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Chapter 1
Photo-responsive peptides
The incorporation of optical switches in bio-macromolecules allows the non-invasive
regulation of structure and function. In this chapter, the structure and the light
responsiveness of photoswitchable molecules that can be inserted in peptides and
protein are described, together with different strategies to incorporate the
photoswitchable moiety and control function. Various examples of photoswitchable
peptides and proteins are highlighted. Particular attention is given to specific
peptide secondary structures, including photosensitive β-hairpins and zinc-fingers.

Chapter 1

1.1 Introduction
The control of biological processes has always been a challenge for chemists and
biochemists. The ability to interfere with a specific biological function helps scientists
to achieve better understanding of the process itself. Especially if the process is
associated with pathology, it might be possible to gain new insights in the
development of diseases and eventually to discover new drugs and arrive at novel
treatments.1 Furthermore, this approach might lead to the development of new
applications for the studied biological system. For example, the control of the
aggregation properties of amyloid peptides may lead to the discovery of new
biomaterials in which one can control the stiffness with light.
The control of biosystems can be achieved using different external stimuli,1 e.g.
temperature,2 pH3 and redox potential.4 Lately, light has been preferred over other
stimuli due to numerous advantages.5 Light is not invasive and bioorthogonal: it does
not interfere with almost any biological function. The use of light usually doesn’t lead
to contamination, except when there is photodegradation. Finally, it can be delivered
with high spatial and temporal precision to achieve control of function.
One of the key strategies for externally controlling biosystems is the use of
molecular photoswitches, which can be interconverted between two forms by light
irradiation.
In this chapter we describe strategies/methodologies how photoswitches can be
inserted in peptides and which processes can be controlled in this way.

1.2 Methodological approaches to inserting photoswitches into
peptides
In the past twenty years, many examples of photoswitchable peptides have been
reported. The insertion of photoswitches into peptides has been proven to be a
powerful tool to control the secondary structure, which is strictly associated with the
function of the peptide. The photoswitches that have been used for this purpose are
azobenzenes,6 stilbenes7 and diarylethenes (Figure 1).8
Azobenzenes are the most widely used switches in peptide photocontrol, because
of the relatively easy synthesis and extensive data on the photochemical properties.9
In fact, the relationship between the nature of the substituents at the aromatic rings
and the photochemical behavior has been well studied.10 Importantly, by using pushpull azobenzene11 or by introducing four substituents into the ortho positions with
respect to the diazo group,12 it is possible to obtain azobenzenes that are switchable
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with visible light,13 taking advantage of reduced toxicity and higher penetration depth
as compared to UV light.

Figure 1: Photoswitches used in light-responsive peptides.

The methodologies to insert photoswitches into peptides are based on the
following four approaches.
1- Insertion of a photoswitch into the peptide backbone (Figure 2). The
photoswitch is part of the peptide backbone, therefore the photoisomerisation
influences the secondary structure. Photoswitches with both an amine and a
carboxylic acid functionality have been developed to be applied in solid phase
peptide synthesis.14 This approach has been used, for example, to substitute
the amino acids that are forming the turn in the β-sheet (Figure 2a).15 In this
case the photoswitch has the ability to bring apart the two β-strands. The
photoswitch can be inserted, as well, in the β-strand16 (Figure 2b) or in cyclic
peptides (Figure 2c).17
2- Modification of an amino acid side chain with a photoswitch (Figure 3). This
approach consists of introducing the photoswitch into the side chain of an
amino acid.18 This methodology was used so far only for azobenzene
switches.18 There are different ways to obtain a peptide containing an
azobenzene in a side chain of an amino acid. It is possible to use non-natural
amino acids that already contain an azobenzene, e.g. phenylazophenylalanine18a-e or its derivatives (Figure 3, molecules 1-4), some of which
can further react with other functionalities in the peptide (see 4th approach).
These amino acids have been genetically encoded, using the nonsense
suppression method of Schultz,19 therefore it is possible to use them also in
biosynthesized proteins. The alternative is to synthesize the entire peptide and
connect the azobenzene using reactive groups in natural amino acids, e.g.
glutamic acid,20 or introducing an azidohomoalanine21 (Figure 3, molecule 5) in
3
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a sequence, which involves a copper-catalyzed cycloaddition (CuCCA) reaction
or Staudinger-Bertozzi ligation with the desired photoswitch.

Figure 2: Insertion of a photoswitch into the backbone of a peptide, exemplified by the
photocontrol of beta-sheet secondary structure. a) The photoswitch substitutes the amino
acids that are forming the turn in the β-sheet. b) The photoswitch substitutes the β-strand. c)
The photoswitch is inserted in cyclic peptides.

Figure 3: Insertion of a photoswitch into the side chain of an amino acid.

4
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3- Cross-linking two cysteines with a photoswitch (Figure 4). Woolley and
coworkers9,22 used azobenzene as photoswitchable unit to connect two side
chains of different amino acids in a peptide (Figure 4). This methodology
permits external control of the secondary structure. Practically, the irradiation
changes the distance between the two cross-linked cysteines and, therefore, it
affects the secondary structure. This approach has been successfully used for
-helical peptides. The choice of the position of the two cross-linked cysteines
in the sequence of the peptide is important: depending of the length of the
switch in the different isomers, it is possible to decide the positions of the two
cysteines in the peptide sequence that favors the unfolded or folded structure
preferentially in presence of one or the other isomers of the photoswitch. For
example,
when
the
azobenzene
3,3’-bis(sulfonato)-4,4’-bis23
chloroacetamide)azobenzene (BSBCA) (Figure 4) is used to cross-link two Cys
with a distance i,i+7 in a peptide, the trans-form of the peptide will have an
unfolded structure and the cis-isomer will have an -helical structure. If BSBCA
is used to cross-link two Cys with a distance i,i+11 in a peptide, the trans-form
of the peptide will have an -helical structure and the cis-isomer will not.
Recently, an analysis of the effects of the photoswitchable cross-linker position
on the degree of photocontrol was conducted. The more efficient control is
achieved when BSBCA is cross-linked to a region with high propensity to adopt
an -helix.24 Interestingly, in this case, the BSBCA promotes the formation of helix conformation in segments that are located in N-to-C direction.24

Figure 4: Cross-linking two cysteines, present in the sequence of the peptide, with a
photoswitch.

5
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4- Photoswitchable click amino acids (PSCaa) (Figure 5).25 This methodology was
introduced by Hoppmann25 et al. and it is, practically, a combination of
approaches 2 and 3: the idea is to insert in the sequence of the peptide an
amino acid that has an azobenzene unit in the side chain. This azobenzene is
modified to have a click functionality, like an alkene that can react with a thiol
group of a Cys.25 This yields a bridged photoswitchable linker. The photoswitch
reacts in the cis-form, regardless if the Cys is in i,i+4 or i,i+7 distance. The click
reaction occurs preferentially with Cys in i,i+4 distance if a solvent that
promotes -helix formation, is used.25

Figure 5: Incorporation of a photoswitchable amino acid into a peptide sequence and crosslinking of the photoswitch to another side chain of one amino acid in the sequence of the
peptide, as proposed by Hoppmann et al.

25

1.3 New properties of photoswitchable peptides and their
applications
1.3.1 Optimization of the design of photoswitchable peptides
Recently, considerable effort has been made to resolve problems connected to
design and application of photoswitchable peptides.
1.3.1.1 Towards the use of visible light for the photoswitching
The first issue was related to the use of UV light to promote photoisomerization
between the different isomers of the photoswitch. It has been shown that UV light is
carcinogenic,26 cause mutation27 and can induce cell apoptosis.28 Therefore, the groups
of Temps12a and Woolley12b explored the use of recently-introduced photosensitive
units or modified azobenzenes to achieve photocontrol using visible light. A
benzylidene-pyrroline chromophore 629 (Figure 6a) has been used as a cross-linker (i,
i+11) (Figure 6a) to control the -helix content of the model peptide SS11 by light
(Figure 6a). The E isomer permits the formation of the -helix, whereas the Z isomer is
too short to permit the formation of the secondary structure. The wavelengths used to
achieve the photostationary states are 400 nm and 446 nm, leading to 7/93 E/Z and
78/22 E/Z isomer ratio’s, respectively.29 One of the problems, related to this system
6
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and others, is that there is overlap of the two absorption bands related to the two
isomers, therefore complete photoswitching is not possible.
A different switch, compound 8 (Figure 6b), shows a better separation of the
absorption bands of the two isomers. A new bridged azobenzene 730 (Figure 6b),
derived from compound 8,31 was synthesized and used for cross-linking peptide FK-11,
which is a peptide adopting an -helical structure (Figure 6b).30

Figure 6: Cross-linker photoswitches sensitive to visible light. a) The benzylidene-pyrroline
29
chromophore 6 used to cross-link peptide SS11. b) The bridged azobenzene 7, derived from
compound 8, used to cross-link peptide FK-11.

