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phosphate N-oxide 
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1 Aims of the Present Study 

Photoswitchable compounds that can be incorporated into peptides are 
priceless tools that allow a chosen peptide property to be modulated by an 
external stimulus. Peptidomimetics such as these, have possible practical 
applications in a wide range of areas, e.g., in photochemical drugs, for 
photodynamic therapy (PDT), in modulable binders and for the development 
of new materials for the purification of proteins.  

 
In relation to our previous studies on photoswitchable peptidomimetics, the 
objectives of this thesis were to: 
 

 Further characterize the stilbene chromophore with respect to its 
possible influence on the secondary structure of peptidomimetics. 
Investigate a more rigid switch for the same purpose. 

  
 Investigate the factors involved in the formation of a specific secon-

dary structure (as opposed to random coil) for linear peptides. 
 

 Synthesize and test peptides with photomodulable functionality: a 
larger artificial enzyme and a small octapeptide with inhibitory func-
tions. 
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2 Introduction 

2.1 General Introduction 
 

 
Peptides are linear polyamides that are formed by condensation of the 

amine and carboxyl groups of two amino acids to generate a peptide bond 
(Scheme 1).  

NH2

OH

O

NH2 OH

O

NH2

N
H

O
OH

O

+ H2O+

peptide bond

R1 R1

R2R2

 

Scheme 1. Formation of a peptide bond by a condensation reaction. 
 

The linked amino acids in the peptide are called residues. The resulting 
polymer chain is called an oligopeptide if it contains <10 amino acid resi-
dues, or a polypeptide when it contains >10 amino acids. Many polypeptides 
retain an unreacted amino group at one end (N-terminus) and an unreacted 
carboxyl group at the other end (C-terminus). The convention is to always 
write the N-terminus on the left and the C-terminus on the right. 
 

Peptide chemistry is considered to have begun with the preparation of the 
first free dipeptide, glycyl-glycine (Scheme 2). It was prepared by hydrolysis 
of the diketopiperazine of glycine by the German chemist Emil Fischer in 
1901.1 During his career, he made substantial and rewarded contributions to 
carbohydrate chemistry before moving on to begin his contributions to pep-
tide chemistry. 

 

 

NH
NH

O

O
N

+ N
H

OH
O

O

Cl H3

conc. HCl

reflux
 

Scheme 2. Synthesis of glycyl-glycine by Emil Fischer in 1901. 
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   During his peptide career, Fischer was involved in several important de-
velopments, such as the first in vitro synthesis of an optically active amino 
acid, the discovery of the cyclic amino acids proline and oxyproline, the 
introduction of the terminology still used in peptide chemistry and the devel-
opment of a peptide-coupling method using acyl chlorides.2 His rival and 
countryman Theodor Curtius had, however, synthesized and characterized an 
N-protected peptide 20 years earlier as part of his PhD studies.3 Curtius also 
developed the azide-coupling method which was part of the armoury of 
modern peptide synthesis for several decades.4  
 

Peptide research has, since its origin, experienced considerable develop-
ments. Peptides are involved in many physiological and biochemical func-
tions of life,5 so interest in them has increased in pharmacology and medici-
nal science, both for the development of therapeutic agents and to promote 
the understanding of biological systems. The human body contains a large 
number of bioactive peptides. Short linear peptides can adopt several con-
formations in fast equilibrium with each other. Often, some conformers are 
preferred over others for energetic reasons, resulting in unequal conformer 
populations. The most favourable conformations often adopt well-defined 
so-called secondary structures, i.e., a specific steric arrangement of the 
amino acid backbone. The most commonly observed types of secondary 
structures are the α-helices, β- (four amino acids) and γ- (three amino acids) 
turns, β-hairpins and β-sheets. Three of these are illustrated in Figure 1. In 
this thesis, peptidomimetics with properties resembling those of β-hairpins 
have been studied. 

 
 a b c 

Figure 1. Three of the most common secondary peptide structures (a) α-helix, (b) β-
sheet and (c) reverse turn. 
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2.2 Peptide Secondary-Structure Motifs: β-Hairpins 
 

 
A β-hairpin is a polypeptide secondary structure with two antiparallel 

peptide strands connected via a turn. A β-sheet was originally defined as a 
group of β-hairpins, but nowadays the terms are used interchangeably. In a 
β-hairpin the peptide chain reverses its direction and intramolecular hydro-
gen bonds are formed between opposing amino acids,  forming at least a ten-
membered pseudo-ring combined with a 14-membered pseudo-ring struc-
ture,  as shown in Figure 2.6  

O

N
H

N
H

N
H

NH

O

N
H

O

R

R
O

N
H

R

R

O

N
H

O

O

R

R

R
R

1

10

1'

14'

i
i+1

i+2
i+3

i-1

i+4
 

Figure 2.  Schematic presentation of a β-hairpin. 

 
Several researchers have explored the various factors that contribute to 

the physical stability of the β-hairpin peptides.7 One of the first proposed 
mechanisms for the stability of the β-hairpin is the composition of the turn 
region. As turns tend to be located on the solvent-exposed surface of pro-
teins, hydrophilic amino acids are more likely to occur in turns than hydro-
phobic ones. Gly, Pro and Asp are favoured residues in turn regions, and 
their positions in the turn significantly impact the type of turn formed. For 
type I’, Asp and Gly are favoured amino acids in position i+1, whereas Gly 
is the dominant amino acid in position i+2. The vast majority of type II’ 
turns have Gly in the i+1 position and Asp and Ser at i+2.8 One of the most 
popular choices of amino acids for the formation of an I’ turn is DPro-Gly, so 
called Gellman’s turn.9 Compared to the second favourite, Asn-Gly, which is 
a common natural inducer of I’ turns in proteins, the DPro-Gly sequence 
provides a 0.5 kcal/mol stabilization (Figure 3).10 Gellman’s study also re-
vealed that upon cyclization, which is another stabilizing factor of the β-
hairpin, backbone cyclization induces a slightly more stable folded state than 
disulfide cyclization. 

 
Interstrand hydrogen bonding was for a long time considered to play a 

crucial role in the stability of β-hairpins, as shown in Figure 3. Several stud-
ies have however revealed that hydrogen bonding is less of a driving force 
than are sequence and hydrophobic interactions.7  
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Figure 3. I’ turns with DPro-Gly (left) and Asn-Gly with a disulfide cyclization in the 
peptide strand (right).  

 
The contribution of hydrophobic interactions in a peptide can be determined 
by replacing the amino acids in a known β-hairpin sequence by Ala one by 
one. Studies using this method have shown a loss in stability attributed first 
to a reduction of hydrophobic surface burial, but also due to the intrinsically 
lower β-propensity of Ala.11 

 
Highly stable β-hairpin peptides can be built by including Trp residues in 

the strand, specifically at sites where no hydrogen bonds are appearing in 
cross-strand pairs. This phenomenon is called tryptophan zipper, as shown in 
Figure 4d.12 The stability of the cross-strand Trp interactions has been attrib-
uted to the intimate packing of the Trp side chains. 
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Figure 4. Schematic picture of different types of strands: (a) parallel, (b) antiparal-
lel, (c) β-sheet, (d) Trp zipper and (e) hydrophobic interactions between side chains 
(R), as seen sideways. --- = Hydrogen bond.  
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Apart from the factors above, other properties such as peptide-strand 
length,13 electrostatic interactions14 and local environment are important for 
the stability of a β-hairpin. Due to the cooperative action of all the key fac-
tors, it is difficult to evaluate the inherent stability of a β-hairpin.15 The stabi-
lizing features obviously evolve a balance between changes in enthalpy and 
entropy, and are difficult to predict accurately. 
 

Whereas α-helices are well-studied peptide motifs16,17 the β-hairpins took 
a back seat until a few decades ago.18 Obstacles when handling β-hairpins 
are their ability to aggregate and their low solubility. However, introducing 
charged residues in the peptide sequence can overcome both solubility and 
sometimes aggregation problems.15 β-Hairpin peptides have been studied 
primarily to determine the role of various sequences and residue interactions 
in stabilizing structure, but may also have therapeutic roles, particularly 
when structure is necessary for activity. A benefit of using β-hairpin pep-
tides for therapy is the possibility to design them to increase interactions 
with the target while maintaining their conformation.  

 
Physiological processes such as protein-DNA,19,20 protein-protein21 and 

protein-RNA22 recognition, IgE mediated allergic response,23 pathological 
disorders such as prion diseases24 and Alzheimer’s disease25 all involve sec-
ondary interactions of β-hairpins. 
 
  

2.3 β-Hairpin Mimetics 
 

The direct applicability of peptides as pharmacologically active com-
pounds is very limited. In biological systems, peptides are subject to rapid 
degradation by proteases and low membrane permeability due to their hy-
drophilic character; they are therefore inappropriate for oral application. 
Furthermore, most peptides are unable to cross the blood-brain barrier and 
have a rapid clearance through the liver and kidney. A major goal in medici-
nal chemistry is to overcome these obstacles and to develop so-called pepti-
domimetics with specific physical, chemical and biological properties. Pep-
tidomimetics are chemical structures designed to mimic the biological effect 
of endogenous peptides while having improved metabolic and pharmacol-
ogical properties. Amino acids that are less important for the desired mo-
lecular recognition are replaced with non-peptidic species in an attempt to 
favour the population of the more “active” conformers, as shown in Figure 5.  
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Figure 5.  Schematic picture of a β-hairpin (left) and a β-hairpin mimetic (right). 
 
Considering size, peptidomimetics (1-2 kDa) populate a relatively unex-

plored area that lies between traditional drug-like molecules (<500 Da) and 
biopharmaceuticals (150 kDa).26 The design of peptidomimetics relies 
mainly on knowledge of the conformational behaviour, molecular recogni-
tion and electronic properties of the native peptide and its corresponding 
receptor. Screening of synthetic compounds or natural products, together 
with molecular modeling, has been a useful and successful strategy for the 
development of new peptidomimetics.27 

 
The amino acids in the turn regions of β- and γ-turns are believed to be 

important for molecular recognition,28,29 whereas the ones in the strands con-
nected to the turn are more likely to promote biological activity.30  However,  
for β-hairpins the side chains in the turn region are of low significance, so a 
large number of hairpin mimetics have been reported where the turns have 
been replaced by non-peptide motifs,6,31 often trying to “lock” or induce 
hairpin structures. 

 
Conventional peptidomimetics are synthesized to give a single ensemble 

of conformations and properties. In contrast, it would be more valuable to 
synthesize mimetics that can be modulated post-synthetically by an external 
stimulus (e.g. light). This concept creates a new dimension of utility through 
the possibility of switching a certain property, such as physiological func-
tions, on and off. 
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2.4 Light-Triggered Alteration of Chemical Structures 
 

Photochemistry and photochromic compounds are well established in na-
ture. Photosynthesis is one of the best-known phenomena in this category, 
and is of vital importance for life on Earth. In another example, the absorp-
tion of light by the visual pigment rhodopsin causes isomerization of 11-cis-
retinal, as illustrated in Figure 6, which results in catalytic activation of the 
GTP-binding protein that triggers a cascade of stimuli regulating our vi-
sion.32 

N
Opsin

N
Opsin

hν

 
Figure 6. Bovine rhodopsin (left) and cis-trans isomerization (right) of the chromo-
phore 11-cis-retinal bound to opsin. 

