 fol-
lows saturation kinetics and the rate constant is kcat/KM, which can be considered an 
apparent second-order rate constant. 

Catalyst Substrate 1[a] Substrate 2[b] 
HNI 0.22 0.87 
JL1 2.4 1.4 
JL2 3.6 2.3 
JL3 33 11[c] 

Conditions: 50 mM Bis-Tris, pH 7.0, 313 K. [a] 10 mM substrate. [b] 2 mM substrate. [c] 
kcat/KM. 

 
The catalytic efficiency in the hydrolysis of the DNA model compound 

10 was determined, but the JL peptides did not show rate increases compara-
ble to those observed for the RNA mimicking substrates. The contributions 
provided by the Gcp groups to catalysis are thus larger for the RNA mimics 
than for the DNA-mimic. 

4.2.1 The Reaction Mechanism of JL3 Catalysed Cyclisation of Uridine 
3 -2,2,2-trichloroethylphosphate 

In order to elucidate the reaction mechanism of the JL3 catalysed cyclisation 
of 2 the pH profile was determined in the pH range 4-7.5. The pH depend-
ence of the phosphoryl transfer of substrate 2 catalysed by JL3 shows that a 
catalytic residue must be present in its unprotonated form and that the pKa of 
this residue is around 5 (Figure 23). The pKa of the guanidinium carbonyl 
pyrrole has been estimated to be 6-7,59 but residues situated in polypeptides 
and proteins are known to have perturbed pKa-values depending on their 
microenvironment.18 This observation lends support to the assumption that 
the pKa of the Gcp residue in JL1 is also suppressed below 6 rather than in-
creased above 7.5 as discussed above. 
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Figure 23. The second-order rate constant of the JL3 catalysed cyclisation reaction 
of 2 plotted as a function of pH. Conditions: 2 mM substrate, 50 mM buffer, 313 K. 

The results indicate that the unprotonated form of the guanidinium group of 
Gcp provides general base catalysis. The presence of four Gcp residues in 
the peptide monomer unfortunately makes it difficult to assign the catalytic 
activity to any specific Gcp residue and it is also possible that more than one 
active site conformation is catalytically viable. 

The substitution of D for H is an elegant probe to use in the elucidation of 
reaction mechanisms, and the solvent kinetic isotope effect is a powerful 
technique for detecting the participation of general acids or bases in a 
chemical reaction in aqueous solution.61 A strong hydrogen bond donated by 
a hydroxyl group or an amine to an acceptor, weakens the covalent bond and 
reduces its vibrational frequency. As a result the difference between the 
zero-point energies of the isotopic forms of the donor is diminished and 
there may be a kinetic solvent isotope effect if the reaction is studied in H2O 
and in D2O. If the strong hydrogen bond occurs in the transition state but not 
in the ground state the activation energy (Ea) in H2O will be lower than that 
in D2O and the kinetic solvent isotope (kH2O/kD2O) will be >1 but if the strong 
hydrogen bond occurs in the ground state the rate constant ratio will be <1 
(Figure 24). 
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Figure 24. Origin of the kinetic solvent isotope effect. A strong hydrogen bond 
gives rise to a lower vibrational frequency for a hydrogen bond donor, X–H, and a 
smaller difference between zero-point energies in the X–H vibration in comparison 
to the frequency and zero-point energies in the absence of hydrogen bonding. In (A) 
there is a strong hydrogen bond in the transition state but not in the ground state and 
the free energy of activation is lower in H2O than in D2O. In (B) there is strong hy-
drogen bonding in the ground state but not in the transition state and the reaction 
will be faster in D2O than in H2O. It is assumed that the hydrogens are exchangeable 
as in the case of hydroxyl groups or amines. 

The second-order rate constant for the JL3 catalysed cyclisation of 2 in D2O 
was determined and compared to that in H2O. The rate constant ratio was 
found to be 1.7. Consequently, there is a strong hydrogen bond in the transi-
tion state of the reaction, possibly due to general base catalysis. 