30

The trans-isomer of the C2-bridged azobenzene 7 is less stable than the cis-isomer, and
the n-* absorption bands of the two isomers are separated by 85 nm. As a
consequence, this photoswitch permits complete photoswitching using violet and
green light to achieve control of the -helix secondary structure.30
Other azobenzenes, introduced by the group of Aprahamian,32 Hecht33 and
Woolley,34 exhibit visible light switching properties. These molecules are, respectively,
BF2-coordinated azobenzenes, tetra-ortho-chloro-substituted and tetra-orthomethoxy-substituted azobenzenes. Woolley and coworkers cross-linked the peptide
FK11 and analogues with tetra-ortho-substituted azobenzenes and they achieved
control over the peptide secondary structure using red light.34 The tetra-ortho-chlorosubstituted switch 9 was cross-linked to the synthetic peptide D(Pro)9-FK-11
modified with fluorescein (Figure 7).34 Fluorescein has an emission spectrum that
overlaps to a different extent with the n-π* bands of cis and trans isomers, therefore
the two isomers can quench differently the fluorescence of fluorescein by FRET
7
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(fluorescence resonance energy transfer). The photoswitchable peptide was
microinjected into zebrafish embryos and by observing changes in fluorescence
intensity it was possible to follow the photoswitching process induced by red light
irradiation inside the living animal body.34
b

cc

Figure 7: Photoswitchable peptide microinjected into zebrafish embryos. a) The tetra-orthochloro-substituted switch 9 cross-linked to the synthetic peptide D(Pro)9-FK-11 modified with
34
fluorescein. b) Fluorescence image of a zebrafish embryo (early pharyngula stage/∼30 hpf)
containing the peptide cross-linked with 9. c) Measurements of fluorescence intensity at the
zones indicated by black boxes in (b) as a function of time during blue light irradiation. A
change in fluorescence emission was seen only if the peptide was first switched with red light
(indicated by red bars). The figure was adapted with permission from 34. Copyright (2013)
American Chemical Society.

1.3.1.2 Instability of azobenzenes under reducing conditions
Another important aspect of azobenzene photoswitches is their potential instability
under reducing conditions: in particular, in cellular environment, azobenzenes may
undergo reduction by intracellular glutathione or, if they are used in peptide ligation
5
method, thiols may provoke the reduction. a,35 It has been demonstrated that tetraortho-fluoro-substituted azobenzenes are less prone to give the reduced product in
presence of glutathione, with respect to the tetra-ortho-methoxy-substituted one.34
The mechanism of the reduction, presented initially by Kosower36 is a two-step
process, involving a nucleophilic attack of the thiol(ate) on the diazo bond to form an
adduct hydrazo compound. The tetra-ortho-methoxy-substituted azobenzene should
be much more stable due to the electron-donating properties of methoxy groups.
However, four methoxy groups enhance the Bronsted basicity of the diazo moiety so
that it gets protonated under physiological conditions. This makes it more electrophilic
and prone to undergo the reaction with glutathione more easily for tetra-orthomethoxy-substituted azobenzenes than for the tetra-ortho-fluoro-substituted one.
When azobenzenes are used as building blocks for solid phase peptide synthesis
and chemical ligation methods are used, 4,4’-AMPB ((aminomethylphenylazo)benzoic
acid) derivatives are less stable than the 3,4’-AMPB compounds under reducing
condition of native chemical ligation (Figure 8).37
8
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Figure 8: Reduction of the photoswitches 4,4’-AMPB and 3,4’-AMPB that occurs during the
37
chemical ligation in peptide synthesis.

1.3.1.3 Improvements in the design of the photoswitchable peptides
Peptides are involved in many biological processes e.g. in protein-protein
interaction, or in peptide-protein interaction, or as antibiotics. One of the issues of the
developing of photoswitchable peptide ligands is the design of the photoactive
system. Nowadays, the structure-guided approach is the most common: the switch is
inserted or substitutes the part of the peptide that is involved in the function. Lately,
the groups of Ito,38 Derda39 and Heinis40 have proposed a different, directed evolution
strategy to optimize the structure of peptide-switch conjugate for efficient
photocontrol of biological process. Towards this goal, the photoswitchable molecules
are introduced into the encoded peptides via phage display facilitating the selection of
photoresponsive peptides. These approaches might improve the choice and selection
of photoswitchable peptide ligand. The phage display41 is a technique that permits to
identify peptides that can interact with a target (DNA, protein, peptide). A phage is a
virus that contains the gene of the peptides that are displayed on the virus surface.
These displaying phages can then be screened against other proteins, peptides or DNA
sequences, in order to detect interaction. Derda39 described a method that relies on
cyclization of phage-encoded peptides with the sequence ACX7CG and
functionalization with azobenzenes. It was found that photoswitchable peptides bind
streptavidin in the trans-form and 4.5-fold less effective in the cis-form. Heinis40 also
used the phage display to select BSBBA-cross-linked peptides CX7C that bind to
streptavidin in cis-form and are inactive in the trans-form (Figure 9). This selection was
achieved by adding, in the process of phage display, a stage of depletion of transbinders, followed by irradiation of the remaining phages and incubation with
streptavidin beads (Figure 9). This approach yields a library of synthetic
photoswitchable binders, which are inactive in the more thermodynamically stable
state and can be activated by irradiation.

9
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40

Figure 9: Phage selection of light-activated peptide ligands. The phage-encoded peptides are
modified with the photoswitch. The photoswitchable peptides that bind streptavidin in the
trans-form are depleted and the remaining peptides are irradiated to give the cis-form. The
photoswitchable peptides that bind streptavidin in cis-form and not in the trans-form are,
therefore, identified. The figure was adapted with permission from ref 40. Copyright (2014)
American Chemical Society.

1.3.2 Applications of photoswitchable peptides
The modification of peptides with photoswitchable molecules can be used to
externally-control different biological functions. Here we report recent examples of
photoswitchable peptides used for various applications, including cell signaling,
control of secondary structure, self-assembly and cell-surfaces adhesion.
1.3.2.1 Photoswitchable peptides for DNA binding and protein-protein interaction
The cross-linking approach (Figure 4) was extended to the use of diarylethene
switches by the group of Inouye.42 -Helical peptides that bind to DNA have been
modified with succinimidyl-diarylethene using ornithine residues as a cross-linking
site. The positions of the ornithine determine whether the system works in a on/off or
off/on manner.
Following the same approach to interfere with the -helix structure of peptides,
Nevola et al.43 synthesized an azobenzene(BSBCA)-cross-linked peptide (Figure 10a,b)
which binds AP2. This is one of the protein complexes that are involved in clathrinmediated endocytosis (CME) in living cells. This process is related to many different
functions, including the uptake of nutrients, cell signaling and surface expression of
proteins.44 Two photosensitive peptides have been identified to have opposite effects:
TL-1 is an active inhibitor in the trans-form and TL-2 in the cis-form. This effect has also
been shown in living cells, by following the uptake of the transferrin receptor (Figure
10d). The transferrin receptor is one of the cell-surface transmembrane proteins that
undergo CME. When it is uptaken to the cell, cells internalize fluorescent transferrin
10
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(Figure 10d, top); if the cells are pre-incubated with TL-1, the CME is inhibited and the
fluorescence transferrin remains on the membrane (Figure 10d, bottom). This
mechanism is affected in the opposite way using TL-2.

d

a TL1 = DDDCVFEDFARQRLCGMKDD
TL2 = DDDIVFECFARQRLCGMKDD
b

c

Figure 10: a) Sequences of peptides TL1 and TL2. b) Representation of the AP2 in grey and
photoswitchable peptide inhibitors displaying key interacting residues in red, when the
azobenzene crosslinker is attached to at positions i and i+11. c) Representation of the AP2 in
gray and photoswitchable peptide inhibitors displaying key interacting residues in red, when
the azobenzene crosslinker is cross-linked at positions i and i+7. d) Confocal microscopy (scale
bars, 10 mm), transferrin is diffused in untreated HeLa cells (top); transferrin is accumulated at
the membrane of cells incubated with TL-1 in the dark (bottom). Adapted with permission from
ref. 43. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

1.3.2.2 Photoswitchable peptides for nanotechnology
An example of an azobenzene-modified peptide that can be used in
nanotechnology, was presented by Tamaoki (Figure 11).45 This peptide was employed
to regulate the motility of a kinesin-microtubule.45 Kinesin46,47 is a motor protein48 that
moves along microtubules and can transport nanocargo’s.49,50 The process is possible
because kinesin transforms chemical bond energy (ATP) into mechanical work.
Recently, surfaces coated with kinesin motors are used to visualize the movement of
microtubules.51,52,53 These systems can be used to synthesize chips with controlled
composition and morphology at the nano-level.54 After many attempts51,55,56,57 at
achieving efficient external control over this system on the surface, Kumar et al.
introduced a method based on a photoswitchable peptide.45 Peptide 1 (Figure 11),58
derived from the C-terminus of kinesin, is a known inhibitor of kinesin. This peptide,
together with other similar ones (Figure 11), has been synthesized with an azobenzene
11
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in the N-terminus, and was added to the kinesin-functionalized chip.45 It was found
that the motility of microtubules can be effected by the presence of azo-peptides. The
trans isomer acts as inhibitor, therefore the kinesin motor doesn’t work and the
microtubule doesn’t move. On the other hand, the cis isomer is not active as an
inhibitor and the microtubules can move on the surface (Figure 11). Among the three
synthesized peptides, the best photocontrol can be achieved with peptide 2, which is
the one with the inverse sequence of the known inhibitor.

a

b

Figure 11: a) Sequences of peptides 1 and 2. b) Fluorescence images of the gliding motility of
microtubules on a kinesin-glass surface in presence of ATP and peptide 2. Images were taken
following the isomerization cycles of the azobenzene moiety. The figure was adapted with
permission from ref 45. Copyright (2014) American Chemical Society.