2.4.1 Photomodulable Biological Systems 

 
An example of a natural photoswitchable compound is the chromoprotein 

asFP595 from Snakelock’s sea anemone, Anemonia viridis. The protein can 
be photoswitched even in its crystalline state. It is thought to take place 
through a cis/trans isomerization. When irradiated with green light, the pro-
tein starts to fluoresce; the fluorescence is cancelled by irradiating with blue 
light (Figure 7).33  

 
Systems like this have provided inspiration for the development of new 

materials such as optical memory storage devices or detectors. These com-
pounds can be used for optical memory thanks to their ability to store eras-
able and rewritable data in photon mode. To be a good photochromic com-
pound for purposes like this, a compound has to fulfil several criteria: ther-
mal stability of both isomers, fast response, high sensitivity, resistance to 
fatigue during repetitive write-and-erase processes and non-destructive read-
out capability.34 
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Figure 7. Reproduced from Andresen et al. Proc. Natl. Acad. Sci. USA, 2005, 102, 
13070. Copyright © 2005 National Academy of Sciences, U.S.A.  a) Protein 
asFP595 crystals under the fluorescence microscope. The crystals start to fluoresce 
when irradiated with green light and the fluorescence stops upon irradiation with 
blue light. b) Brightfield image of the protein. c) Fluorescence cycles of protein 
asFP595. d) cis-trans isomerization of the MYG chromophore of asFP595 e) 
Anemona viridis from: www.ilovedive.com. 

 
However, poor photofatigue properties are not limiting for photo-activated-
drug systems because their activity goals are accomplished after a single 
transformation to the active form. Clearly, the active form must have suffi-
ciently long lifetime to perform its desired effect. This should, however, not 
be confused with another type of photoswitchable moieties involved in so-
called caging. Here, a typically small photoactive residue is attached to a 
peptide and later released by irradiation to result in the active compound.35 

  
The incorporation of a photoswitchable unit into a peptide can take place 

either by the backbone or the side-chain approach. The backbone strategy 
often involves the use of an amino acid derivative built into the peptide se-
quence, while the side chain approach involves the attachment of the chro-
mophore to a side chain of the peptide sequence. Studies have shown that the 
incorporation of a backbone switch into the peptide sequence generates a 
larger conformational change of the peptide upon isomerization as compared 
to the side chain strategy.36 There are also examples of irreversible switches 
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such as disulfide bridges or isomerization of the amide bonds in normal 
amino acids,36 which can be disadvantageous due to low selectivity. 

2.4.2 Photoisomerizations 

 
The efficiency of a photochemical process is described by the quantum 

yield, �, which is the number of events per photon absorbed by the system. 
For photoisomerization, this represents the number of isomerized chromo-
phores per photons absorbed.  

 
Upon the absorption of a photon, an electronic excitation can occur 

through the promotion of an electron from a ground state orbital (S0) to an 
orbital of higher energy. The excited states of importance in photochemistry 
are usually the first singlet state (S1) and the first triplet state (T1), as shown 
in Figure 8. The transition between the ground state S0 and the excited state 
S1 is very rapid. The transition is most favourable when the geometries of the 
initial and final states are the same and when the spin state is conserved 
through the transition, according to the Franck-Condon principle.37,38 

 
 
 
 
 
 
 
 
 

 

Figure 8. A Jablonski diagram illustrating the transitions between the ground state, 
S0 and the excited states, S1 and T1. 1) Absorption; 2) Internal conversion; 3) Fluo-
rescence; 4) Intersystem crossing; 5) Phosphorescence; 6) Intersystem             
crossing.             Radiative transition,              Non-radiative transition. 

 
Since the direct transition between the singlet ground state and the first trip-
let state is forbidden, the triplet state is reached through spin inversion (inter-
system crossing) from the first excited singlet state.  
Compounds in their excited states are very reactive and tend to rapidly de-
crease their energy by returning to the ground state. Conversion of S1 back to 
S0 with concomitant emission of a photon is called fluorescence, whereas the 
same decrease in energy without the emission of a photon is called internal 
conversion. Excess energy is usually given off as heat to the medium. Deac-
tivation via the triplet state is usually much slower and may be either a radia-
tive process (phosphorescence) or a thermal process. 

E 

S0 

S1 
1 2 T1

3 4 
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2.4.3 Artificial Photomodulators: Switches 

 
There are numerous examples of photoswitchable compounds described 

in the literature,39 but in peptidomimetics, only a few chromophores have 
been advocated: azobenzene a, thioaurone b and, lately, stilbene c (Figure 
9).  

N
N

S

O

ca b  
 

Figure 9. Three examples of chromophores used in photoswitchable peptidomimet-
ics (a) azobenzene, (b) thioaurone and (c) stilbene. 

 
Diazene compounds, commonly known as azobenzene compounds, are 

very common dyes in both food and textiles.40 Their use as colouring addi-
tives in candy has been questioned recently, as they are suspected to increase 
hyperactivity in children.41 Azobenzene compounds have not been observed 
in nature, but their photochemical properties have been known since 1937. 
The cis-trans isomerization of azobenzene takes place without generating 
side products, is fast and is fully reversible.42 One drawback of this flexible, 
switchable compound is that the cis photoisomer is thermally instable, i.e., 
the cis configuration thermally relaxes back to the trans state with a lifetime 
that depends on the substitution pattern of the aromatic rings. Consequently, 
the separation of the two isomers is often impossible. The azo-compounds 
are also chemically unstable towards reducing agents.43 Despite these draw-
backs, azobenzenes have for a long time been used in many different types 
of biological systems44 as well as in optical devices.45 The most common 
approach in the application of azobenzene to peptidomimetics is the back-
bone strategy, in which the moiety is built into the peptide chain.  

 
Thioaurones are compounds that have been known as dyes for almost a 

century.46 The syntheses and photochemical properties of thioaurone deriva-
tives are well studied.47-49 Like azobenzenes, thioaurones exhibit thermal 
instability with the E isomer relaxing to the more stable Z isomer (Table 1). 
The chemical reactivity of thioaurones is still somewhat of a mystery. In 
contrast to azobenzene and stilbene, the thioaurone moiety is a more ex-
tended, more planar and less flexible chromophore, and should therefore be 
very applicable to peptidomimetics. In peptidomimetics, thioaurones are 
mostly incorporated in the peptide side chains,50 probably due to their deli-
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cate chemical stability in SPPS. Cytotoxicity has only recently been ad-
dressed,51 and varies with the substitution pattern of some p-
hydroxyquinonone thioaurone derivatives. 

 
Stilbene is also a flexible, photoswitchable compound with well-known 

chemical and photochemical characteristics.52 The compound has been 
known since the 1880s, and has mainly been used as optical brightener for 
paper. In grapes, hydroxy derivatives of stilbene are thought to protect 
against microbial infections and UV irradiation. In the wine-making process, 
stilbene derivatives can be transferred to the wine. The substance has anti-
oxidative and anticarcinogenic properties.53 

 

Table 1. Summary of the characteristics of the different chromophores discussed in 
this section. 

Characteristic azobenzene thioaurone stilbene 
Typical � range UV Vis UV 
Thermally reversible Yes Yes No 
Chemically stable +/- - + 
Rigidity - + - 

+ Indicates satisfying properties, while - indicates inferior properties. +/- Indicates tolerable properties.  

 
 One drawback to the use of stilbene as a molecular switch is the possible 

photochemical formation of dihydrophenanthrene (DHP) from the cis con-
figuration. Formation of DHP can be diminished by carrying out the photoi-
somerization in an atmosphere free from oxidizing agents, as the conditions 
allow DHP to convert back to cis-stilbene, both thermally and photochemi-
cally (Figure 10). Like thioaurone isomerization, stilbene isomerization takes 
place through a rotation around the double bond,52,54 whereas azobenzene 
isomerization involves an inversion around one of the N atoms.55 
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Figure 10. Products obtained from stilbene irradiation. 
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Stilbene is chemically stable and has recently been used in a pho-
toswitchable β-hairpin peptidomimetic.56 Our group has performed extensive 
studies of the turn-inducing properties of stilbene in peptidomimetics but, 
due to the high flexibility of this switch, no β-hairpin-inducing abilities 
could be found. However, when the switch is built into the backbone of a 
cyclic peptide with the turn-inducing segment DPro-Gly at one end and the 
switch at the other, a conformational change of the peptide is detected upon 
irradiation.  

 

2.4.4 Photoswitchable Peptidomimetics: What is Known? 

 
The use of photoswitchable compounds in photoresponsive systems is of 

outstanding interest because they have great potential for application in the 
development of new bio-engineered systems. Application areas can be spe-
cifically tailored to suit the chosen photoswitch, and thereby vary considera-
bly. Our group has previously initialized studies related to photoswitchable 
β-hairpins and developed different types of stilbenes. We have been able to 
switch the conformation of a cyclic peptide between a random coil and a β-
hairpin by irradiating at selected wavelengths.56 Based on our previous re-
sults, we found it interesting to develop the project in the direction of func-
tional photoswitchable peptides and to determine the important parameters 
involved in their conformational properties.  

One literature case that involves the thioaurone switch is the photomodu-
lation of ionic current in gramicidin channels.49 One amino acid at the N-
terminal of gramicidin A is replaced with a thioaurone amino acid deriva-
tive, and photoisomerization of the resulting peptidomimetic produces 
changes in its dipole moment, which in turn affect the single-channel current 
in the gramicidin dimer. The E isomer of thioaurone gives an increase in 
conductance, whereas thermal isomerization to the Z isomer decreases con-
ductance. This effect is most pronounced for Na+ ions. 

Another example is the regulation of the folding of bovine serum albumin 
by a photomodulable surfactant.57 The surfactant, which is based on an 
azobenzene moiety with trimethylammonium bromide, is more hydrophobic 
in its planar E form than compared in its Z isomer, due to a larger dipole 
moment across the azo group in the nonplanar form. As a consequence, the 
protein can, through hydrophobic interactions, bind better to the E isomer of 
the surfactant. Compared to the diffusion coefficient for bovine serum albu-
min, a larger decrease is detected for the E isomer of protein-surfactant com-
plex than for the Z isomer, which indicates a larger increase in the size of the 
complex due to unfolding of the protein. 
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3 Overview of Experimental and Theoretical 
Methods  

To achieve our goals to construct photoswitchable peptidomimetics, we 
must synthesize our target molecules, characterize them and incorporate 
them into peptides. Careful conformational studies, secondary-structure de-
tection and measurements of physical and chemical properties of both iso-
mers are essential ingredients in this endeavour. 