The strong binding of oxyanions by Gcp in water led us to investigate 
whether in fact JL3 was capable of binding 2 to form a catalyst-substrate 
complex prior to the rate limiting chemical transformation, in analogy with 
native enzymes. The JL3 catalysed reaction of 2 was investigated under con-
ditions of saturation kinetics where the substrate concentration was varied 
while the catalyst concentration was kept constant. Under these conditions 
the rate increase of product formation deviated from linearity at increasing 
substrate concentrations, showing that the reaction followed saturation kinet-
ics, the hallmark of enzyme kinetics (Figure 25). 
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Figure 25. Saturation kinetics in the reaction of uridine 3 -2,2,2,-trichloroethyl 
phosphate (2) catalysed by 500 M JL3 in 50 mM Bis-Tris buffer at pH7 and 313 K. 
The salt concentration was held constant at 100 mM. The background reaction was 
measured separately and subtracted from the average value of the pseudo first-order 
rate constant of each reaction (A). The Eadie-Hofstee plot was used to extract the 
kinetic parameters from the reaction rate (B). 

The catalytic parameters were calculated from Eadie-Hofstee plot, and 
kcat/KM was determined to be 1.08  10-3 M-1s-1, with a kcat of 2.8  10-5 s-1 
and a KM of 0.026 M.  

The mechanism of the JL3 catalysed reaction can be at least partly under-
stood from the pH dependence, the kinetic solvent isotope effect and from 
the fact that the reaction follows saturation kinetics. The solvent isotope 
effect at pH 7 (kH2O/kD2O) was shown to be 1.7, which is greater than unity 
and shows that there is a strong hydrogen bond in the transition state. In 
combination with the observed pH dependence, the JL3 polypeptide is sug-
gested to provide general base catalysis. In addition the evidence suggests 
that the substrate is bound by the catalyst and the catalyst therefore also 
binds the transition state. The Gcp residues contribute transition state bind-
ing for this reason. There is unfortunately no evidence for general acid ca-
talysis. 
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Figure 26. Illustration of the possible interactions between Gcp residues and uridine 
3 -2,2,2,-trichloroethylphosphate (2) suggested by the mechanistic evidence. General 
base catalysis as well as transition state binding is provided by the Gcp residues in 
the reaction of 2 catalysed by JL3. R=uracil and R =trichloroethyl. 

4.2.2 Conclusions and Outlook 
Gcp residues have been shown to form catalytic sites in which the functions 
of both Arg and His can be improved. The rate improvement of one order of 
magnitude for the phosphoryl transfer of the RNA-like substrate (2) by JL3 
over that of HNI shows the power of using an artificial amino acid that com-
bines key catalytic functions. Further studies using this residue as the cata-
lytic amino acid in polypeptides should consider the length of the “arm” 
bearing the guanidinium carbonyl pyrrole. A shortening would make it more 
rigid and potentially a better catalyst. A longer “arm” can on the other hand 
reach the substrates further removed from the polypeptide backbone (Figure 
27). 
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Figure 27. Schematic comparison of the side chains of the amino acids of His (20), 
Arg (21), and Gcp (22). 

Saturation kinetics was observed using the Gcp as the key catalytic residue 
and independent evidence for binding would be of interest. 
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5 Regulating Catalysis (Paper IV) 

An attractive goal in catalyst design is the ability to reversibly control its 
function. The use of organic synthesis enables us to insert designed amino 
acids into the sequence that can be used to control the conformation of a 
biomolecule by heat, pH or light. Light is the least invasive of these factors, 
allowing it to be used in a complex medium such as cellular matrix, to 
change conformation and toggle function of the biomolecule on or off. 

5.1 Replacing the Loop of a Folded Polypeptide by a 
Photomodulating Switch 

For a chromophore to be used as a switch induced by irradiation it needs to 
fulfill some requirements. It should be chemically stable to the extent that it 
should not change its structure irreversible upon isomerisation. It is benefi-
cial if it is thermally stable, only changing its conformation when irradiated 
with light. The chromophore should give rise to a structural difference in the 
macromolecule upon change of conformation. The stilbene chromophore 
fulfills these requirements and has been used previously in photoswitchable 

-hairpin peptidomimetics (Figure 28).62 

 
Figure 28. The meta-substituted stilbene used as a photomodulating switch. 