With this peptide at the concentration of 2 mM in trans state, the velocity of
microtubule is zero and in the cis form the velocity is up to 0.4 µm/s (micro), similar at
the velocity observed under the inhibitor-free conditions. This is the first example of
complete on-off switching of the motility of microtubules.
1.3.2.3 Photoswitchable peptides as antibiotics
Some peptides are active as antibacterial agents; therefore, the introduction of a
photoswitch could enable the photocontrol of their activity. The diarylethene switch
has been inserted in the backbone of the peptidic antibiotic Gramicidin S to control its
structure and activity with light (Figure 12).59 Gramicidin can permeabilize the
membranes of Gram-positive bacteria and kill them. A modified diarylethene switch
that can be used for solid phase peptide synthesis was used to replace three different
pairs of amino acids in the sequence. Molecular dynamic (MD) simulation revealed
that the analogues with the “open” form of the switch resemble much more the
conformation of the original gramicidin and that the “closed” form affects the
structure required for biological activity. The determination of minimal inhibitory
12
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concentration (MIC) confirmed the hypothesis and, within a certain range of
concentration, the effect on the bacterial growth could be visualized (Figure 12).

a

b

Figure 12: a) Gramicidin S (GS) and its photoresponsive analogues. b) Differences in the
antimicrobial activities, against S. xylosus, of the “closed” form, which is the background and
the “open” form, which is within the letters. Adapted with permission from ref. 59. Copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA.

1.3.2.4 Photoswitchable peptides for supramolecular assembly
Peptides that can self-assemble are well known and the process of the formation of
their supramolecular architectures is studied intensively.60 These peptides can be used
to synthesize new materials, to obtain delivery systems or simply to study the
formation of secondary and tertiary structures in proteins and enzymes. Therefore
attempts towards the external control of the self-assembled peptides have been
made.60 Here we report illustrative examples of external control of the higher-order
supramolecular structures formed by peptides.
Diphenylalanine is the shortest peptide that promotes self-assembly, due to the
possibility of - stacking. Two research groups have been inspired by this dipeptide
and the prospects of controlling its assembly with an azobenzene switch. Using a noncovalent approach, the group of Li mixed diphenylalanine with 4-[(4ethoxy)phenylazo]benzenesulfonic acid (Figure 13a)61 and they found that the trans
13
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form of the switch promotes interconnected, elongated nanoplates and helicalnanobelts (Figure 13b), while the cis form induces the formation of vesicle-like
structures (Figure 13c).61 The photoswitching and the connected structural changes
are reversible over many cycles.
b

e

all-trans-2

mixture of intermediates-2

c

all-cis-2

Figure 13: a) Structure of EPABS. b) TEM images of co-assembly of diphenylalanine peptide and
EPABS under visible light. c) TEM images of co-assembly of diphenylalanine peptide and EPABS
under UV light. d) Chemical structures of 1, 2, 3. e) TEM images of 2 showing the morphological
transition of this system in DMSO/H2O suspension. Adapted with permission from ref. 61 and
ref. 63. Copyright 2014 and 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

The group of Moretto synthesized a surrogate of the Fmoc-protected
diphenylalanine, which contains a bis[p-(phenylazo)benzyl]glycine (pazoDbg)62 instead
of phenylalanine unit (compound 1, Figure 13d).63 The trans isomer forms vesicles that
are disrupted upon irradiation. Then they increased the complexity of the system by
coupling three pazoDbg to 1,3,5-trichlorotriazine and four pazoDbg to pentaerythritol
(compounds 2, 3, Figure 13d).63 In both cases, the trans isomer forms spherical
14
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structures. Upon increasing the content of cis form by UV irradiation, the vesicles
deform to finally form fibers (Figure 13e).63
Using MD simulations, the group of Pellarin and Caflisch64 has identified the
smallest peptide that can give fibers similar to the one of amyloid aggregate.
a

cis isomer

trans isomer

b

c

Figure 14: The photoswitching behavior of cross-linked peptide. a) Structure of the peptide and
photocontrolled aggregation. b) A full scattering trajectory showing the initial lag-phase,
aggregation, and stable scattering maximum by 15 h and then four sequential photocontrolled
disassociation and aggregation events. Downward arrows represent UV irradiation and upward
arrows represent white light illumination. c) TEM image of amyloid-like fibrils formed by the
peptide in the trans conformation (left) and cis conformation (right). Adapted with permission
from 64. Copyright (2012) American Chemical Society.

In fact, the simulation revealed that the photoswitch permits cross-β contacts in the
peptide when the cross-linker was in the trans state, whereas in the cis state they selfassemble into amorphous aggregates (Figure 14a).A chosen peptide, Ac-Cys-His-GlyGln-Cys-Lys-NH2, cross-linked at the two Cys residues with azobenzene, has been
synthesized to verify the findings of the simulation. Indeed, the trans isomer induced
15

Chapter 1

the formation of fibers, while UV irradiation leads to disaggregation (Figure 14b,c). The
reversibility of the process was also proved, either with light scattering experiment
(Figure 14b), or by TEM microscopy (Figure 14c).
The group of Zhang65 attempted to use a peptide to interconvert between spherical
and fiber architectures. A symmetrical Gemini peptide, linked by an azobenzene unit
(Figure 15), was synthesized. This peptide adopts -helical structure and forms
different aggregates depending on the pH and the isomeric state of the azobenzene
moiety. In acid media, the switching process promotes a change in architecture
between nanofibers and nanospheres, whereas in basic media the switching
interconverts between nanospheres and vesicles.

a

e

Figure 15: a) Structure of symmetrical Gemini peptide linked by an azobenzene unit. b) Model
of the isomerization of the Gemini –helical peptide. c) Light-switched self-assembly behavior
of the Gemini –helical peptide in acid medium. d) Light-switched self-assembly behavior of
the Gemini –helical peptide in basic medium. e) TEM images of the system under acid or basic
media and different stages of irradiation. Reproduced with permission from ref. 65. Copyright
2013, The Royal Society of Chemistry.

1.4 Photoswitchable β-hairpins
-Hairpins are small secondary structure elements, which play a key role in many
biological processes: they are involved in protein-protein interactions,66 in
amyloidogenic diseases67 and they are believed to be the nucleation sites for protein
folding.68 They are formed by two strands connected by a turn region (Figure 16a). In
these strands, hydrophobic or highly branched amino acids are present, which interact
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with each other forming a hydrophobic cluster that stabilizes the structure of the hairpin (Figure 16a).
The control of the secondary structure of the -hairpin is possible by inserting a
photoswitchable unit in the backbone of the -hairpin.70-78 The photoswitches can be
inserted in the turn region (Figure 16b)70-73,75-78 or they can substitute the amino acids
responsible to form the hydrophobic cluster (Figure 16c).74 In both cases (Figure 16
b,c), only one isomer of the photoswitch favors the formation of the secondary
structure of the -hairpin, therefore by irradiation the -hairpin can be disassembled.

Figure 16: Secondary structure of -hairpins and the strategies used to modulate the secondary
structure by the insertion of photoswitches. a) Secondary structure of non-modified -hairpin.
b) Insertion of photoswitch into the turn region of the -hairpin. c) Insertion of photoswitch
into the hydrophobic cluster of the -hairpin.

Photoswitchable -hairpins, reported in literature, are mainly modified with an
azobenzene linker (Figure 17b, Table 1, Entry 3-11).73-78 There is only one report, to the
best of our knowledge, that describes -hairpins modified with a stilbene linker (Table
1, Entry 1,2).70 In this specific case, the stilbene occupies the turn region. The transisomer of the cyclic peptide (Table 1, Entry 2) adopts a disordered structure but the
cis-form behaves like a -hairpin.70 However, with each photoisomer, the acyclic
peptide (Table 1, Entry 1) forms a -hairpin.70
Azobenzene remains the most used switch for photocontrolling -hairpin. In
general, when the azobenzene occupies the turn-region, the cis-isomer can induce 17
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hairpin formation; on the other hand, the trans-azobenzene-modified peptide doesn’t
adopt a unique structure. The substitution of the amino acids with azobenzene
destabilizes the structure of the -hairpin. The groups of Hilvert71 and Renner72
reported the first examples of azobenzene-modified -hairpin peptide in the turnregion. Hilvert and co-workers used a peptide (Table 1, Entry 3), which was described
by Gellman and co-workers to be monomeric in aqueous solution.69

Entry

Sequence of-hairpin peptide

Ref.