 

3.1 Solid-Phase Peptide Synthesis (SPPS) 
 
In 1963, R. B. Merrifield presented solid-phase peptide synthesis 

(SPPS).58 This revolutionary development, which uses an insoluble poly-
meric solid support, the so called “resin”, is schematically shown in Figure 
11. The first amino acid at the C-terminal is covalently attached (as an ester 
or amide) to the resin. The choice of linker can be varied to suit various re-
quirements; free and amide-protected C-terminals and even special protect-
ing groups on the side chains can be accommodated. After the protecting 
groups are removed the next, protected amino acid is attached with suitable 
amide-forming reagents. This step is repeated until a peptide chain of the 
desired length is obtained. Finally, the peptide is released from the solid 
support. One of the major advantages of SPPS is that after each coupling 
step, the excess amino acids and coupling reagents are removed by a simple 
filtration. Further, the excess amino acids will drive the coupling process to 
completion. Peptide synthesis is nowadays fully automated. Performing a 
peptide synthesis from C- to N-terminal is the most common way to avoid 
epimerization. Problems with epimerization can often occur when acetylated 
amino acids are activated with coupling reagents under basic conditions. 
Partial conversion of an acetylated amino acid to an oxazolone results in loss 
of the tetrahedral stereocenter, and racemization occurs in the regeneration 
of the activated amino acid. Other challenges in the preparation of peptides 
can be the incorporation of non-natural amino acids, adaptation to chemi-
cally sensitive components and cyclization of peptides. 
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Figure 11.  The principle of solid-phase peptide synthesis from C- to N-terminal. 

 
In this thesis different linkers have been used (Table 2). The PEG-PAC 

resin and the 2-chlorotrityl chloride resin gave free C-terminals upon peptide 
release, whereas the [3-((methyl-Fmoc-amino)-methyl)-indol-1-yl]acetyl 
AM resin gave the N-methylated amide. Both chlorotrityl chloride and the 
AM resin were cleaved under mildly acidic conditions (0.5-5% TFA), but 
the PEG-PAC resin required 95% TFA. The Fmoc group was cleaved with 
20% piperidine in DMF. Fmoc-protected amino acids were coupled using 
the activating reagents PyBOP in manual syntesis, or HBTU in automated 
synthesis. In manual synthesis, each coupling was evaluated with Kaiser’s 
test.59 Between reaction steps, excess of reagents were filtered off and the 
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resins were thoroughly washed with DMF and DCM. In the fully automated 
synthesis, the coupling steps included regular washing with DMF, and the 
cleavage of the Fmoc groups was monitored by UV detection. Unless stated 
otherwise, all peptides were prepared according to one of these synthetic 
procedures, or by a combination of them. 

 

Table 2. Reagents, resin linkers and protecting groups used in this thesis. 
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Protecting groups

Fmoc Boc

Side chain protecting groups
tert-butyl

PEG-PAC

HBTU*

4-nitrobenzophenone oxime
(Kaiser oxime)

Fmoc

Fmoc

Rink amide MBHA

polyethylene glycol
polyacrylamide
copolymer

 
* HATU and HBTU are presented as their uronium salts.60 

 
 

3.2 Conformational Analysis 
 

In contrast to that of many non-peptidic organic compounds, peptide 
characterization often requires determining which conformers are present in 
what populations, and the secondary or even the tertiary structure are often 
important. 

 
To determine the conformation of a compound, it is necessary to investi-

gate its three-dimensional structure. Sometimes spectroscopic methods are 
sufficient, but other times they need to be combined with theoretical analy-
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sis, i.e., computational methods. The following paragraph summarizes the 
methods used in this thesis. 

3.2.1 X-Ray Diffraction 

 
The most accurate way to determine the conformation of a peptide in 

solid state is to study its crystal structure by X-ray crystallography, which 
gives information about the peptide’s static structure. A beam of X-rays di-
rected at a crystal will be diffracted by the electrons and form a diffractive 
pattern that, by Fourier transformation, can be converted to an electron-
density map. By data processing, the electron-density map can be fitted to an 
atomic model, revealing the conformation of the compound.  

An obvious drawback of this method is the need for well-defined crystals 
of the peptides. Also, a peptide does not necessarily have the same confor-
mation in the solid state as it does in solution. Therefore, X-ray crystallogra-
phy is more important for proteins than for peptides, which normally exist in 
dynamic conformational equilibria.  

3.2.2 Circular Dichroism Spectroscopy 

 
Circular dichroism (CD) spectroscopy is a chiroptical method that pro-

vides information about the overall conformation of a chiral molecule. In 
contrast to linear polarized light, which is polarized in a certain direction, the 
polarization of circular polarized light rotates around its propagation direc-
tion. When a chiral sample is exposed to circular polarized light, equal 
amounts of right- and left-polarized light are radiated onto the sample. The 
sample absorbs one of these more than the other. CD spectroscopy measures 
an active chromophore’s ability to absorb left- and right-handed circular 
polarized light as a function of wavelength. CD spectroscopy is highly sensi-
tive, but is limited in that solvents that absorb in the UV region (e.g. DCM) 
can not be used. Another minor drawback is that the measurements are very 
sensitive to aggregation, which can generate deviations of the signal intensi-
ties. This can, however, be controlled by making independent measurements 
at different concentrations. 

In proteins and peptides, the amide chromophore is studied by CD spec-
troscopy. This technique is therefore used to determine the secondary struc-
ture of peptides in solution. The characteristic CD spectral features of a β-
hairpin are a negative band between 217-222 nm and a positive band at 195-
200 nm, whereas the α-helix has a positive band at 190 nm and a strong 
negative band at 208-222 nm (Figure 12). Random coils have a strong nega-
tive ellipticity at 195 nm and a weak positive band at 210-220 nm.  
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Figure 12. Typical CD spectroscopic patterns for α-helices (α), β-hairpins (β) and 
random coils (r). 

3.2.3 Nuclear Magnetic Resonance Spectroscopy 

 
Nuclear magnetic resonance (NMR) spectroscopy is one of the best spec-

troscopic methods for elucidating the three-dimensional structure of a com-
pound. This technique has a slow timescale, so the information obtained 
therefore represents the time-averaged contribution from the weighted popu-
lation of all the conformers present in solution.  

Some of the important parameters for determining the conformation of a 
compound by NMR spectroscopy are chemical shifts (�), coupling constants 
(J) and nuclear Overhauser effects (NOEs). 
 

Chemical shifts. The most easily accessible information obtained in an 
NMR-spectrum is the chemical shift. It can give information about, for ex-
ample, the involvement of amide protons in intramolecular hydrogen bond-
ing. Amide proton shifts (�NH) in the region of 7-9 ppm indicate involvement 
in hydrogen bonds, whereas those in the 6-7 ppm range identify most proba-
bly amide protons exposed to solvent.61 By analyzing the conformation of 
peptides in relatively non-polar solvents (e.g. chloroform), competing hy-
drogen bonding to solvent molecules can be avoided. Addition of a hydrogen 
bond-accepting solvent such as dimethylsulfoxide to the sample can change 
�NH for a given amide, which gives information on its hydrogen-bond in-
volvement.62,63 Hydrogen-bonded amides will be shielded from the solvent, 
and no significant change in chemical shift will be seen upon the addition of 
DMSO, whereas the �NH of non-hydrogen bonded amide protons will be 
much more affected.  

Additional information about an amide proton’s involvement in in-
tramolecular hydrogen bonding can be obtained from the temperature de-
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pendence of its chemical shift, which is expressed as the temperature coeffi-
cient ��/�T (Figure 13).63 For equilibrating, hydrogen-bonded amide pro-
tons, NMR spectroscopy will give a weighted average of the chemical shifts. 
If an amide proton is hydrogen bonded in a polar aprotic solvent, its tem-
perature coefficient will be around 0-4.6 ppb/K. Protons exposed to solvent 
normally have a higher temperature coefficient, >4.6 ppb/K.61 The chemical 
shifts of alpha protons can also be used to obtain information about the sec-
ondary structure of peptides.64 
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Figure 13. Schematic presentation of the temperature dependence of an amide 
chemical shifts in DMSO-d6. 

 
Coupling constants. The vicinal coupling constant (3JNH,Hα) between am-

ide protons and alpha protons are particularly important for determining the 
backbone conformation of peptides. The Karplus relation is one of the most 
used empirical rules for the elucidation of conformations. It describes the 
dependence between the dihedral angle (�) and the coupling constant.64 Free 
rotation around a bond results in an average value of the coupling constant 
(6-7 Hz), whereas bonds with hindered rotation produce either low or high 
coupling constants (~4 or 9 Hz). 
 

Nuclear Overhauser effects (NOE). The observation of nuclear Over-
hauser effects (NOE) is by far the most fruitful NMR tool for the elucidation 
of peptide conformations. The NOE is transmitted through space and is 
therefore especially valuable for assigning the spatial arrangement of a 
molecule. This phenomenon is created by the dipole-dipole relaxation that 
takes place between two nuclei, I and S, that are close in space65 but not nec-
essarily linked through bonds. Perturbing spin I by saturation (steady-state 
NOE) or inversion (transient NOE) affects the intensity of spin S due to 
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population changes. The interaction between the spins I and S is inverse 
proportional to their distance (i.e., r-6).  

 
The NOE is also affected by molecular motion, which is described by mo-

tional frequencies in terms of ��c. The nuclear Overhauser enhancement 
(�max) is correlated to the Larmor frequency �, the correlation time of a 
molecule �c and the external magnetic field B0. For nuclei with a positive 
gyromagnetic ratio, e.g., for protons, a positive NOE will result and give an 
increase of the signal intensity if ��c <<1. Small peptides that move rapidly 
have short �c and positive NOEs. This is typically encountered for samples in 
non-viscous solvents or at high temperatures. However, if ��c >>1, a nega-
tive NOE is detected. Large molecules such as proteins, which tumble 
slowly, samples in highly viscous solvents or at low temperatures also result 
in negative NOEs (Figure 14). When a negative NOE is obtained, the dis-
tance dependence is lost and spin-diffusion dominates. Spin-diffusion is the 
spreading out of a population disturbance throughout the molecule from one 
spin to another by cross-relaxation. At steady state, all the spins in the mole-
cule are more or less affected.65 In a steady-state NOE experiment, if ��c 

<<1, the maximum intensity increase (�max) is 50%, whereas a smaller �max 

(38.5%) is detected for transient NOE. For ��c close to 1 where �max varies 
strongly with ��c, the enhancement depends mostly on the spectrometer 
frequency as well as the tumbling rate of the molecule. The variation of �max 
with ��c is fastest around the crossover point, where the NOE is zero. This 
takes place when ��c=1.12. As a complement to conventional NOE experi-
ments, rotating-frame Overhauser (ROE) experiments can be useful. In 
ROESY experiments, a spin lock is obtained by applying a 90° pulse to the 
spin system, which is followed by a strong continuous radiofrequency field 
(spin-lock field) along a transverse axis perpendicular to that of the 90° 
pulse.65 In ROESY, all molecules behave as if they were in the positive NOE 
region. Further, exchange peaks can easily be distinguished from the direct 
enhancement due to their opposite signs.  
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Figure 14.  Maximum NOE plotted against the (logarithmic) ��c scale for transient 
NOE and ROE experiments. 
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Diffusion coefficients. The diffusion of molecules is their fundamental 
form of transport. Diffusion refers to the random translational motion of 
molecules, and is driven by internal kinetic energy.66,67 Translational diffu-
sion can be measured with pulsed-field gradient (PFG) NMR experiments. 
The beauty of diffusion measurements by NMR is that they are non-
invasive, require no labelling of nuclei and provide direct access to informa-
tion on molecular interaction phenomena. The translational diffusion coeffi-
cient, D, of a species is inversely proportional to its hydrodynamic proper-
ties, which are in turn related to the viscosity of the solvent and to the size 
and the shape of the species. PFG measurements can detect molecular mo-
tions on the millisecond time scale and can be used to study changes such as 
protein folding in biological systems.68,69  

 
The concept of this technique is to measure the attenuation of the echo 

signal, shown in Figure 15, by applying a spin-echo pulse sequence in ar-
rangement with two gradient pulses (longitudinal encoding and decoding, 
LED) (Figure 16).  