In order to test the function of the stilbene structure as a switch, the polypep-
tide JM1 was synthesised. It had the same sequence as HNI with the differ-
ence that the Gly-Pro-Val-Asp region in HNI was replaced by a single stil-
bene residue 23. HNI and JM1 both contained two His residues. (Figure 29).  
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Figure 29. The polypeptide sequences of HNI and JM1. The -hairpin mimic stil-
bene (23) was introduced to replace the loop region of HNI. 

The polypeptide KO-42 catalysed the hydrolysis of p-nitrophenyl fumarate 
by a combination of nucleophilic and general acid catalysis and the hydro-
lytic ability depended on the distances between His residues.63 It was hy-
pothesised that isomerisation of the stilbene would change the conformation 
of the polypeptide. As a consequence, the distance between His residues, and 
the catalytic ability of the polypeptide would change (Figure 30). 
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Figure 30. Irradiation converts the stilbene chromophore from the trans to the cis 
isomer (A). Schematic representation of the photoswitchable peptide JM1 (B). 

The JM1 polypeptide was synthesised by automated solid phase peptide 
synthesis with the exception of the chromophore and the two neighbouring 
residues. The stilbene molecule 23 and the two amino acids that were next in 
the sequence were incorporated into the backbone by manual coupling. Ana-
lytical HPLC indicated a cis:trans ratio of 1:9 directly after purification. 
Isomerisation by irradiation of the sample at 300 nm yielded a 4:1 ratio. 
Catalytic activity was tested using p-nitrophenyl acetate as substrate. 

5.1.1 Photochemical Regulation of an Artificial Hydrolase 
The second-order rate constants for the hydrolysis of p-nitrophenyl acetate 
catalysed by the isomers of JM1 are shown in Table 8. For comparison, the 
catalytic activity of a polypeptide with the same sequence as HNI but with 
His replaced by Ala (HNI-ref) was determined and used as a reference. 
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Table 8. The second-order rate constants for the catalysis of hydrolysis of p-
nitrophenyl acetate. The relative rates are the rate constants divided by that of the 
HNI catalysed reaction. 

Catalyst k2 (M-1s-1) relative rate 
HNI 0.049 1.00 

trans-JM1 0.043 0.88 
cis-JM1 0.061 1.25 
HNI-ref 0.004 0.07 

Conditions: peptide concentrations 0.4-0.8 mM, 0.1 mM p-nitrophenyl acetate, 50 mM so-
dium acetate buffer, pH 5.0, 298 K. 

The second-order rate constant of the HNI-ref catalysed reaction shows that 
not only His residues are involved in the hydrolysis of the ester. It may also 
be due to transition state stabilising interaction with the side chains of Arg 
residues. The fact that cis-JM1 showed slightly higher activity than HNI may 
be due to the stilbene acting as a spacer with a more appropriate loop geome-
try than the Gly-Pro-Val-Asp sequence, putting the His residues in a more 
favourable position. It may, however, also depend on structure 

The state of aggregation of the two isomers was determined by NMR 
spectroscopy.64 The diffusion coefficients showed that the cis-JM1 formed a 
dimer in solution whereas the trans-JM1 was monomeric. In previously re-
ported helix-loop-helix dimers catalysis has depended on the formation of 
the helical bundle, and it appears that also in the photoswitchable catalysts 
dimerisation may lead to a more ordered and catalytically active fold, al-
though the difference in catalytic activity is modest.  

5.1.2 Conclusions and Outlook 
The stilbene chromophore inserted in the sequence of a catalytic polypeptide 
was able to influence the catalytic activity of the polypeptide in the reaction 
with an activated ester. By irradiating the polypeptide with light prior to 
mixing with substrate, a rate increase of 40% was obtained. A greater differ-
ence is to be expected on photoisomerisation of a more rigid switch showing 
larger structural differences among its two isomers. A photomodulating 
switch having this rigidity, the thioauron, was synthesised and inserted in the 
same position as the stilbene. However, the thioauron was shown to be 
chemically unstable in these environments. 
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6 Methodology 

In this chapter an overview over the most commonly used methods is pre-
sented for the construct of de novo designed polypeptides and the studies of 
their catalytic functions. 