1

(CH3CH2)2CH2CH2CO-Leu-Ala-Thr-Thr-stilbene-Ile-Val-Leu-Leu-NH2
D

70

2

c-(-Leu-Ala-Thr-Thr-stilbene-Ile-Val-Leu-Leu- Pro-Gly-)

70

3

H-Arg-Trp-Gln-Tyr-Val-AMPP-Lys-Phe-Thr-Val-Gln-NH2

71

4

H-Ser-Trp-Thr-Trp-Glu-AMPP-Lys-Trp-Thr-Trp-Lys-NH2

72

5

H-Gly-Tyr-Asp-Pro-AMPP-Gly-Thr-Trp-Gly-OH

73

6

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-AMPB1-GluAsp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-Ile-Ala

74

7

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-PheAla-Glu-Asp-Val-AMPP-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-Ile-Ala

75

8

75

9

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-PheAla-Glu-Asp-Val-Gly-AMPP-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-IleAla
c-(AMPB1-Leu-Glu-Thr-Thr-Phe-Thr-Gly-Asp-Gly-Thr-Pro-Lys-Thr-Ile-Arg-)

10

Ac-Ser-Trp-Thr-Trp-Glu-AMPP-Lys-Trp-Thr-Trp-Lys-NH2

77

11

Ac-(Arg-Ala-Asp-Ala)4-AMPP-(Arg-Ala-Asp-Ala)4-NH2

78

76

Table 1: Photoswitchable -hairpins. For structure of switching units, see Figure 17.

Figure 17: Photoswitches used in -hairpins.
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Supported by molecular dynamics calculations,79 they found that AMPP in cis form can
mimic the turn DPro-Gly, but this photolinker forms a more mobile turn than the
conventional one (type I’ and type II’ turns): the strong constrain, which derives from
H-bonding between the first and fourth amino acid of the turn, is lacking for an
azobenzene linker. Moreover, the azobenzene linker favors a different H-bonding
pattern of -hairpin than the DPro-Gly, but still leaves intact the hydrophobic cluster of
the amino acids Trp, Tyr, Phe, Val, proposed to be important for the stability of the hairpin.69
Renner and coworkers used a Trp-zipper (Table 1, Entry 4), which is a -hairpin
stabilized by - stacking of the tryptophans.72 In this case, the content of Trp-zipper is
estimated in buffer to be 50% at 5 °C for the cis-isomer; the irradiation at  = 430 nm,
which enables cis-trans isomerization, reduces the content to 18%. Due to the
presence of fluorescent tryptophans in the peptide, a more detailed spectroscopic
study was possible on the dynamics of the conformational change (Figure 18),80 to
study the folding dynamics and the influence that the stimulus has on this process.
Two initiation stimuli were used to start the folding process of the Trp-zipper:
temperature jump and isomerization of the azobenzene in the turn region. For both
stimuli, the folding in -hairpin structure occurs with a time constant of 16 s (Figure
18).
a

b

Figure 18: Dynamics of the conformational changes induced by two different stimuli,
photoisomerization and temperature jump. a) Trans isomer permits a broad distribution of
unfolded structures (TU). Trans-cis isomerization doesn’t provoke significant structural
changes. These transient unfolded structures (CU*) evolve on the nanosecond timescale into
the unfolded conformations CU and partially to CU’. Formation of the folded structure CF in the
isomerization-induced experiment is determined by a transition state between CU and CF.
Temperature influence as well the equilibrium of populations of CF, CU, and CU*. After heating,
a higher population of CU and CU* is observed. b) Free-energy profile of CF, CU, and CU*, the
population in thermal equilibrium (red), and the corresponding structures. Adapted with
permission from ref. 80. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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The free-energy profile that fits the obtained results is a transition state reactionscheme with an energetic barrier of 48 KJ mol-1 from unfolded to folded structure. This
energetic barrier is probably generated by the formation of the hydrophobic cluster
(Figure 18).80
As already mentioned, β-hairpins are important in the development of pathological
diseases, especially of amyloid related diseases.67 The role of the amyloidogenic
peptides and the amyloid fibers in the pathology of the Alzheimer’s disease is still
under investigation. In this respect, the amyloidogenic peptide involved in Alzheimer’s
disease, Aβ42 (Figure 19a), which is known to adopt a -hairpin secondary structure, is
studied intensely. The modification of peptides, derived from Aβ42, with
photoswitches has been used as a tool to obtain more information on the formation
and toxicity of these peptides. Two different research groups were working at the
same time on the modification of Aβ42 with azobenzene unit (Table 1, Entry 6, 7,
8).74,75 Nilsson and coworkers substituted two or three amino acids in the turn region
of Aβ42 with the AMPP photoswitch (Figure 17 and Table 1, Entry 7, 8),75 whereas
Beyermann and coworkers used AMPB1 (Figure 17) to replace the hydrophobic region
of the peptide, the VFFA motif, responsible for the transition from α-helix to β-sheet
and therefore formation of cytotoxic fibrils (Table 1, Entry 6).74

a

Aβ42: Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-GluAsp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-Ile-Ala

b

Figure 19: a) Native peptide Aβ42. b) Toxicity of the oligomers of trans- and cis-Aβ42,
investigated using MTT assay with human neuroblastoma SH-SY5Y cells. Native Aβ42, cis-Aβ42
and freshly prepared trans-Aβ42 are toxic to neuroblastoma cells, whereas mature fibrils
formed by the trans form are nontoxic. Toxicity is described as percentage of cell death relative
to vehicle control treated cells (n=15–45). A one-way ANOVA with use of Dunnett's multiple
comparison test comparing peptides with untreated control was performed (*p<0.01). Adapted
with permission from ref. 74. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
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In the latter case (Table 1, Entry 6), the freshly prepared solution of trans-form of
Aβ42 is cytotoxic (70% living cells compared to 95% for vehicle control) but, after
standing for two days, non-toxic fibrils are formed (91% living cells compared to 95%
for vehicle control) (Figure 19); the illumination of these fibrils lead to the formation of
the cis-isomer of Aβ42, which shows higher toxicity (63% living cells compared to
49% for native Aβ42) against SH-SY5Y cells (Figure 19). The oligomers formed from
disassembly of the fibrils are tetra- to hexamers, which are believed to be the
transition state between monomers and fibrils. This example supports the hypothesis
that toxic oligomers are formed from plaque-deposited material.74
Nilsson recognized that the turn region perturbs amyloid β-self-assemblies and
therefore their cytotoxicity.81 When the trans-azobenzene occupies this region (Table
1, Entry 7, 8), modified Aβ42 forms fibrils that are similar to the wild type Aβ42,
including morphology and cytotoxicity (Figure 20a-b).75 Trans-azobenzene favors the
structure of β-arc turn (Figure 20f), which is known to lead to the formation of cross βfibrils. On the other hand, the cis-azobenzene, which is a type I’ hairpin mimetic, leads

a

b

c

d

e

f

g

Figure 20: a) Transmission electron micrographs of fibrils derived from Aβ42. b) TEM of transAβ42 (Table 1, Entry 7). c) TEM of trans-Aβ42 (Table 1, Entry 8). d) TEM of cis-Aβ42 (Table 1,
Entry 7). e) TEM of cis-Aβ42 (Table 1, Entry 8). f) β-arches and β-hairpins. The arrows indicate
82
the β-strands and the dotted lines indicate the H-bonds. g) Proposed mechanism of formation
of Aβ42 fibrils depicting major folding events as nascent Aβ monomer self-associates into a
fibril nucleus. Figures a, b, c, d, e, g were adapted with permission from (ACS Chem. Neurosci.
2012, 3, 211). Copyright (2012) American Chemical Society.
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to the formation of highly stable β-hairpin structure (Figure 20f). The amorphous and
sedimentable aggregates (Figure 20d, e) are, in this case, not cytotoxic. This discovery
brings new insights in the study of nucleation of the self-assemble toxic fibrils and the
importance of the turn region in this process,75 namely that the well-established idea
that an initial nucleation into β-hairpin followed by a transition from β-turn to β-arc is
necessary in the process, might be wrong (Figure 20g).75
β-Hairpins are also involved in protein-protein interactions.66 A photoswitchable,
biologically relevant -hairpin, based on the LETTF sequence, was synthesized by
Beyermann and coworkers (Table 1, Entry 9).76 LETTF is the recognition binding motif
of nNOS -finger and allows the binding of nNOS -finger to syntrophin, which is
involved in muscular contraction. Using plasmon resonance spectroscopy, it was found
that trans-form of the peptide adopts a disordered structure and doesn’t bind
syntropin, whereas the cis-form adopts -sheet structure and binds syntropin with a
KD= 10.6 M, similar to the native peptide.76
The well-studied sequence azo-TrpZip2 (Table 1, Entry 10, modification of Table 1,
Entry 4) was modified with an acetyl group in the N-terminus.77 This provokes amyloidlike aggregation when the azobenzene linker is in trans form. The illumination, which
leads to the formation of the cis-form, causes defects on the structure and therefore
loss of the aggregation; in the case of long exposition time of irradiation, larger
precipitates are formed.
Lately, the external control over the self-assembly of small peptides is becoming
more and more interesting for the synthesis of new nanobiomaterials.83 A
photoswitchable β-hairpin used for nanobiomaterial formation, was proposed by
Nilsson,78 who described the reversible photocontrol of the viscoelasticity of peptidebased hydrogel (Figure 21).78 This was achieved by incorporating AMPP into (RADA)4
(Table 1, Entry 11), a peptide that can adopt a β-hairpin structure.84 It was observed
that for both cis- and trans- isomers, the peptide form fibrils in saline solution, but the
trans-isomer facilitates the formation of cross linked fibrils, which build up a stiff, self
supporting hydrogel. The nature of the fibrils is believed to be different than the one
observed for Aβ42:78 The cis isomer promotes -hairpin structure whereas the transisomer adopts a -arc conformation and the process is reversible (Figure 21c).78
In conclusion, photoswitchable β-hairpins have been synthesized and well
characterized and the examples in this chapter show that they can provide a powerful
tool to understand processes like the folding of proteins and the formation of the
assemblies involved in amyloidogenic diseases. The understanding of these processes
also lead to the use of photoswitchable β-hairpins in photocontrolled nanomaterials.
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a