 
 

gradient strength

 
 

Figure 15. The 1H NMR echo signals in a diffusion experiment, arrayed as a func-
tion of the gradient strength. 

 
During the first gradient pulse, the spins in the sample undergo a phase 

shift. During the second gradient pulse of the same type but spatially re-
versed, the spins are allowed to refocus. 

 
A decrease of echo intensity is detected due to the effect of diffusion as 

described by equation 1, 
 
              ln(I/I0) = -	2g2�2D(�-�/3)                          (1) 

 
where I is the integral of the signal, I0 is the original integral, 	 is the gyro-
magnetic ratio (for 1H, 	 = 26.75 × 107 radT-1s-1), g is the gradient pulse 
strength, � is the duration of the gradient pulse, D is the self-diffusion coeffi-
cient and � is the delay between the two gradient pulses. 
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Figure 16. Schematic illustration of the effect of a PFG on the spin echo in a typical 
diffusion experiment.  A molecule that moves in the NMR sample experiences differ-
ent magnetic field strengths during the defocusing and refocusing parts of the echo. 
The faster a molecule moves (i.e., by diffusion), the greater its change in Larmor 
frequencies will be, and the smaller its echo signal will become.  Not moving, 
complete refocusing,   moving, incomplete refocusing. Movement occurs due to 
diffusion. 

3.2.4 Computational Methods 

 
Experimental conformational studies of peptides are most useful when 

combined with theoretical calculation methods. In order to find the real con-
formation of a molecule, the minimum energy conformations have to be 
located on the energy potential surface. The most common techniques for 
conformational studies of peptides are molecular dynamics (MD) or Monte 
Carlo searches combined with Molecular Mechanics minimization 
(MCMM). 

 
A Monte Carlo simulation generates low-energy conformations by ran-

domly changing a number of torsional angles among the bonds that are able 
to rotate within a molecule. The profit of a random search is that the whole 
energy surface can be covered, as each step may result in a conformation 
located on a totally distant and unrelated region. Every new steric arrange-
ment of the molecule is energy minimized by molecular mechanics and, if 
the minimized conformation is unique, it is stored or otherwise rejected. This 
conformation is then used as the starting point of a new cycle of iterations. 
This procedure is repeated until a given number of iterations are reached, or 
until no new conformations are found.70 Ab initio and semi-empirical calcu-
lations are not common for such large molecules due to the computationally 
demanding number of possible conformations.70 
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NMR spectroscopy can provide information such as NOEs and 3JNH,Hα 
coupling constants that can be used in the simulations. Such constrains can 
increase the quality of the calculations as well as reduce the computational 
time. However, the interpretation of calculations has to be carried out care-
fully, because the output is strongly dependent on the input. Experimental 
NMR parameters related to the geometrical properties of a molecule are 
obtained from the weighted averages of several rapidly equilibrating steric 
arrangements. For proteins, NMR parameters often can be associated to one 
single structure, whereas for peptides it is usually necessary to determine 
which equilibrium mixture of several conformers fits the observed parame-
ters. 
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4 Results and Discussion 

4.1 Synthesis and Conformational Analysis of Novel 
Photoswitchable Peptidomimetics (Paper I) 
 

Recently, photochemically driven conformational changes have attracted 
considerable interest in the literature, and are expected to play an important 
role for the future development of data storage, molecular motors as well as 
protein and genetic engineering. Photomodulable switches have, among oth-
ers, successfully been applied in conformationally switchable nucleic ac-
ids.71-73 One of the most studied and used photoswitches for these purposes is 
azobenzene. Due to the instability of azobenzene towards reducing agents 
and the possibility of thermal isomerization, it is interesting to study the 
potential of other photoswitchable chromophores. 

Another well-studied switch is stilbene, which has well-documented pho-
tochemistry,74,75 and has successfully been incorporated into DNA.71-73 How-
ever, its use in peptidomimetics is still quite rare.44 Thanks to the chemical 
stability of the stilbene chromophore and its resistance towards thermal 
isomerization, it might be an attractive substitute for azobenzene. As one of 
the first groups to use stilbene in peptidomimetics, we wished to continue the 
development of this switch in photomodulable peptides. As a complement to 
our studies, we also incorporated the more rigid switch thioaurone in pep-
tides. A number of stilbene- and thioaurone-based, photoswitchable linear 
peptides were synthesized, and their conformational change by photoisom-
erization was studied. 

4.1.1 Synthesis 

 
A group of photochemically interconvertible stilbene- and thioaurone-

based peptides, which are expected to induce turn-like conformations in their 
closed (Z) configurations, and more linear and open shapes in the E configu-
ration, were synthesized (Figure 17). In all peptides, non-polar and non-
aromatic amino acids were attached to the photoswitchable moiety. 
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Figure 17. Peptidomimetics with photoswitchable chromophores (1-7) and β-turn 
mimetics (8-10). All peptide chains consist of Val and Ala. 
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For comparison, similar peptides with standard DPro-Gly and di-
phenylacetylene76 turn mimetics, which are known to fold into well-defined 
β-turn conformations, were synthesized. 

 
The stilbene moieties used in this study were chosen using computational 

design. Variants with methylene linkers of varying lengths were prepared 
((CH2)n, n=0-2, highlighted in compounds 1-3 of Figure 17). The E isomers 
were synthesized because they are more straightforward to prepare. All stil-
bene moieties were synthesized by microwave assisted Heck couplings77 
(Scheme 3).  

X

+ a

11: R1=NH2, X=I
12: R1= CH2COOCH3, X=I
13: R1=(CH2)2COOCH3, X=Br

14: R2=COOCH3
15: R2=CH2NHBoc
16: R2=(CH2)2NHBoc

17: R1= NH2,  R2=COOCH3
18: R1= COOCH3, 
R2=CH2NHBoc
19: R1= (CH2)2COOCH3,
R2=(CH2)2NHBoc

R1

R2

R1

R2

 

Scheme 3. Microwave-assisted Heck coupling for the synthesis of the stilbene de-
rivatives. (a) Pd(OAc)2, (o-tol)3P, Et3N, DMF, 90-150 �C, 15-30 min. 

 
Thioaurone derivatives were synthesized according to reported schemes 

via thioindoxyl78,79 (Scheme 4). The aldehyde required for the preparation of 
24 was obtained by oxidation of the corresponding alcohol. The aldehyde for 
the synthesis of 25 was obtained from 3-cyanobenzaldehyde, which after 
acetal protection could be reduced to a primary amine, followed by Boc-
protection of the primary amine. The Boc-protected thioaurone derivatives 
24 and 25 were obtained by an aldol condensation between thioindoxyl and 
the aldehydes 22 and 23, respectively. 
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23: R=m-CH2NHBoc   78%

24: R1=p-CH2NHBoc   81%
25: R1=m-CH2NHBoc  45%

26: R2=p-CH2NHFmoc 90%
27: R2=m-CH2NHFmoc 70%

R1 R2

 

Scheme 4. Outline of the syntheses of the thioaurone derivatives 26 and 27. (a) 1) 
Na2CO3, Na2S2O4, reflux 30 min. 2) ClCH2COOH/Na2CO3, reflux 1 h. 3) HCl to 
Congo red, 71%. (b) 1) SOCl2, reflux 2 h. 2) AlCl3, 1,2-dichloroethane, r.t. o.n., 
81%. (c) 1) 1% NaOH w/w, t-BuOH, 0 °C then reflux o.n. 2) HOAc. (d) 1) 50% TFA 
in DCM, r.t. 15 min. 2) Fmoc-Cl, Na2CO3, r.t. 3 days, THF. 

 
Peptidomimetic 1 was synthesized in solution due to the poor nucleo-

philicity of the anilinic amino group,76 which might cause difficulties in 
SPPS. After adjustments of the protecting groups, compounds 18 and 19 
could be used in SPPS by employing the Kaiser oxime linker (Table 3). Pep-
tide formation was accomplished using Boc deprotection and PyBOP medi-
ated coupling steps in a mixture of DIPEA and DMF. The products were 
cleaved from the resin with methylamine in THF (2M), resulting in N-
methylamidated C-terminals. The same conditions for the synthesis of the 
thioaurone-containing peptidomimetics 4-6 decomposed the chromophores, 
mainly through retro-aldol condensation during the basic cleavage from the 
solid-phase. By changing the protecting groups of the thioaurones to Fmoc 
and using 2-chlorotrityl chloride resin, we obtained compounds 4 and 5 after 
mild acidic cleavage from the solid support. Fmoc groups were removed 
with 20% piperidine in DMF and all peptidomimetics were purified by 
preparative RP-HPLC. Also, thioaurone-based peptides with amidated C-
terminals had to be prepared for the comparison with the stilbene-based pep-
tidomimetics. In order to obtain peptidomimetics 6 and 7, a wide range of 
resins were investigated, and an appropriate resin for obtaining N-
methylated amides with Fmoc chemistry was found and used; see Table 2.  
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The photoswitchable peptidomimetics with stilbenes were transformed to 
their Z isomers in acetonitrile solution under inert atmosphere by irradiation 
at 300 nm for 90 min. DMSO solutions of thioaurone-based peptides were 
irradiated unselectively for 15 min. The presence of the desired isomers was 
confirmed and quantified by 1H NMR spectroscopy. Similarly to investiga-
tions80 of azobenzene-containing peptidomimetics, the spectroscopic con-
formational studies of these peptidomimetics were carried out on E/Z mix-
tures. 
 

Table 3. Photoswitchable building blocks for SPPS. 

* The overall yield is obtained by combination of the yields for each synthetic step. 

4.1.2 Conformational Analysis 

 
The peptidomimetics 1-9 were fully assigned by NMR spectroscopy and 

their molecular conformations were examined by studying the temperature 
coefficients for the amide protons and the NOE cross-peak patterns.  