6.1 Solid Phase Peptide Synthesis 
A polypeptide is a linear chain of amino acids connected to each other 
through the condensation of the amine with the carboxylic acid forming am-
ide bonds. In solid phase peptide synthesis (SPPS), first introduced by Merri-
field65, the first amino acid is covalently attached with its C-terminal to an 
insoluble polymeric material (often referred to as the “resin”). The N-
terminal of the amino acid is deprotected in situ and the C-terminal of an-
other amino acid is activated before being transferred and mixed with the 
resin for coupling. The steps can be further repeated synthesising the desired 
sequence in an automated fashion. A common SPPS methodology is the use 
of 9-Fluorenylmethyloxycarbonyl (Fmoc) as the N-terminal protecting group 
and acid-labile protecting groups on the functional groups of the side chains 
of the amino acids. The Fmoc group of the growing polypeptide chain on the 
resin is deprotected using 20% of piperidine in dimethylformamide (DMF). 
The carboxylic acid of the next amino acid is activated using activating re-
agents such as uronium or phosphonium-based salts like HBTU or PyBOP. 
Reaction times can be varied depending on the steric hindrance of the amino 
acid and also on the length of the polypeptide. When the sequence has been 
synthesised, the polypeptide is released from the resin and the protection 
groups are cleaved off from the side-chains of the amino acids in a global 
cleavage. This is frequently done using trifluoroacetic acid (TFA) (Figure 
31). 
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Figure 31. Simplified scheme of Solid Phase Peptide synthesis using Fmoc-
protection group strategy. Deprotection of the N-terminal amino acid (A), is fol-
lowed by activation and coupling of the next amino acid (B). After repeating the 
coupling until the polypeptide has been assembled, it is cleaved from the resin si-
multaneously with complete deprotection of the side chain protecting groups (C). 

6.2 Purification and Identification 
A routinely used method for purification of synthesised peptides is reversed-
phase High Performance Liquid Chromatography (HPLC). The method is 
based on the adsorption of analytes, dissolved in a moderately hydrophilic 
mobile-phase, on a hydrophobic stationary phase. The stationary phase is 
often made of porous silica particles alkylated with straight chains contain-
ing eight or eighteen carbons. Common compositions of the mobile-phase 
used are water/acetonitrile or water/isopropanol. The addition of TFA to the 
mobile-phase to pair with positively charged functional groups and to proto-
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nate carboxylic acids makes the peptides more prone to interact with the 
stationary-phase. While semi-preparative HPLC systems are used for purifi-
cation of peptides, analytical systems with smaller loading of the analyte is 
an established method for detection of impurities in the already purified ma-
terial. With the connection of the system to a diode array detector, chroma-
tograms can be analysed at several wavelengths simultaneously. However, 
since the peptide bond absorbs in the region 210-230 nm, the chromatogram 
is conveniently followed in this region. 

The polypeptides were identified by Matrix-assisted Laser Desorption 
Ionisation Time of Flight Mass Spectrometry (MALDI-TOF-MS). In this 
technique, analytic samples are co-crystallised together with a matrix on a 
metal plate. The samples are irradiated with nanosecond laser pulses, the 
matrix molecules absorb the laser irradiation, and are readily excited. The 
excitation process allows both the matrix and the analyte to ionize. The ions 
are accelerated in an electric field and their masses are determined from the 
time it takes to reach the detector. Protonation as well as deprotonation of 
the molecules take place in the gas phase due to collisions with matrix mole-
cules. The observed species are usually the [M+H]+, [M+2H]2+etc. ions if the 
spectrometer is run in the positive ion mode. The substances used as matrix 
in this work were -cyano-4-hydroxycinnamic acid and 2,5-
dihydroxybenzoic acid (DHB). 

6.2.1 CD Spectroscopy 
Circular Dichroism (CD) spectroscopy is a chiroptical method for determina-
tion of the overall conformation of chiral molecules. The secondary struc-
tures of proteins can be determined by CD spectroscopy because the differ-
ent structure elements: -helix, -sheet and random coil give characteristic 
spectra since their amide chromophores are spatially situated in different 
environments. 