b

c

d

e

f

D

Figure 21: a) Chemical structures of the AMPP photoswitch in the extended-trans, bent-trans,
and cis forms. b) AMPP-containing (RADA)4 self-assembly scheme; extended β-sheets nucleate
interfibril interactions at branching points, leading to crosslinking and stabilization of the fibril
hydrogel network. c) Model of the peptide (Table 1, Entry 11) folding in the trans (left) and cis
(right) forms. When azobenzene is in the trans form, the peptide adopts a strand-turn-strand
motif resulting in a β-arc. The flexible methylene units proximal to the azobenzene
chromophore permit strand-swapping between pre-formed fibrils. In the cis form, the β-hairpin
is obtained, (upper right) that forms fibrils that are a bilayer of β-hairpin filaments (lower right).
d) Digital photograph of 0.5 wt% self-supporting hydrogel of self-assembled trans-peptide
(Table 1, Entry 11). e) Digital photograph of cis-peptide (Table 1, Entry 11) networks after
irradiation for 15 min at 365 nm showing loss of rigidity. f) Digital photograph of 0.5 wt%
solution of trans- peptide (Table 1, Entry 11) after irradiation of cis-peptide (Table 1, Entry 11)
at 430 nm for 15 min exhibiting re-emergence of hydrogel stiffness. Reproduced with
permission from ref. 78. Copyright 2014, The Royal Society of Chemistry.
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1.5 Photocontrolled zinc fingers
Cys2His2-zinc fingers play an important role in gene expression because they are
located in transcription factors and they are responsible for their interaction with
DNA.85 Cys2His2-zinc fingers are formed by two -strands and an -helix (Figure 22a).
The secondary structure is stable in presence of a Zn2+ ion that coordinates two His
and two Cys side chains present in the -strands and -helix.85 The -helix is
responsible for the binding to the major groove of the DNA. Every zinc finger
recognizes three base pairs of the DNA and therefore, in general, several zinc fingers
are connected to ensure the sequence-specificity of the binding.85 Due to this
specificity, these peptides are interesting targets to control gene expression.
Controlling the binding to DNA or, in general, gene expression, by an external
stimulus might open new possibilities in genetics, gene therapy and developmental
biology. There are in literature two examples that use light as a stimulus to control
peptides or proteins bearing zinc finger domains.86,87

a

b

Figure 22: C2H2-type zinc finger. a) Tertiary structure of C2H2-type zinc finger. The figure was
88
created from PDB 52FN. b) C2H2-type zinc fingers bound to DNA. The figure was created from
89
C2H2-type zinc finger, PDB 1A1L.

In the first example86 the photoisomerisation process doesn`t affect directly the
zinc finger domain but a second domain attached to it. The coupling of a zinc finger
domain to nuclease domain (ZFN) is a widely established tool for genetic modification
of cells to investigate gene function and treat genetic disorders.90 A nuclease domain
can provoke a double strand break when it dimerizes with another nuclease domain.90
Deiters et al. introduced a photocaged Tyr into the active site of the nuclease Fok1.86
The photocaged ZFN was expressed and was found to be inactive, but upon irradiation
the amino acid is uncaged and the ZFN is activated and it causes double strand break
(Figure 23a).86 The caged ZFN was efficient also when transfected into cells (Figure
23b).86

24

Photo-sensitive peptides

a

b

Figure 23: Light-induced uncaging and ZFN activation. a) Ethidium bromide-stained agarose
gels for wild-type (WT)-ZFN and photocaged ZFN. DNA is digested using photocaged ZFN
subjected to UV irradiation (0, 1, 2, 5, 10 min, λ = 365 nm). (−): no ZFN enzyme. b) Lightactivation of homologous recombination and gene activation in mammalian cells by ZFNmediated DSB and subsequent repair of the luciferase reporter gene. The error bars represent
standard deviations from three independent experiments. Dark gray bars represent samples
kept in the dark and light grey bars represent irradiated samples. Adapted with permission
from ref. 86. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA.

a

b

Figure 24: Photoswitchable zinc finger. a) Amino acid sequence of the zinc complex of the
32
synthesized azobenzene-modified Sp1 peptide. b) Gel mobility shift assay of P-labeled target
duplex DNA containing a GC box region in the presence of Zn-ASP. (a) trans-Zn-ASP. (b) cis-ZnASP, obtained by  = 365 nm light irradiation of trans-Zn-ASP for 0.5 h at 4 °C. (c) Unmodified
peptide. The samples were measured in a solution of 20 mM Tris-HCl (pH = 8) containing 100
−1
mM NaCl, 100 μM ZnCl2, 1 mM TCEP, 0.05% Nonidet P-40, 5% glycerol, 40 ng μL BSA, and 100
−1
ng μL poly(dI-dC) at 4 °C. Reproduced with permission from ref. 87. Copyright 2009, The Royal
Society of Chemistry.

The second example is a chemical approach to photocontrol directly the binding of
zinc fingers to DNA.87 Two coupled zinc finger domains, derived from Sp1 motif,91 were
modified at N-terminus with an azobenzene unit (Figure 24a).87 This modification
doesn`t affect the secondary structure of the zinc finger domain but affect the binding
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to DNA.87 Cis- and trans-forms of zinc finger have different affinity for DNA (Figure
24b).87 This approach permits a reversible photocontrol of DNA-binding and therefore
if introduced as a genetic tool, might lead to external control of gene expression.

1.6 Aim and outline of the thesis
The aim of this thesis is to use designed photoswitches and to explore their
applicability in the control of peptides and enzymes. The resulted photo-sensitive
peptides are studied to understand the influence of the photoswitches on the function
or activity of the system and, as well, to obtain more information on biological
processes in which the peptides and proteins are involved.
The thesis can be divided in two interconnected parts: the first one focuses on
methodological aspects of the incorporation of photoswitches into peptides and
proteins and the second is dedicated to the synthesis of photoswitchable peptides
and, especially, the study of the influence of the photoswitch on the systems.
Chapter 2 and Chapter 3 describe two methodological approaches to anchor
photoswitches to enzymes or peptides, using copper-catalysed azide-alkyne
cycloaddition and Staudinger-Bertozzi ligation. In Chapter 2, the immobilization of the
enzyme lipase on quartz surface is described using a photoswitchable linker.
Consequently the influence of the different isomers of the photoswitch on the activity
of the enzyme is studied. In Chapter 3, new Staudinger-Bertozzi tags are described
with an azobenzene unit present in their core. The applicability of these
photoswitchable Staudinger-Bertozzi tags is explored on surfaces and with peptides.
The second part of the thesis describes, for the first time, the use of a well-known
photoswitch, an overcrowded alkene, for controlling the properties of peptides. In
Chapter 4 the synthesis of an overcrowded alkene switch for solid phase peptide
synthesis (SPPS) is described. In Chapter 5 this overcrowded alkene switch is inserted
into a β-hairpin peptide and the effects that the photoswitch induces are studied with
different techniques, including circular dichroism spectroscopy, 2D-NMR spectroscopy
and TEM microscopy. The final chapter, Chapter 6, describes the insertion of an
azobenzene unit in a zinc-finger domain. For the first time, the influence of a
photoswitch on the zinc binding of the peptide is presented.
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a) C. Boulegue, M. Löweneck, C. Renner, L. Moroder, ChemBioChem, 2007, 8, 591. b) R.
Behrendt, M. Schenk, H. Musiol, L. Moroder, J. Pept. Sci., 1999, 5, 519. c) A. Milbradt, M.
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Chapter 2
Photo-controlled deactivation of immobilised lipase
Lipase from Candida rugosa was immobilised on a quartz surface using an
azobenzene-containing, bifunctional linker, which allows deactivation of the
immobilised enzyme by irradiation with visible light.

This chapter is based on:
C. Poloni, W. Szymanski, B. L. Feringa, Chem. Commun., 2014, 50, 12645-12648.