 
 
 
 
 
 

Entry Photoswitchable moiety used in 
SPPS 

Number of 
synthetic steps 

Overall yield* 

 
 
a 
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H

COOH

Boc

(E)

 

 
 

6 

 
 

8% 

 
 

b 
N
H

COOH

Boc

(E)  

 
 

7 
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c S

COOH

N
H

O
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(Z)
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8 

 
 

2% 
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NOE studies showed that peptidomimetics 8 and 9 had well-defined secon-
dary structures with interstrand hydrogen bonding (Figure 18). 
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Figure 18. Selected interstrand NOEs (arrows) and hydrogen bonds (dashed lines) 
observed in CDCl3 solutions of 8 and 9. 

 
The NOESY and ��/�T values for the other peptidomimetics (1-7) did, 

not, however, show any indications of folding in DMSO or methanol solu-
tions. These results are in excellent agreement with the high flexibility of 
small, low-molecular-weight peptides, as mentioned in the literature.13,81  

 
Molecular mechanics were used to predict the conformational populations 

of the peptidomimetics 1-3, 6 and 7 with amidated C-terminals. The calcula-
tions were performed using Macromodel with the GB/SA solvation model 
for chloroform. Conformations within 25 kJmol-1 of the lowest energy 
minimum were examined. Conformations were designated as folded or non-
folded based on interstrand hydrogen bonding and the distances between 
Cα,Ala-Cα,Val and the two methyl groups of the capped ends. The populations 
of folded conformations were estimated using a Boltzmann distribution and 
are summarized in Table 4. 

 

Table 4. Relative amounts of folded conformations of peptidomimetics 1-3, 6 and 7. 
Compound 8 is included as reference. Structures are depicted in Figure 17. 

 Z E 
 Cα
,Ala–Cα
Val 

<5.5 Å (%) 
CMe–CMe  

<5.5 Å (%) 
 

Cα

Ala–Cα

Val  
<5.5 Å (%) 

CMe–CMe  
<5.5 Å (%) 

1 98 25  0 0 

2 97 30  7 92 
3 99 12  87 6 
6 12 91  0 0 
7 100 0  0 0.1 
8 94 97  - - 

 
 

Compared to peptide 8, which has a hairpin-inducing segment in the turn 
region, the stilbene-based peptidomimetics 1-3 showed outstanding abilities 
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as turn-like motifs when in their Z configuration. According to our calcula-
tions, peptidomimetic 1 experiences the largest conformational change upon 
isomerization, as its E isomer lacks any intramolecular interchain interac-
tions (Figure 19). Compounds 2 and 3, however, seem to have intramolecu-
lar interactions between their amino acid chains in both their isomers, mainly 
due to the higher flexibility of their linker (i.e., CH2) segments. The chain 
interactions in the E isomers of compounds 2 and 3, although indicated by 
computations, do not result in any conformations that resemble conventional 
turns, probably because they have short amino acid chains. 

 

 
 

 E-1 Z-1 

 
 E-3 Z-3 
Figure 19. Overlay of the most stable conformers of the E (left) and the Z (right) 
isomers of peptidomimetics 1 and 3.  

The more rigid thioaurone switch in compounds 6 and 7 causes a distinct 
difference in the interstrand distances upon isomerization; their E isomers 
have no turn-like conformations (Figure 20).  

 

 
 E-3 Z-3 
Figure 20. Overlay of the most stable conformers of the E (left) and the Z (right) 
isomers of peptidomimetic 6.  
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4.1.3 Conclusions and Outlook 

 
In summary, we have developed synthetic strategies for a set of pho-

toswitchable stilbene- and thioaurone-based peptidomimetics with similar 
amino acid chains and investigated their conformational-directing character-
istics. By slightly varying the substitution patterns and chemical structures, 
we obtained a considerable range of photoswitchable units. Irradiation of 
compound 1 at 300 nm and 280 nm, respectively, resulted in a conforma-
tional change between a turn-like Z isomer and an open chain peptidomi-
metic (E isomer). Compounds 2 and 3 also showed promising possibilities of 
conformational changes between their Z and E isomers. The thioaurone 
switch, which initially was expected to induce more distinct turn-like and 
open motifs, did not show any turn-formation abilities under experimental 
conditions. This behaviour is in accordance with what is known for short, 
linear peptides. These rigid switches should, however, have the potential to 
produce photoswitchable target molecules when incorporated into suitable, 
larger peptides. 

4.2 Hairpin-Stabilizing Factors in Combination with 
Photoswitchable Turn Moieties (Paper II) 
 

4.2.1 Design and Synthesis of Peptides and Peptidomimetics  

 
In this study, we examined the ability of a series of peptidomimetics for 

the formation of β-hairpins. A group of peptides and peptidomimetics, with 
variations in their turn-regions and in their amino acid strands, were synthe-
sized using standard SPPS protocols (Figure 21 and 22). The amino acid 
sequences of compounds 1-3 were extracted from the S4 region of the 
TATA-box binding protein, which is a transcriptor with affinity for the 
TATA promoter region in the minor groove of DNA.82 Compounds 28, 29 
and 35 have previously been reported,56 and are included here for compari-
son. A diethylaminoacetyl group was attached to the N-terminus of peptides 
28-31 in order to increase their water solubility. Peptide 28 contains the turn-
inducing segment DPro-Gly9 and optimal amino acids for the formation of 
hairpins.56 Peptide 30 was designed to study the influence of the turn inducer 
for hairpin formation by incorporating the same amino acid sequence as for 
28, but with the inverse turn segment. The inversed Gly-DPro sequence in 
peptide 30 does not have turn-inducing properties, and thus a random coil 
conformation was expected for this peptide. Our previous studies in Paper I 
indicated that the stilbene switch had slight turn-inducing properties, but 
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replacing Gellman’s turn with stilbene in peptidomimetic 29 did not lead to 
hairpin formation.56 Peptide 31 was constructed with the same turn inducing 
segment as peptide 28, but here the effect of hydrophobic interactions via 
amino acid side chains was evaluated by introducing a poly-Gly chain on 
one side of the turn.  
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Figure 21. Acyclic peptides and peptidomimetics in this study.  
 
The foundation of peptidomimetic 32 was derived from previously re-

ported peptides with Trp-zippers,12,83 which are known to induce β-hairpin 
formation. The turn region of compound 32 was formed by introducing an 
Fmoc-protected stilbene derivative, which was synthesized as previously 
reported.56  The influence of the more rigid thioaurone switch was examined 
in a cyclic peptidomimetic 33. In order to avoid decomposition of the thio-
aurone chromophore when deprotecting side chains, the t-butyl groups of 
Thr-amino acids were left intact. This compound is related to the previously 
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reported stilbene peptidomimetic 35, which was capable of regulating the β-
hairpin formation56 upon irradiation (Figure 22).  

The cyclization of peptidomimetic 33 was especially challenging. The 
first approach to the synthesis of 33 was to use Thr as the first amino acid in 
the sequence, and to cyclize the peptidomimetic by linking Thr with the 
thioaurone unit (A in Figure 22). However, this coupling was not feasible 
despite several attempts with varying coupling reagents, reaction times and 
concentrations. Instead, the cyclization could be achieved by shifting the 
coupling position by two amino acids, i.e., starting with Ala in the peptide 
sequence, and linking it with Thr (B in Figure 22). The backbone cyclization 
of 33 was carried out after cleavage from the solid-phase, in a diluted solu-
tion (1 mg peptide/mL DMF) and mediated by HATU.  
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Figure 22. Cyclic peptidomimetics 33 and 34. Cyclization positions A, B and C are 
marked. 

 
The photoswitchable peptidomimetic 32 was transformed to its Z isomer 

by irradiation at 300 nm for 90 min in a dimethylsulfoxide-d6 solution under 
inert atmosphere. Thioaurone-based peptidomimetic 33 was irradiated 
unselectively for 15 min in dimethylsulfoxide-d6 solutions. Relative amounts 
of the isomers were determined by 1H NMR spectroscopy. The percentage of 
Z isomer obtained after irradiation of 32 was 76%, whereas 50% of the E 
isomer of 33 was obtained.  

4.2.2 Conformational Analysis by NMR Spectroscopy 

 
Interstrand NOEs could be observed for compound 31 but, unlike for 

compound 28, only in the region closest to the DPro-Gly turn region. The 
lack of side-chain-facilitated interstrand hydrophobic interactions from the 
poly-Gly chain is likely to be responsible for the absence of NOEs and, thus, 
the failure to form a hairpin (Figure 23).  

For peptide 30, no interstrand NOEs could be observed, indicating that 
the expected random coil conformation was formed. Non-sequential NOEs 
was also absent for peptidomimetic 32. Interestingly, the cyclic peptidomi-
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metic 34 had interstrand NOEs, whereas its congener with thioaurone, 33, 
lacks these effects. 
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Figure 23. Non-sequential NOEs observed for 31 in methanol solution at 25 �C. 

 
The amide-proton temperature coefficients did not provide useful infor-

mation concerning the secondary structures of the described peptidomimet-
ics. Instead, the temperature coefficients showed similar values and patterns 
for both the acyclic peptides and peptidomimetics, and were consistent with 
what is expected for conformationally flexible peptides in equilibrium with 
random coil conformers.84  

 
The possibility of aggregation by the compounds in this study was ex-

cluded by recording the concentration independence of the chemical shifts 
over a concentration interval of 60 �M to 3 mM. Further, the diffusion coef-
ficient for peptidomimetic 32 over this concentration interval showed the 
absence of aggregation. The diffusion coefficients were determined for water 
solutions of compounds 30, 31 and 33, using the known coefficient of HDO, 
whereas (residual) DMSO-d5 was used for the calculations of the diffusion 
coefficient of compound 32.  

An interesting observation was made during the determination of the dif-
fusion coefficients in DMSO-d6 solutions. A graph where the logarithmic 
signal intensities are plotted against the square of the gradient strength 
(gzlvl1),  produce a straight line whose slope varied between the absolute 
values 3×10-6 and 4×10-6, (Figure 24). This slope, which is normally uniform 
for a specific solvent, is used in eq. 2 (in place of msolvent) to calculate the 
diffusion coefficient. In eq. 2, mobserved corresponds to the slope for the signal 
of interest, and Dsolvent is a known diffusion coefficient for the reference sol-
vent. 

 
solvent

solventobserved

m
DmD ×=                                   (2) 

 
In order to investigate the reason for this variation, the mobserved of DMSO-

d5 was determined by varying factors such as peptide concentration and the 
amount of water in the sample. The dashed line in Figure 24 has a slope 
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4×10-6, which was determined for neat DMSO-d6, whereas the solid line has 
a slope of 3×10-6 and was obtained after the addition of one drop of water to 
the same NMR sample. Though the water content contributed to the varia-
tion of the slope, the peptide concentration did not affect the slope of the line 
at concentrations of 0.7 mM and 6 mM. The diffusion coefficient for com-
pounds in DMSO in this study were determined for solutions with only 
traces of water, i.e. resulting in the slope 4×10-6.  
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Figure 24.  Slopes determined for a sample of neat DMSO-d6 (dashed line: 4×10-6) 
and after the addition of one drop of water (solid line: 3×10-6). For peptide solu-
tions with concentrations of 0.7 mM and 6 mM, the same slope as for neat DMSO-d6  
(4×10-6) was obtained. 