Plane polarised light can be viewed as being made up of two circularly 
polarised components of equal magnitude, one rotating clockwise (right-
handed), and the other counter-clockwise (left-handed). Circular dichroism 
measures the difference in extinction coefficients of the molecule for right- 
and left-handed circularly polarised light, . The  is proportional to the 
absorption difference A according to Lambert-Beers law: 

 
A l c  

Here, l describes the optical path-length and c the concentration of the sam-
ple. CD is usually expressed in terms of ellipticity, , and the relationship 
between  and  is given by: 

 
32.98  
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For biomolecules, the mean residue ellipticity is used as a measure of secon-
dary structure content: 
 

mrw
10 l c  

where  is the observed ellipticity in degrees, mrw is the mean residue 
weight in g mol-1, l is the optical path-length and c is the concentration in g 
cm-3. The unit of [ ] is deg cm2 dmol-1.66 

The study of -helical structures with CD spectroscopy can be done 
qualitatively by the characteristic spectrum consisting of two minima at 208 
and 222 nm, and a maximum at 192 nm. The helical content in the sample 
can be quantified by the figure at 222 nm. Studies of a poly-L-Lysine has 
estimated a fully developed helix to have a [ ]222 of -35700 deg cm2 dmol-

1.67 

6.2.2 UV Spectroscopy 
Ultraviolet visible (UV) spectroscopy is a convenient way to measure the 
progress of a chemical reaction, where either the substrate or the product can 
be selectively observed spectrophotometrically. The sample is placed in a 
cuvette with the internal width, l. The spectrophotometer measures the inten-
sity of light before (I0) and after (I) the sample. Absorbance is defined as 
A=log(I0/I) and related to the concentration of the absorbed species follow-
ing Lambert-Beer’s law: 

 
A c l  

Here, c is the concentration in mol L-1, l the optical path-length in cm and  
is the extinction coefficient expressed in cm-1 M-1. 
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7 Summary in Swedish 

Begreppet katalys kan beskrivas som en process som underlättar kemisk 
sönderdelning genom inverkan av vissa ämnen, katalysatorer, som inte själva 
deltar i processen. Jöns Jacob Berzelius är den kemist som har myntat be-
greppet katalys. Han beskrev detta i Vetenskapsakademiens årsbok 1835 på 
följande sätt: 
 

“Jag skall derföre, för att begagna en i kemien välkänd härledning, kalla den 
kroppars katalytiska kraft, sönderdelning genom denna kraft katalys, likasom 
vi med ordet analys beteckna åtskiljande af kroppars beståndsdelar medelst 
den vanliga kemiska frändskapen. Den katalytiska kraften synes egentligen 
bestå deri, att kroppar genom sin blotta närvaro, och icke genom frändskap, 
förmå uppväcka frändskaper, som vid denna temperatur slumra, så att ele-
menten i en sammansatt kropp, i kraft av dessa, ordna sig i andra förhållan-
den, genom hvilka större elektrokemisk neutralisering uppkommer.”68 

Kemiska reaktioner i celler förekommer sällan utan närvaro av katalysatorer. 
Dessa katalysatorer kallas för enzymer. Olika enzym verkar i regel på olika 
reaktioner och är därför unika genom att verka specifikt på ämnen (substrat) 
i komplexa blandningar. Enzymer är unika i sin förmåga att accelerera ke-
miska processer med enorma hastighetsökningar jämfört med bakgrundsre-
aktionen (spontan reaktion) för substratet. Som exempel kan nämnas enzy-
met Staphylococcal nuclease som verkar på fosfodiestern dimetylfosfat. 
Detta substrat visar en spontan nedbrytningshastighet på uppskattningsvis 
hälften av materialet på 130 000 år. Då enzymet reagerar med samma sub-
strat går reaktionen fjorton tiopotenser snabbare. 