Chapter 2

2.1 Introduction
The challenge to control biological functions in a non-invasive manner, using light,
has greatly stimulated the development of biocatalytic systems with intrinsic
photoresponsive properties.1 These systems have potential applications in numerous
fields, such as biosensing, diagnostics, optobioelectronics and signal amplification.2
Especially in applications in which the enzymatic activity has to be precisely adjusted
(initiated or terminated) in time, with little perturbation to the sample, light offers
unparalleled advantages as easily applied, external and orthogonal control element.
Photocontrol over biocatalytic activity has been achieved by creating a responsive
environment, which can be based on a light-switchable polymer3 or a surfactant,4 or
alternatively by random5,6 or site-selective7 incorporation of photoswitchable units
within the structure of the enzyme. In general, the incorporation of photoswitches
involves modification of enzymes in solution, taking advantage of the nucleophilicity of
certain amino acids that can react with azobenzene6 or thiophenefulgide derivatives.8
Papain and -chymotrypsin were modified, using this approach, with photoswitchable
units bearing an activated ester moiety.2 Willner et al. have reported on a redox
enzyme, glucose oxidase, which was randomly modified with a spiropyran derivative
and subsequently immobilised on a gold electrode via a short linker, showing, in the
presence of a redox mediator, a photocontrolled optoelectronic response.2
The immobilisation of biocatalysts on the surface of porous materials can enhance
their stability and decrease the cost involved in biotechnological processes.9,10 It is,
therefore, highly desirable to take advantage of both the immobilisation of enzymes
and the photoresponsive properties described above. While the random incorporation
of molecular photoswitches into enzymes has proven successful in the preparation of
photocontrolled biocatalysts,2,5,7,8 the photoswitches have not, to the best of our
knowledge, been used as covalent linkers for the immobilisation of enzymes on solid
supports.
We describe here a new approach for the immobilisation of an enzyme on a surface
via a photoswitchable linker (Fig. 1). We envisioned that providing an additional

Figure 1: Immobilisation of lipase on a quartz surface through a photoswitchable linker.
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attachment point for the photoswitches, introduced non-selectively onto the reactive
amino acid side chains in the enzyme, would reduce the flexibility of the photoswitch
and might result in highly-pronounced photoresponse. The photoisomerisation of the
azobenzene linker might change the orientation of the active site of the enzyme with
respect to the surface or, when there are multiple attachment points between the
enzyme and the surface, it might result in a distortion of the active site (Fig. 1). In
addition, the photoisomerisation of the azobenzene, due to the large change in dipole
between trans (0D) and cis (3D) isomers,1 could change the polarity of modified
surface, which can have a significant influence on the biocatalytic properties of the
immobilised protein (Fig. 1).11

2.2 Results and Discussion
Towards the photocontrol of enzyme activity, a quartz coverslip, decorated with an
azide-modified silane, was functionalised with an amine-bearing azobenzene 1 (Fig. 2)
as the photoswitchable linker (Fig. 1). Subsequently, lipase from Candida rugosa, was
immobilised using glutaraldehyde as the connection between the amine-bearing linker
and lysine-NH2 groups on the surface of the protein.12 This modification of a widelyused12 aminopropyltriethoxysilane (APTES)/glutaraldehyde method for the enzyme
immobilization was chosen for its often-reported simplicity and efficiency.
We designed the bifunctional photoswitchable linker 1 (Fig. 2) to enable modularity
in the preparation of quartz-immobilised lipase (Fig. 1). It incorporates in its structure
a terminal acetylene, for the attachment to an azide-decorated quartz surface via
Cu(I)-catalysed Huisgen azide-alkyne cycloaddition (CuAAC),13 and an amine group that
can be attached to lysine residues in the enzyme via a glutaraldehyde spacer.9,14
Photoswitchable linker 1 was synthesised from 4-aminobenzoic acid in good yield
(61% over 6 steps). Diazotization of 4-aminobenzoic acid and its subsequent reaction
with phenol solution gives the azobenzene 3. Selective modification of 3 at the
phenolic oxygen was achieved by firstly reaction with propargyl bromide and
subsequent hydrolysis of the ester moiety to give 5. Transformation of azobenzene 5
into acid chloride and reaction with N-Boc-ethylenediamine leads to azobenzene 8.
The deprotection of the amine under acidic conditions yields the azobenzene 1.
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Figure 2: Scheme of synthesis for azobenzene linker 1 and model compound 2.

Model compound 2 (Fig. 2), containing the triazole moiety, was synthesized to
study the behavior of the azobenzene unit in solution. Irradiation of trans-2 at  = 365
nm results in its photoisomerisation to the cis form, manifested by a decrease of the
symmetry-allowed -* transition band at 352 nm and the appearance of a new
absorption band at 438 nm (n-* transition) (Fig. 3a). A high photostationary state,
with ≥ 95% cis isomer present in the irradiated sample, was observed by 1H NMR (see
Experimental Section). Notably, the azobenzene switch does not show fatigue with
irradiation over at least five switching cycles in methanol (Fig. 3b). From kinetic
studies, the half-life for the cis isomer to reisomerise to the trans isomer in methanol
at RT was found to be 100 min (Fig. 3c). Azobenzene 2 fulfills all the requirements
needed in our assembly, i.e. a fast switching process with high photostationary state
and a relatively thermally-stable cis form.
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Figure 3: Switching cycle for compound 2. a) UV-vis absorption spectra of trans- and cis-2 (20
-6
x 10 M solution in MeOH). b) Switching cycle of 2 followed by UV-vis spectroscopy at 352
nm. c) Increase in absorbance at 352 nm followed in time in the dark at rt. Blue line
represents the measured changes in absorbance, black line represents the fitting with single
exponential decay.

The strategy used in the preparation of the photoswitchable immobilised enzyme is
shown in Fig. 4. Quartz coverslip 9 was cleaned and activated with Piranha solution
and subsequently functionalised with azido-silane 10 to give surface 11.15 A CuAAC
reaction was then used to anchor azobenzene 1 to the surface. Compound 12,16 an
oligo(ethylene glycol) with an alkyne functional group, was used to obtain mixed
layers.17 Compound 12 does not react with the enzyme, therefore, by using various
ratios of azobenzene 1 and compound 12 (between 0.1 and 100% with respect to 1)
during the reaction, it was possible to determine the dependence of the enzymatic
activity on the coverage of azobenzene on the surface. Quartz coverslips 13 were then
reacted with glutaraldehyde in phosphate buffer to form an imine moiety and a free
aldehyde functionality (14), which can react with the free amino groups of solventexposed lysine residues of lipase from Candida Rugosa to form 15.
Surface modification was monitored by contact angle measurements and UV-vis
absorption spectroscopy. The contact angle for the clean quartz surface was 5°. Upon
functionalization with 10, the contact angle increased to 62°, which is associated with
an increase in hydrophobicity. When the enzyme is anchored, as in 15, the contact
angle decreased slightly to 56°, although it shows a strong dependence on the mol% of
12 used in the CuAAC reaction: the higher the content of 12 on the surface, the lower
the contact angle, as expected for a mixed layer with an increased proportion of
hydrophilic oligo(ethylene glycol) units.
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Figure 4: Immobilisation of lipase from Candida Rugosa through the photoswitchable
linker 1. a-d indicate the mol% of 1 (100-0.1) with respect to 12 in the mixture. KPB=
Potassium phosphate buffer.

UV-vis absorption spectroscopy provides additional evidence of surface
functionalization. The characteristic azobenzene absorption at 348 nm was observed
for the quartz surface 13a functionalised with the switch (Fig. 5a). By applying
sequential irradiation with = 365 nm and visible light (>400 nm), the trans-cis
isomerisation of the azobenzene 1 anchored to the surface was achieved (Fig. 5b). The
process was reversible over at least 2 cycles with little fatigue observed. Importantly,
these changes were also observed when the enzyme was anchored via the
azobenzene linker to the surface i.e. 15a (Fig. 5c,d), which confirms that the reversible
isomerization of the photoswitch is retained in the presence of the enzyme. The
reversible photoswitching behaviour has been shown for the coverslip 15a, fully
modified with 1: this proves that also an overcrowded environment makes the
photoswitching possible and we assumed that, in the systems in which compound 1 is
diluted on the surface with 12 (15b-d), the photoisomerisation also occurs.
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The standard enzyme activity assay used in this study is based on the lipasecatalysed hydrolysis of p-nitrophenyl butyrate to p-nitrophenol, which can be
quantified by following the increase in absorbance at 442 nm.18
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Figure 5: a) UV-vis absorption spectra of clean quartz surface 9, azide-bearing surface 11,
azobenzene-modified surface 13 and glutaraldehyde-modified surface 14a. b) The switching
cycle of 13. c) UV-vis absorption spectra of lipase-modified surface 15a. d) The switching
cycle of 15.