 
Peptides 28 and 30 have the same molecular weight but different diffu-

sion coefficients (Table 5), which suggests that they exist in different con-
formations. The two photoisomers of the peptidomimetic 32 showed differ-
ent diffusion coefficients. The lower diffusion coefficient was obtained for 
the Z isomer of 32, indicating that it had a higher hairpin content than its E 
isomer; the lower diffusion coefficient of the former is probably due to oli-
gomerization.85 The diffusion coefficient for peptidomimetic 33 with the 
thioaurone moiety did not vary significantly between isomers, whereas its 
stilbene congeners 34 showed larger differences. Thus, it is interesting to 
note that according to diffusion studies, the more rigid thioaurone switch 
causes conformational changes to a lesser extent than the more flexible stil-
bene switch. The cyclic peptidomimetics, however, have larger diffusion 
coefficients than the acyclic compounds, probably due to their more compact 
conformations and a lesser extent of solvation.  
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Table 5.  Diffusion coefficients (DMSO solutions) for the compounds in this work. 
Compound M [g mol-1] D [cm2 s-1] 

28 1122   9 ×10-7 

29 1246 E:  7 ×10-7 
Z:  7 ×10-7 

30 1122   1.9 ×10-6 

31 964   2.4 ×10-6 

32 1713 E: 9.7 ×10-7 
Z: 7.7 ×10-7 

33 1383 E: 1.4 ×10-6 
Z: 1.3 ×10-6 

34 1255 E: 1.4 ×10-6 
Z: 1.8 ×10-6 

 

4.2.3 Conformational Analysis by CD Spectroscopy 

 
Peptide 28 indicates a β-hairpin conformation, whereas its congener 30 

with the inversed turn sequence, gives rise to a CD spectrum with a mini-
mum at 204 nm, similar to a random coil conformation. The spectrum for 31 
resembled the one for 30, but had an additional shoulder at 210-230 nm. The 
typical spectrum for a Trp-zipper could be seen for both photoisomers of 33 
(Figure 25).12,83 Interactions between the aromatic Trp side chains can be 
distinguished from the typical β-hairpin CD pattern by the intense bands at 
215 nm and 229 nm.  
Spectrum of the Z isomer (solid line, Figure 25, top) indicates a more pro-
nounced β-hairpin conformation than the E isomer (dashed line, Figure 25, 
top). According to previous reasoning,83 the amount of hairpin conformation 
can be estimated by comparing the CD spectrum with the work of Cochran 
et al.12 Based on this line of argument, the Z isomer of peptidomimetic 32 
shows a β-hairpin content of 40%, whereas the E isomer has a lower β-
hairpin content of 24%. These isomers were examined at different tempera-
tures to produce the profile shown at the bottom of Figure 25, which indi-
cates that thermal unfolding occurs at ~28 �C.  
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Figure 25. Top: The CD spectrum of peptidomimetic 32 (methanol solution, 0.25 
mM, 25 �C). Bottom: Thermal unfolding of the β-hairpin conformation: Z-32 (solid, 
photostationary mixture containing 24% E isomer), E-32 (dashed). 

 
Analysis of compounds 28 and Z-34 indicated hairpin conformation, 

whereas peptidomimetics 29 and E-34 lacked such patterns in their CD spec-
tra. In accordance with the NMR analysis, no hairpin conformation was indi-
cated when the CD spectrum of the cyclic peptidomimetic 33 was compared 
to the one reported for Z-34.56 

4.2.4 Conclusions and Outlook 

 
We have shown that the stilbene switch can facilitate considerable hairpin 

content in its Z isomer, but disrupts this conformation in its E isomer. Al-
though the Z isomer of this switch cannot induce a beta turn, it still can up-
hold the hairpin conformation generated by the Trp-zipper motif. At the 
same time, its E isomer has the ability to disrupt this hairpin conformation to 
some extent. However, because the Z isomer of stilbene cannot induce hair-
pins itself, it is dependent on other components (e.g., Trp-zippers, DPro-Gly) 
in a peptide to form this secondary structure. Thus the flexibility of this 
switch, which was initially expected to be a drawback, has proven to be its 
main strength for maintaining secondary structure imposed by the peptide. In 
conclusion, as an alternative of developing photoswitches with motif-
inducing properties, one can employ a more flexible switch to be incorpo-
rated into peptides with inherent secondary-motif-supporting features. 
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4.3 Controlling the Physiological Activity of Peptides 
by Photoisomerization (Papers III and IV) 

4.3.1 A Designed Photoswitchable Polypeptide Catalyst (Paper 
III) 

 
The polypeptide SA-42 contains 42 amino acids and is designed to gener-

ate a helix-loop-helix conformation that dimerizes to a four-helix bundle.86 It 
is composed of two amphiphilic helices and has one hydrophobic side that 
facilitates the interactions necessary for folding of the peptide, as well as one 
hydrophilic side. The amino acids in the helical part of the peptide strand are 
chosen to have high preference for helix formation (i.e., Ala), whereas the 
loop segment contains amino acids with a loop-inducing preference (i.e., 
Gly, Pro, Val). The purpose of the peptide is to serve as a template for the 
design of catalytically active polypeptides.  

A common way of illustrating helical structures is through the use of heli-
cal wheels and heptad repeat patterns (a-b-c-d-e-f-g)n, as shown in Figure 26. 
In the case of a helix-loop-helix dimer, the a and d positions form a hydro-
phobic core, whereas the b and e positions are in the dimer interphase and 
control the dimerization. Positions c, f and g are exposed to the solvent. CD 
spectroscopy, NMR spectroscopy and analytical centrifugation have previ-
ously been used to show that the dimerization of the polypeptide takes place 
in an antiparallel, four-helix-bundle fashion,86,87 as illustrated in Figure 26. 
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Figure 26. Schematic antiparallel orientation of a helix-loop-helix (left). Helical 
wheel presentation of the helix-loop-helix dimer (right). Helices I and II and I’ and 
II’, respectively are connected by short loops (not visualized in this schematic pic-
ture). The direction of helix I is into the plane and II is out of the plane, whereas the 
opposite is true for helices I’ and II’. 
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4.4.1.1 Modified Design for the Regulation of Ester Hydrolysis 
 

The HN1 peptide 35 (Figure 27) is based on the SA-42 template and has 
earlier been reported to catalyze the hydrolysis of an RNA mimic.88 The 
spatial proximity of the two helical segments is important for the enzymatic 
function of this artificial hydrolase via general-acid/general-base catalysis, 
although the individual roles of the residues are not fully elaborated.  

 

helical segments

Ac-N-A-A-D-Nle-E-A-A-I-K-H-L-A-R-R-Nle-A-A-K

G
P
V
D

H2N-G-A-R-A-F-A-E-F-R-R-A-L-H-E-A-Nle-Q-A-A

1 11

3042

HN1

35

36

Ac-N-A-A-D-Nle-E-A-A-I-K-H-L-A-R-R-Nle-A-A-K

H2N-G-A-R-A-F-A-E-F-R-R-A-L-H-E-A-Nle-Q-A-A

1 11

2739

JM1

 

Figure 27. Schematic picture of the polypeptide HN1 (35, top) with two His residues 
(His-11 and His-30). A photomodulable derivative 36 of the peptide is obtained by 
substituting the G-P-V-D region with a stilbene derivative (bottom). 

 

The closeness of several His residues is, however, thought to play an impor-
tant role for the catalytic activity. Amongst natural amino acids, His is one of 
the most appropriate to use for catalyzing hydrolysis.89 The pKa of the imi-
dazole side chain is 6.4 in a random coil, and the moiety can accomplish 
general acid, general base and nucleophilic catalysis around pH 7. The ca-
talysis normally takes place in a cooperative fashion, with several active 
residues in the peptide working together.  

 
By introducing a molecular switch in the loop region of the polypeptide, it 

might be possible to regulate the catalytic propensity for ester hydrolysis. To 
facilitate the catalysis, His residues from two molecules, forming a dimer, 
need to cooperate. Isomerizing the system might change the conformation of 
the peptide and aggravate the dimer formation, as shown in Figure 28.  
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Figure 28. Schematic representation of the photoisomerization of the polypeptide 
with a switch in the loop region.  

 

In this work, the Gly-Pro-Val-Asp turn region was replaced with the stil-
bene switch, generating peptide JM1 (36, Figure 27). As we described in 
Paper II, the inherent conformational flexibility of the applied stilbene 
switch encompassing ethyl linkers allows a stilbene modified peptidomi-
metic to adapt to a secondary structure of a peptide, in which the cis-stilbene 
acts as turn mimetic, in particular if the rest of the peptide sequence has 
preferences for a certain secondary structure (e.g., antiparallel four-helix-
bundles). The stilbene moiety could easily be incorporated into the backbone 
of this large peptide sequence by SPPS. The first helical segment of the pep-
tide was synthesized using a peptide synthesizer, and this was followed by 
manual coupling of the stilbene and the next two amino acids before automa-
tized completion of the remainder of the helical segment. 

We also investigated a peptide with the para-substituted-thioaurone 
amino acid derivative 26 instead of the stilbene switch. Although the synthe-
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sis of this peptidomimetic was successful according to HPLC and MALDI-
TOF MS, it did not survive subsequent purification. Intramolecular attack of 
the thioaurone by nucleophilic groups in the peptide sequence is a likely 
cause of this decomposition. 

 

4.3.1.2 Evaluation of the Effect of Photoisomerization  
 

Analytical HPLC indicated a cis:trans ratio of 1:9 for the synthesized 
peptidomimetic 36, also supported by the 1H NMR spectrum. Irradiation at 
300 nm resulted in an 8:2 cis:trans ratio. The mixture of the isomers was 
used for consecutive analysis. 

CD spectroscopy was performed for solutions with a range of concentra-
tions of the peptidomimetic 36. The measurements revealed a high helical 
content for both photoisomers, with no significant differences between them. 
Interestingly, the JM1 peptidomimetic (36) had a higher helical content than 
its ancestor, the HN1 (35) peptide.  

 
Gräslund et al. demonstrated that translational diffusion coefficients, de-

termined by PFG-NMR experiments, provide information on the molecular 
weight of peptides and their aggregating states in solution.90 Knowing the 
isomeric ratios in the NMR samples, we extracted these parameters, which 
are presented in Table 6. The substantial difference between the diffusion 
coefficients for trans-JM1 (trans-36) and cis-JM1 (cis-36) is unlikely to 
originate in an alteration of the peptidomimetic secondary structure, as illus-
trated in Figure 28. Instead, this difference is most likely caused by a change 
in the peptide tertiary structure, i.e., from a monomeric (trans-JM1) to a 
dimeric (cis-JM1) aggregation state. In Gräslund’s model, the relationship 
between the diffusion coefficient and the molecular weight of peptides is 
consistent for a spherical molecular shape. The calculated diffusion coeffi-
cients for the photoisomers of JM1 (36), are surprisingly similar to the ex-
perimental values. This suggests that trans-JM1 (36) exists predominantly as 
a monomer, whereas the cis isomer of JM1 (36) dimerizes. To support this 
interpretation, the diffusion coefficient for HN1 (35) was determined, and 
indicated that the peptide was dimeric, as reported by Baltzer et al.88 Fur-
thermore, when HN1 (35) was dissolved in D2O:CD3CN (65:35 vol %), 
which is known to suppress peptide aggregation,91 its diffusion coefficient  
was consistent with that calculated for the monomeric peptide.  
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Table 6. Observed (Dobs.) and calculated (Dcalc.) diffusion coefficients.  