Enzymer är katalytiskt aktiva proteiner, uppbyggda av ca tjugo naturligt 
förekommande aminosyror i olika sekvenskombinationer och längder. Även 
om det bara är tjugo byggstenar är variationsmöjligheterna enorma. Amino-
syrakedjorna är benägna att vecka sig till olika konformationer såsom spiral-
former ( -helix), flak och hårnålar.  

Tillverkning av proteiner med nya egenskaper kan ske på olika sätt. Ett 
sätt är de novo proteindesign. Det är ett rationellt tillvägagångssätt där ensta-
ka aminosyrors bidrag till proteinets veckning beaktas. En ökad förståelse av 
de regler som bestämmer proteiners veckning och funktion leder till att nya 
proteiner med nya funktioner kan skapas. Denna avhandling behandlar de 
novo proteindesign av katalytisk aktiva polypeptider. Den reaktion som stu-
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derats har varit hydrolys av fosfodiestrar. Fosfodiestrar finner man i flertalet 
biologiska makromolekyler. DNA och RNA består av polymerer av nukleo-
tider där fosfodiestrar binder dessa samman. 

Bland de kemiska processer som verkar mellan enzym och substrat är 
syra-bas-reaktioner, som kan agera i protonöverföringar, de vanligast före-
kommande. I det aktiva sätet, d.v.s. den plats i enzymet där substratinterak-
tionen äger rum, finner man de aminosyror som agerar i den katalytiska pro-
cessen. Då enbart ett begränsat antal aminosyror verkar i protonöverföringar, 
agerar dessa aminosyror gemensamt för att uppnå katalytisk effekt. Polypep-
tiden HNI har tidigare visat katalytisk aktivitet vid fosfodiesterhydrolys. 
Sekvensen konstruerades bl.a. genom att efterlikna enzymet RNase A som 
hydrolyserar RNA, där med två histidiner agerar generell syra respektive 
generell bas. Argininer placerades i HNI för att stabilisera det negativt lad-
dade övergångstillståndet vid fosforylöverföringen. I delarbete I utvecklades 
det katalytiska sätet hos HNI genom att införliva även tyrosiner som verkade 
något effektivare, och då i synnerhet vid hydrolysen av DNA-liknande sub-
strat. 

Peptiderna i denna avhandling tillverkades med kemisk syntes varigenom 
möjligheterna var stora att införa artificiella aminosyror med nya egenska-
per. I delarbete II ersattes argininer av en argininanalog. Denna analog har 
tidigare visats vara benägen att binda anjoner samt ha ett lägre pKa-värde hos 
den funktionella guanidiniumgruppen jämfört med samma grupp hos arginin. 
Hypotesen var att dessa egenskaper skulle vara gynnsamma för ökning av 
den katalytiska aktiviteten hos den nya polypeptiden JL1. Hypotesen kunde 
verifieras då det visade sig att JL1 katalyserade fosforylöverföringen i en 
fosfodiester med en markant hastighetsökning. I arbete III utvecklades pep-
tidkatalysatorerna ytterligare genom att fler av samma argininanalog införli-
vades samt att positionerna inom peptidsekvenserna förändrades något. Med 
hjälp av dessa förändringar kunde ytterligare hastighetsökning påvisas, även 
med ett svårhydrolyserat RNA-liknande substrat. Dessa förändringar med-
förde även att den katalytiska processen i vilken argininanalogen verkade 
kunde klargöras. 

I delarbete IV undersöktes möjligheten huruvida en artificiell aminosyra 
med förmåga att genomgå isomerisering vid bestrålning, i och med att den 
var inbyggd i en peptid, kunde påverka polypeptidens struktur och även po-
lypeptidens katalytiska funktion. Försöken visade att bestrålning av polypep-
tiden ändrade dess katalytiska förmåga. Detta resultat möjliggör utveckling-
en av polypeptider vars katalytiska förmåga kan regleras med ett externt 
stimulus. 

Syftet med detta arbete har varit att bidra till förståelsen hur katalytiska 
polypeptider kan tillverkas utifrån enstaka byggstenar. Dessa byggstenar är 
både naturligt förekommande såväl som artificiella aminosyror. Med denna 
kunskap kan nya biokatalysatorer skapas som på sikt kan bli lika effektiva 
som enzymer.  
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