Lipase-modified coverslip 15a does not show a significant difference in enzymatic
activity after irradiation with  = 365 nm and after irradiation with white light (Fig. 6a).
With a mixed surface, comprising the oligo(ethylene glycol) and the enzyme bound via
an azobenzene linker (15b, 15c), it was possible to decrease the enzyme loading on
the surface and a significant difference in enzymatic activity between the surfaces
irradiated with = 365 nm and with white light was observed (Fig. 6a). This
phenomenon is probably associated with the less dense packing of the enzyme on the
surface, which increases its conformational flexibility and enables more pronounced
changes upon irradiation. For lipase-modified coverslip 15d the enzymatic activity is
comparable to that of the non-catalysed hydrolysis of p-nitrophenyl butyrate (PNB) in
TRIS HCl buffer (50 mM, pH 7.5). The largest change in enzymatic activity was obtained
for lipase-modified coverslip 15c, comprising a mixed layer system with 1% of
compound 1.
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These conditions for immobilization were used for further investigation. The
enzymatic activity was measured directly for at least three different lipase-modified
coverslips (15c) and the average of these measurements are the enzymatic activity
values reported in Fig. 6b. The activity was measured after immobilisation, after
irradiation with visible light and after irradiation at = 365 nm. The average enzymatic
activity of modified lipase-modified coverslips is 0.28 ± 0.14 M cm-2 min-1. After
irradiation at = 365 nm, the enzymatic activity for lipase-modified coverslip is 0.23 ±
0.08 M cm-2 min-1, showing no significant change. On the contrary, the enzymatic
activity drops to 0.04 ± 0.01 M cm-2 min-1 after subsequent white light irradiation (Fig.
6b), which constitutes an approximately 8-fold change (Fig. 6b). Although the
photoisomerisation of azobenzene occurs for at least 2 cycles (Fig. 5d), a reversible
change in enzyme activity was not observed (Table 1).

-1)·1033
cm-2-2min
min-1
u (mMcm
u (mM
)·10

a 0.30
0.25

365 nm

0.20

white light

0.15
0.10
0.05
0.00
15a

15b

15c

15d

Figure 6: Change in specific activity for lipase modified coverslips. a) Change in specific
activity for coverslip area-normalised of lipase-modified coverslips 15a-15d upon irradiation.
b) Change in specific activity (coverslip area-normalised) of lipase-modified coverslip 15c,
n=3.
Wash

= 365 nm

White light

 = 365 nm (after white light
irradiation)

3.73E-04
3.49E-04
3.00E-04
4.4E-05
3.57E-04

1.93E-04
3.19E-04
1.7E-04

5.48E-05
2.99E-05
5.00 E-06

1.7E-06
3.82E-05
2.5E-05

Average
(2.8±1.4)E-04

Average
(2.3±0.8)E-04

Average
(0.4±0.1)E-04

Average
(0.4±0.2)E-04

-2

-1

Table 1: Enzymatic activity (mM cm min ) for lipase-functionalized coverslips 15c.
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Assuming that the azobenzene is initially anchored on the surface mainly in its
trans-form, we expected that irradiation at 365 nm, which induces the trans-cis
isomerisation, should effect the orientation of the enzyme with respect to the surface
and, therefore, the activity. Instead, deactivation of the enzyme on the surface was
observed after irradiation with white light, i.e. upon cis-trans isomerisation.
Several control experiments were executed to validate the results described above.
The first studied issue is the inactivation due to irradiation with white light. Irradiation
selectively at = 400 nm (3 x 330 mW, λmax = 401 nm, FWHM 13.5 nm), instead of
white light, was used. It resulted in ~50% isomerisation to trans isomer of compound 2
(Fig. 7a), and proportional decrease in enzymatic activity was observed (Fig. 7b). This
supports the assumption that the decrease in activity is correlated to the isomerization of the
azobenzene unit.

a

b

Figure 7: Selective irradiation at = 400 nm. a) UV-vis absorption spectra for compound 2, after
irradiation at = 365 nm, after irradiation at = 400 nm for 1 min, 2 min, 5 min, 20 min and
after irradiation with white light. b) Specific activity for coverslip area-normalised of lipasemodified coverslips 15c upon irradiation at  = 365 nm and after irradiation at = 400 nm.

The aim of the second control experiment was to establish if irradiation with white
light or light at λ = 365 nm influences the enzymatic activity in solution. For this
purpose, the enzymatic activity of lipase in solution was measured, then λ = 365 nm or
white light irradiation was applied and the activity was measured again (Fig. 8).
Neither the use of white light, nor the irradiation at = 365 nm influences the activity
of the unmodified enzyme in solution (Fig. 8). Therefore the observed changes in
activity (Fig. 6) must be related to immobilization.
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Figure 8: a) Enzymatic activity for lipase in solution (0.017 mg/mL, TRIS HCl buffer 50 mM, pH
7.5, PNB 1mM) before and after irradiation with white light and at = 365 nm light.

The final remaining issue was to check whether the irradiation-induced change in
activity is caused by desorption of the enzyme from the surface (Fig. 9). This control
experiment was performed by checking the residual activity of the solutions for the
enzymatic assay after the removal of the enzyme-functionalized coverslips. The rates
of observed residual activities in the solutions, from which the non-irradiated and
irradiated coverslips were removed, are comparable to the rate of non-catalyzed
hydrolysis (Fig. 9b). This observation indicates that the irradiation does not result in
the desorption of the active biocatalyst from the coverslip.

a
 = 365 nm
5 min

White light
5 min

5 min

b

Figure 9: a) Schematic representation of the experimental setup. b) Rates of reaction for
hydrolysis in the solutions from which the coverslips were removed for: freshly prepared 15c,
after = 365 nm irradiation, after white light irradiation, the rates of reaction for the catalyzed
15c and non-catalyzed hydrolysis.
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As a consequence of the described control experiments, the irreversible change in
activity of lipase on the quartz surfaces after irradiation with white light can be
attributed only to the isomerisation of the photoswitchable linker or to the changes
that this induces in the surface-bound enzyme (Figure 1).

2.3 Conclusions
There are many factors that can affect the activity of a biocatalyst upon
immobilisation, including hydrophobic/hydrophilic interactions, hydrogen bonding and
salt bridges, and the effect of limited diffusion.12 In the presented system, in view of
the reports on the influence of the surface polarity on the activity of immobilised
enzymes,12 we attribute the irreversible change in activity to the change in polarity of
the surface upon the cis-trans isomerisation of the linker, rather than to a change in
orientation of the enzyme with respect to the surface.
To our knowledge, this system constitutes the first example of covalent
immobilisation of an enzyme with a photoswitchable linker. The design of the linker
with two groups, possessing orthogonal reactivity, enables a modular approach to be
taken to immobilise enzymes on surfaces. The photoswitch formed in the CuAAC
reaction has a high photostationary state (95% cis) and high thermal stability of the cis
form (t1/2 = 100 min). Upon attachment of the enzyme, a stable immobilisate is
formed, and, although not yet in a reversible manner, its activity can be changed by
white light irradiation to a significant extent. The present results open up new
approaches for biosensor construction, especially in analytical applications2 where the
duration of enzymatic reaction is crucial and it has to be terminated in a manner that
is mild and orthogonal to other elements of the system.

2.4 Acknowledgments
The synthesis of compound 1, 2, 3-8 was performed by Dr. Wiktor Szymanski. We
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2.5 Experimental Section
2.5.1 Synthesis
All chemicals were obtained from commercial sources and used as received unless stated
otherwise. Lipase from Candida Rugosa (lyophilized, fine powder, 15-25 U/mg) was obtained
from Sigma Aldrich. Solvents were reagent grade. Thin-layer chromatography (TLC) was
performed using commercial Kieselgel 60, F254 silica gel plates, and components were
visualized with KMnO4 or phosphomolybdic acid reagent. Flash chromatography was
performed on silica gel (Silicycle Siliaflash P60, 40-63 m, 230-400 mesh). Drying of solutions was
performed with MgSO4 or Na2SO4 and solvents were removed with a rotary evaporator.
Chemical shifts for NMR measurements were determined relative to the residual solvent peaks
(CHCl3,  = 7.26 ppm for hydrogen atoms,  = 77.0 for carbon atoms). The following
abbreviations are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; br s, broad signal. HRMS spectra were obtained on a Thermo scientific LTQ
Orbitrap XL. Melting points were recorded using a Buchi melting point B-545 apparatus. UV/Vis
absorption spectra were recorded on an Agilent 8453 UV-Visible Spectrophotometer using
Uvasol grade solvents. Irradiation experiments were performed with a spectroline ENB280C/FE UV lamp (365 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light). Irradiation at
= 400 nm was performed with a LED system (3 x 330 mW, λmax=401 nm, FWHM 13.5 nm,
Sahlmann Photochemical Solutions).

12: 2,5,8,11,14-pentaoxaheptadec-16-yne was prepared according to a literature procedure.