Peptide Solvent M  
[g mol-1] 

Dobs. 1010
 

[m2 s-1] 
Dcalc. 1010

 

[m2 s-1]*  

HN1 (35) (dimer) D2O 9018 1.14 1.10 

HN1 (35) (mono-

mer) 

D2O:CD3CN 

(65:35) 

4509 1.48 1.50 

trans-JM1 (36) 

(monomer) 

D2O 4416 1.58 1.51 

cis-JM1 (36) 

(dimer) 

D2O 8832 1.03 1.11 

* See ref. 90 
 
The hydrolysis of para-nitrophenylacetate was used to evaluate the en-

zymatic performance of the peptidomimetics. Hydrolysis rates were deter-
mined from the absorbance change of the para-nitrophenol hydrolysis prod-
uct. The second-order rate constant k2 was obtained by linear regression of a 
plot of the observed hydrolysis rate (vobs), measured at three different con-
centrations of the catalyst, versus the catalyst concentration. For comparison, 
a reference peptide HN1-ref (37), in which the His residues of 36 are re-
placed with Ala, was included in this study, Table 7. 

 

Table 7. Second-order rate constants for the peptides HN1 (35), JM1 (36) and a 
peptide sequence without His, HN1-ref (37). The k2

rel is obtained by normalizing the 
rate constants to the rate constant of the HN1 (35) peptide.    

Peptide k2 [M-1s-1] k2 (pept) / k2 (HN1)= k2
rel 

HN1 (35) 0.049 1.00 

trans-JM1 (36) 0.043 0.88 

cis-JM1 (36) 0.061 1.25 

HN1-ref (37) 0.004 0.07 

 
As expected, the HN1-ref peptide (37) showed only negligible activity 

(k2
rel= 0.07). Its small residual effect (i.e. k2

rel 0) can be attributed to secon-
dary effects, such as the stabilization of the transition state by the positively 
charged Arg in the sequence.92 trans-JM1 showed a significantly lower value 
of k2

rel (0.88) than observed for cis-JM1, (k2
rel= 1.25), which suggests that 

the His residues are situated in a less favourable position in the trans-isomer. 
Interestingly, cis-JM1 had a higher k2

rel value than the HN1 (35) reference 
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peptide, which may be due to a more appropriate loop geometry of the for-
mer. Apparently, the cis-stilbene in the loop region provides a more favour-
able arrangement of the helical peptide segments than the G-P-V-D loop in 
the original HN1 (35) peptide. An even more important observation from our 
study is that the cis isomer seems to favour the dimerization of the pepti-
domimetic, which previously has been reported to be a precondition for its 
catalytic activity. In addition, our diffusion experiments showed that trans-
JM1 appears to exist as a monomer while retaining its high helical content, 
in contrast to monomers without the stilbene motif.86 

 

4.3.1.3 Conclusions and Outlook 
 

In this study, we have shown that a stilbene amino acid analogue is a suit-
able replacement for the loop region of a catalytically active peptide. The 
hydrolysis activity was not only retained in the trans isomer of the pepti-
domimetic, but slightly improved. Photoisomerization resulted in an im-
proved catalytic activity; i.e., a 42% higher rate constant was measured for 
the cis isomer. Therefore, we conclude that the distances between the helical 
segments in our peptidomimetic are more (cis isomer) or less (trans isomer) 
optimal for catalytic activity than those in the original HN1 peptide (35). 
Furthermore, and more remarkably, the stilbene unit constituted a tertiary 
structure switch. Thus, consistent with the results from the studies of smaller 
peptidomimetics (cf. 4.3), the stilbene switch, despite its flexibility, provides 
a viable tool for photomodulation of the functionality of a bio-catalyst of 
considerably larger molecular size. More drastic effects of the photoisomeri-
zation might be obtained by the development of more rigid switches, but 
these would have to meet the requirements of chemical stability as well as 
optimized adaption to the peptide structure. 

 
 

4.3.2 Photoswitchable Peptidomimetics for the Inhibition of 
Mycobacterium tuberculosis Ribonucleotide Reductase (Paper 
IV) 

 
The enzyme ribonucleotide reductase (RNR) is important for the synthe-

sis of DNA, being involved in the reduction of ribonucleotides to the corre-
sponding deoxyribonucleotides.93 RNR is a tetrameric enzyme composed of 
two homodimeric proteins, R1 and R2. The larger R1 units are normally 
binding sites for substrates and allosteric effectors (i.e. ATP). The smaller 
R2 units are involved in catalysis via their intrinsic tyrosine-centered radical, 
which is situated in a hydrophobic environment close to an iron dimer. The 
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different subunits can act cooperatively via an electron transfer between the 
radical in R2 and the active site in R1.94 Strategies for the inhibition of RNR 
are relevant to the development of new anticancer-, antiviral-95,96 and antitu-
bercular agents.97 One of the strategies involved is based on inhibition of the 
interactions between the R1 and R2 subunits.95 Short peptide sequences de-
rived from the C-terminal end of the R2 subunit (Figure 29) can compete for 
the binding of R2 to R1,98 consequently blocking the formation of the 
tetramer and inhibiting the activity of RNR.  
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   Figure 29. R2 C-terminal residue of Mycobacterium tuberculosis RNR. 
    

4.3.2.1 Design of Inhibitors 
 
The peptide sequence Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH (38) is a 

potent inhibitor of RNR and the amino acids Phe7 and Trp5 are particularly 
important for this inhibition.97 In an attempt to regulate the inhibiting effect 
by an external stimulus, we have incorporated a stilbene core derived from 
compound 19 at the N-terminus of this peptide. In this pilot study, we hy-
pothesized that photoisomerization to the cis-stilbene would change the con-
formation of the peptidomimetic, and thereby its affinity for the R1 binding 
site. Therefore, the N-terminal of the above peptide (i.e., 38) was prolonged 
with a meta-substituted stilbene moiety with a flexible CH2CH2 linker.  
The substituents (R1 in Figure 30) at the N-terminals of these peptidomimet-
ics were varied to test groups with different intramolecular interaction capa-
bilities, thus generating model compounds 39-41.  
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Figure 30. Photoswitchable peptidomimetic analogues, for the C-terminal of hep-
tapeptide R2. 

 

4.3.2.2 Evaluation of the Inhibitory Effect 
 

The inhibition potencies of peptidomimetics 39-41 were evaluated in a 
fluorescence polarization assay against a competitive binder derived from 
peptide 38. To this end, a fluorescent dansyl group was attached to the N-
terminal of heptapeptide 38 via a Gly-Ser-Gly linker. The screening of the 
compounds was performed on a plate reader, measuring the fluorescence of 
a mixture of R1, the dansylated heptapeptide, and one of the inhibitor pepti-
domimetics 39-41, as illustrated schematically in Figure 31. The value of 
50% displacement (DC50) of the fluorescent dansylated-heptapeptide was 
determined for each peptidomimetic from a plot of the degree of polarization 
against the logarithmic inhibitor concentration. 
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+ +

R1
Dansylated
RNR-R2 C-terminal

Fluorescence

Photoswitchable
peptidomimetic

Displacement causes
decrease of fluorescence 

Figure 31. The principle of the fluorescence polarization assay.  

 
The DC50-value of peptide 38 is listed in Table 8. The DC50-values of the 

cis isomers were obtained after correction for the actual cis content in their 
cis/trans photostationary mixtures, determined by 1H NMR spectroscopy. In 
agreement with our expectations, isomerization of peptidomimetics 40 and 
41 affected their inhibitory potencies, and all our photoswitchable com-
pounds were more potent than peptide 38.  

 

Table 8. Displacement inhibitory potency of peptide 38 and peptidomimetics 39-41. 

Peptide Inhibition 
DC50 (nM) 

38 8000±800 

trans-39 350±50 

cis-39 359±50 

trans-40 110±10 

cis-40 290±10 

trans-41 85±10 

cis-41 120±10 

The DC50 values for the cis isomers in this table are corrected for content of cis 
isomer in cis/trans photostationary mixtures. 

 
The inhibitory effect of peptidomimetic 39 was not changed upon isomeriza-
tion, which might be due to strong ionic interactions between the N-terminus 
and carboxy groups of the peptide side chains overpowering any conforma-
tional effects generated by the two photoisomers of the stilbene moiety. In 
contrast, weaker hydrogen bonding interactions betweeen the N-termini of 
40 and 41 and the same side chains allow for the conformational differences 
of their cis and trans isomers to show their influence. Here, the lower inhibi-
tory effects of the cis isomers might be due to poorer binding with the R1 
units because of the perturbed peptide conformation in the presence of in-
tramolecular interactions. However, the binding model of the peptidomimet-
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ics is not established yet, and further improvements would require their de-
tailed conformational investigation. 

4.3.2.3 Preliminary Calculations 
 

Model compounds of peptidomimetics 39-41, represented by Glu attached 
to the stilbene moiety, were subjected to a preliminary conformational analy-
sis. The two photoisomers of model compounds for 39 and 41 did not show 
any significant conformational differences. In contrast, the model compound 
for 40 exhibited more pronounced hydrogen bonding between the amide 
group at the N-terminus and the carbonyl oxygen on the Glu amino acid in 
its cis isomer compared to the trans isomer (Figure 32). This fits with the 
larger inhibitory effect of 40 as compared to 39 and 41. 
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Figure 32. Low-energy conformations (�E<10 kJ/mol) of a model compound of 40, 
trans isomer (left) and cis isomer (right). All non-hydrogen atoms of each conforma-
tion have been superimposed on the lowest energy conformation of each isomer, 
respectively. The molecular structures of the model compounds are shown below the 
conformational overlays. 

4.3.2.4 Conclusion and Outlook 
 

Our preliminary studies showed promising results for further develop-
ment of these photoswitchable peptidomimetics for the inhibition of RNR. 
We were able to demonstrate that photoisomerization of peptidomimetics 
with a stilbene amino acid analogue attached to the N-terminus of the R2 C-
terminal substitute, indeed affected their inhibitory potency. The trans iso-
mers of two out of three examined peptidomimetics had better inhibition 
than their corresponding cis isomers, indicating better binding abilities to the 
R1 units. 

Further development of these peptidomimetics for the inhibition of RNR 
should involve a systematical change of the position of the stilbene unit in 
the heptapeptide sequence (i.e., 38). The length of the peptidomimetic might 
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also be shortened as the essential amino acids for the inhibitory effect are 
positioned closer to the C-terminal of the heptapeptide 38.  

4.4 Decomposition of Thioaurones During SPPS (Paper 
V) 
 

The requirements for photoswitchable compounds to be viable for use in 
peptidomimetics are numerous. A good photoswitchable compound should 
be stable under the conditions used for peptide synthesis. Its toxicity is also 
relevant for its potential application as an “on/off-switch” for a biologically 
active peptide. An absorption maximum at longer wavelengths would be an 
advantage, as this would reduce the loss of photoefficiency due to light scat-
tering in biological tissues. Conversely, absorption in the visible range of the 
electromagnetic spectrum is disadvantageous because it necessitates shield-
ing a potentially photoswitchable drug from daylight. Photostability might 
be of minor concern if a photoactivatable drug is to be delivered to a target 
tissue and then switched on (once!). Despite their absorption in the visible 
range, thioaurones have been proposed as attractive candidates for pho-
toswitchable peptidomimetics. In our attempts to incorporate the thioaurone 
moiety into peptides, we often noticed problems when trying to isolate the 
desired peptide directly after cleavage from the SPPS resin. 

Thioaurones have, for a long time, been used as dyes46 and have only re-
cently been shown to be cytotoxic.51,99 The chemistry of thioaurones has 
been examined less than their photochemical properties and, until now, there 
have only been speculative suggestions about their chemical instability.100  

Thioaurones are thia-analogues of aurones, where the oxygen atom has 
been replaced by sulphur. They are analogues of a diverse family of aromatic 
natural compounds called flavonoids (Figure 33). Flavonoids 
(2-phenylbenzofuranes) are derived from Phe and malonyl-coenzyme A 
(CoA) via the fatty acid pathway.101 

OOH

OH
OH

OH
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O

O

S

R1

R2

a b c  

Figure 33. Representative structures of a) a flavonol, b) a flavanone and c) thiain-
dene. 
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4.4.1 Deciphering the Thioaurone Decomposition  

 
All of our attempts to incorporate the thioaurone unit into peptides have 

been successful. However, after cleavage from the solid-phase, the charac-
teristic yellow colour of the chromophore usually faded. In order to investi-
gate the probable decomposition of thioaurones, model compound 42 a was 
treated with the cleavage mixture used in SPPS, i.e., 85% TFA in DCM with 
0.4% TES, as shown in Scheme 5. Following the reaction, two major com-
ponents could be isolated by HPLC: a reduced thiaindene compound (43 a) 
and a thioflavonol compound (44 a). The latter was formed from a dispro-
portionation of the thioaurone under reductive conditions, followed by rear-
rangement. No further attempts have been made to fully elucidate the 
mechanism for the thioflavonol formation. The thiaindene compounds are 
likely formed via an alcohol that is dehydrated under acidic conditions. 
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S

R R

S

OH

O

X

+

X
X

42 a-c 43 a, c 44 a-c

a, R=COOH, X=H
b, R=COOH, X=p-CH2NHBoc
c, R=CO-Ala, X=p-CH2NH-Val-OAc

CF3COOH

Et3SiH

Scheme 5. Decomposition of thioaurones with TFA and TES. 

The thioflavonol 44 a was recrystallized from DMF and examined by X-
ray crystallography, which established its identity and revealed hydrogen 
bonded dimers (Figure 34). The decomposition products were detected and 
identified using 1H NMR spectroscopy.  

 

 

Figure 34. X-ray structure of thioflavonol, revealing hydrogen bonded dimers with 
associated DMF molecules.  

The same mixture of thioaurone-decomposition products was observed 
when the Boc-protected thioaurone derivative 42 b was treated with the 
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cleavage mixture mentioned above. The reduced compound 43 b could not, 
however, be isolated. A linear tripeptide 42 c was synthesized and cleaved 
from the solid-phase; fading of the chromophore colour was again observed. 
Preparative HPLC showed a multitude of decomposition products, including 
some polymers. Some major peaks could nevertheless be distinguished in the 
UV chromatogram. Combining HPLC fractions allowed a thiaindene com-
pound (43 c) and a rearranged compound (44 c) to be isolated.  

The decomposition of thioaurones was studied in solutions containing 85-
99.5% TFA and 0.4-2.5% TES in DCM. The reactions were carried out at r.t. 
for 15-180 min. Thioaurone was surprisingly stable in 50% TFA in DCM for 
3 days; decomposition was observed only after the addition of a few drops of 
TES. The thiaindene compounds 43 a,c formed in yields of 8-88%, whereas 
thioflavonol derivatives accounted for 11-38%. Despite numerous attempts, 
no consistent patterns could be found in the amounts of decomposition prod-
ucts formed. 

4.4.2 Conclusions 

 
An explanation to the loss of the characteristic yellow colour of the thio-

aurone chromophore after cleavage from solid-phase during peptide synthe-
sis was rationalized. Treatment of model compounds with TES-containing 
TFA solutions resulted in decomposition of the thioaurones. Characterization 
of the decomposition material revealed the formation of reduced thiaindene 
and rearranged thioflavonol byproducts. Peptide synthesis with thioaurone 
derivatives can now be modified to avoid decompositions by, e.g., the use of 
scavengers other than silane derivatives. However, the obvious chemical 
instability of thioaurones that was also indicated in our study of β-hairpin-
inducing peptidomimetics (chapter 4.3) and artificial hydrolase (chapter 4.4) 
suggests that thioaurone is an inferior to azobenzene and stilbene derivatives 
as a chromophore in photoswitchable peptidomimetics. 
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5. Concluding Remarks 

In summary, the projects in this thesis stretch from the study of pho-
toswitchable moieties in model peptides to the regulation of physiologically 
active peptides. The main conclusions are: 

 
 Synthetic strategies towards conformation-directing properties of 

stilbene- and thioaurone-based photoswitches, aimed to be applied in 
photoswitchable peptidomimetics, have been investigated. The more 
flexible stilbene switch has proven more promising for further use in 
photoswitchable peptidomimetics than the more rigid thioaurone 
chromophore.  

 
 Studies of decapeptide analogues indicated that turn-inducing seg-

ments may be more essential than interchain hydrogen bonding. 
Moreover, the hydrophobic interactions in a tryptophan zipper were 
shown to contribute significantly to the formation of β-hairpins. 
When stilbene moieties are incorporated into such peptides, the Z 
isomer promotes a higher β-hairpin content than the E isomer. Simi-
lar peptidomimetics with thioaurone chromophores had lower β-
hairpin contents.   

 
 Incorporating a Z-stilbene moiety into the loop segment of an artifi-

cial hydrolase improved its catalytic properties as measured by the 
hydrolysis of an activated substrate. This is most likely due to better 
interhelical distances. Diffusion studies were used to examine the 
aggregation state of the peptidomimetic, and indicated that the Z 
isomer existed as a dimer, whereas the E isomer as a monomer.  

 
 Biological testing of stilbene substituted R2 C-terminal residue of 

Mycobacterium tuberculosis RNR revealed that the E-stilbene con-
taining compounds were better inhibitors of this enzyme than their Z 
isomers. 

 
 The decomposition of thioaurones in the presence of silane-based 

scavengers in acidic environment, as encountered during SPPS, has 
been mapped and the main products were determined to be a thiofla-
vonol moiety obtained by rearrangement and a reduced thiaindene 
moiety. 
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6. Summary in Swedish 

Organisk kemi är vetenskapen om kolföreningars kemi. Denna förklaring får 
man ofta när man slår upp begreppet, men inom organiska kemin finns en 
enorm diversitet på specialiseringar och inriktningar. Den inriktning som 
ligger till grund för denna avhandling sträcker sig lite över gränsen för orga-
nisk kemi och går in på områden som biokemi och läkemedelskemi.  
 

Den mänskliga kroppen består till stor del av peptider och proteiner. De 
byggstenar som i sin tur bygger upp dessa enheter är aminosyror. Aminosy-
ror är som små legobitar som kan byggas ihop i olika kombinationer, former 
och storlekar. En liten uppsättning av ihopbyggda aminosyror bildar en pep-
tid, medan större peptider bildar ett protein. Detta kan liknas vid storleksord-
ningen av ett legohus och en legoby. Peptider och proteiner är bla viktiga för 
uppbyggnaden av våra muskler, fungerar som hormoner och är involverade i 
processer i våra ögon som möjliggör vårt seende. Lite förenklat skulle man 
kunna säga att dessa molekyler har en central betydelse inom biokemi.  

 
Aminosyrorna i en peptid kan bytas ut mot andra byggstenar. Peptiden 

kan då få förändringar i egenskaper som dess utseende eller funktion. En 
sådan peptid kallas vanligtvis för ett peptidomimetikum, dvs en imitation av 
en peptid. Inom läkemedelskemin har man ofta målet att förbättra peptiders 
egenskaper genom att utveckla peptidomimetika. 

 
Efter att ha definierat dessa begrepp kan vi titta lite djupare på innehållet 

av denna avhandling. Huvudkonceptet här baserar sig på att göra peptido-
mimetika som innehåller en molekyl, som ändrar sin form med hjälp av ljus, 
en sk switch. Genom att belysa molekylen med ljus av olika våglängder kan 
man få den att växla mellan två olika lägen: en mer stängd form, en sk cis-
form och en öppen form, en sk trans-form. Om en sådan molekyl byggs in i 
en peptid, kan man generera formförändringar i peptiden genom att lysa på 
den. Framförallt är vi intresserade av en speciell form av peptider, nämligen 
beta-hårnålar. Dessa peptider, precis som deras namn antyder, har formen av 
en hårnål, dvs två raka enheter som binds samman av en böjd enhet. Genom 
att placera vår switch på den tänkta böjens plats är förhoppningen att man i 
den stängda formen kan få en hårnål, medan man i switchens öppna form 
förstör hårnålsformationen (figur 1). 
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Figur 1. Schematisk bild av peptider som isomeriseras av ljus med olika vågläng-
der. 

 
I avhandlingens första del tittar vi på effekten av två olika switchar på 

små, linjära peptider, för att sedan utöka studien med något större peptider. 
Våra switchar kan trots att de inte har den optimala geometrin av en böj, 
ändå upprätthålla formen av en hårnål när det finns andra hjälpande funktio-
naliteter som håller samman hårnålen.  

 
Den andra delen av avhandlingen bygger på att studera dessa typer av 

switchar i peptider med viss biologisk aktivitet. I ett av projekten handlar det 
om att hämma aktiviteten av enzymet RNR, som bland annat är involverad i 
uppbyggnaden av DNA. Genom att bygga in en switch i änden av en peptid, 
som är känd för att vara involverad i RNR:s enzymatiska process, kan man 
hämma processen genom bestrålning. 

Våra studier har visat att switchning även kan påverka större peptider. När 
switchen byggs in i mitten av en peptid, som är utvecklad för att katalysera 
en kemisk process, kan vi med hjälp av ljus kontrollera peptidens tredimen-
sionella struktur och därmed dess katalytiska effekt. 

 
Sista projektet i denna avhandling har givit svar på många frågor, då vi 

klarlagt hur en av våra switchar sönderfaller under de reaktionsbetingelser 
som råder vid framställningen av peptider.  
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