19

20

3: 4-(4-Hydroxyphenylazo)benzoic acid (modification of a literature procedure). To an icecold solution of 4-aminobenzoic acid (17.5 mmol, 2.40 g) in 1.8N aqueous HCl (35 mL) was
added dropwise a cold solution of NaNO2 (17.5 mmol, 1.29 g) in water (2.5 mL). The yellow
mixture was stirred at 0-5 C for 1 h under a N2 atmosphere. Sulfamic acid (160 mg) was added
and the mixture was added dropwise to a cold solution of phenol (17.5 mmol, 1.66 g) and
sodium acetate (2.41 g) in 1.0 M aq. NH4OH (33 mL). The cooling bath was removed and the
reaction mixture was stirred at rt for 1 h. Acetic acid (3.0 mL) was added and the precipitate
was filtered off and washed with cold acetone, yielding 3 (4.02 g, 16.60 mmol, 95%). Red solid.
1
3
3
H NMR (400 MHz, CD3OD): 6.93 (d, J = 8.8 Hz, 2H, ArH), 7.86 (d, J = 8.8 Hz, 2H, ArH), 7.89
3
3
1
(d, J = 8.4 Hz, 2H, ArH), 8.15 (d, J = 8.4 Hz, 2H, ArH); H NMR spectrum in agreement with
20
published data.
5: 4-(4-Propargyloxyphenylazo)benzoic acid. 4-(4-Hydroxyphenyl-azo)benzoic acid (3) (2.07
mmol, 500 mg) was dissolved in acetonitrile (20 mL). Propargyl bromide (8.00 mmol, 860 µL, as
a 80% solution in toluene) was added, followed by potassium carbonate (6.00 mmol, 828 mg).
The mixture was heated at reflux overnight. The volatiles were evaporated and the residue was
dissolved in 1N aq. HCl (40 mL) and extracted with ethyl acetate (3 x 40 mL). The combined
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organic phases were dried (MgSO4) and filtered through a plug of silicagel to afford, upon
evaporation of the solvent, product 4 (623 mg, 95%); orange powder. Rf = 0.68
1
4
(pentane/AcOEt, 7:3, v/v); Mp. 127-128 °C; H NMR (400 MHz, CDCl3): 2.54 (t, J = 2.0 Hz, 1H,
4
4
4
CH2CCH), 2.57 (t, J = 2.4 Hz, 1H, CH2CCH), 4.79 (d, J = 2.0 Hz, 2H, CH2CCH), 4.96 (d, J = 2.4 Hz,
3
3
3
2H, CH2CCH), 7.11 (d, J = 8.8 Hz, 2H, ArH), 7.92 (d, J = 8.8 Hz, 2H, ArH), 7.96 (d, J = 8.8 Hz, 2H,
3
ArH), 8.21 (d, J = 8.8 Hz, 2H, ArH); Product 4 was used immediately in the next step.
Compound 4 (63 µmol, 20 mg) was dissolved in a mixture of methanol (1.8 mL) and
tetrahyrofuran (1.8 mL). Aqueous sodium hydroxide (1N, 1.5 mL) was added and the mixture
was stirred at rt for 2 h. The volatiles were evaporated, the residue was dissolved in aqueous
HCl (1N, 20 mL) and extracted with ethyl acetate (2 x 20 mL). The organic phases were
collected, dried and the solvent was evaporated to yield product 5 (17.5 mg, 99%); orange
1
powder. Rf = 0.10 (pentane/Et2O, 1:1, v/v); Mp. 230-231 °C; H NMR (400 MHz, acetone-d6): 
4
4
3
3.17 (t, J = 2.4 Hz, 1H, CH2CCH), 4.95 (d, J = 2.4 Hz, 2H, CH2CCH), 7.23 (d, J = 9.2 Hz, 2H, ArH),
3
3
3
13
7.98 (d, J = 8.8 Hz, 2H, ArH), 8.01 (d, J = 9.2 Hz, 2H, ArH), 8.22 (d, J = 8.8 Hz, 2H, ArH); C
NMR (50 MHz, acetone-d6): 55.8, 76.9, 114.7, 115.4, 122.3, 124.9, 130.7, 131.9, 147.3, 155.2,
160.9, 166.1. HRMS (ESI-) calc. for C16H11N2O3: 279.0768, found: 279.0764.

7: 2-azidoethyl propylcarbamate. A solution of propyl isocyanate (5.00 mmol, 469 μL), 2azidoethanol (5.20 mmol, 452 mg), triethylamine (12.5 mmol, 1.74 mL) and DMAP (10 mg) in
DCM (7.0 mL) was heated at reflux for 20 h. The volatiles were evaporated, the residue was
taken up in Et2O (30 mL), washed rapidly with 1N aq. HCl (3 x 25 mL), aq. saturated NaHCO 3 (2 x
25 mL) and brine (25 mL). The organic phase was dried (MgSO4) and the volatiles were
1
evaporated to yield pure compound 7 as a slightly yellow oil (700 mg, 81%). H NMR (400 MHz,
3
CDCl3):  0.93 (t, 3H, J = 7.6 Hz, CH3CH2), 1.49-1.58 (m, 2H, CH2CH3), 3.13-3.20 (m, 2H, CH2NH),
13
3.44-3.48 (m, 2H, CH2N3), 4.22-4.28 (m, 2H, CH2O), 4.81 (br s, 1H, NH); C NMR (100 MHz,
CDCl3): 11.1, 23.1, 42.8, 50.3, 63.3; HRMS (ESI+) calc. for C6H13N4O2: 173.1033, found: 173.1033.

8: Tert-butyl (2-(4-((4-(propargyloxy)phenylazo)benzamido)ethyl)carbamate. A solution of 4(4-propargyloxyphenylazo)benzoic acid (5) (0.50 mmol, 140 mg) and DMF (40 μL) in THF (3.0
mL) was stirred under a N2 atmosphere at 0 °C. Oxalyl chloride (4.00 mmol, 340 μL) was added
dropwise. When the evolution of gas ceased, the cooling bath was removed and the reaction
mixture was stirred at rt for an additional 1 h. Evaporation of volatiles followed by drying in
1
vacuo yielded compound 6 (148 mg, 99%) as a red solid. H NMR (400 MHz, DMSO-d6):  3.64
4
4
3
(t, J = 2.4 Hz, 1H, CH2CCH), 4.93 (d, J = 2.4 Hz, 2H, CH2CCH), 7.19 (d, J = 9.2 Hz, 2H, ArH), 7.90
3
3
3
(d, J = 8.4 Hz, 2H, ArH), 7.93 (d, J = 9.2 Hz, 2H, ArH), 8.10 (d, J = 8.4 Hz, 2H, ArH). Compound 6
was used in the next step without further purification. To an ice-cooled solution of 4-(4propargyloxyphenylazo)benzoyl chloride (6) (0.50 mmol, 149 mg) in DCM (10 mL) was added NBoc-diaminoethane (1.00 mmol, 160 mg) followed by triethylamine (1.0 mmol, 140 μL) and
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DMAP (5 mg). The cooling bath was removed and the reaction mixture was stirred at rt for 1 h.
The solvent was evaporated and the product 8 was purified by flash chromatography (Silicagel,
40-63 μm, pentane/AcOEt, 9:1 to 4:6, v/v) to yield 0.46 mmol (93%) as a red powder. Mp. 1631
4
164 °C; H NMR (400 MHz, CDCl3):  1.42 (s, 9H, (CH3)3), 2.57 (t, J = 2.4 Hz, 1H, CH2CCH), 3.364
3.48 (m, 2H, CH2NH), 3.52-3.62 (m, 2H, CH2NH), 4.77 (d, J = 2.4 Hz, 2H, CH2CCH), 5.14 (br s, 1H,
3
3
NHBoc), 7.08 (d, J = 8.8 Hz, 2H, ArH), 7.44 (br s, 1H, NH), 7.88 (d, J = 8.8 Hz, 2H, ArH), 7.93 (d,
3
3
13
J = 9.2 Hz, 2H, ArH), 7.95 (d, J = 8.4 Hz, 2H, ArH); C NMR (75 MHz, CDCl3):

HRMS (ESI+) calc. for C23H26N4O4: 445.1846, found: 445.1851.

10: 2-Azidoethyl (3-(triethoxysilyl)propyl)carbamate. A solution of 3-(triethoxysilyl)propyl
isocyanate (5.00 mmol, 1.24 mL), 2-azidoethanol (5.20 mmol, 452 mg), triethylamine (12.5
mmol, 1.74 mL) and DMAP (10 mg) in DCM (7.0 mL) was heated at reflux for 20 h. The volatiles
were evaporated, the residue was taken up in AcOEt (40 mL), washed rapidly with 1N aq. HCl
(30 mL), saturated aq. NaHCO3 (30 mL) and brine (30 mL). The organic phase was dried (MgSO4)
1
and the volatiles were evaporated to yield pure 10 as a slightly yellow oil (1.01 g, 60%). H NMR
3
(400 MHz, CDCl3):  0.61-0.66 (m, 2H, CH2Si), 1.23 (t, 9H, J = 6.8 Hz, CH3CH2), 1.60-1.68 (m, 2H,
3
3
CH2CH2Si), 3.15-3.23 (m, 2H, CH2NH), 3.45 (t, 2H, J = 4.8 Hz, CH2N3), 3.82 (q, 6H, J = 6.8 Hz,
3
13
CH3CH2), 4.23 (t, 2H, J = 4.8 Hz, CH2O), 5.03 (br s, 1H, NH); C NMR (100 MHz, CDCl3): 7.5, 18.2,
23.2, 43.4, 50.3, 58.4, 63.2, 155.8; HRMS (ESI+) calc. for C12H27N4O5SiNa: 357.1570, found:
357.1560.
1: N-(2-aminoethyl)-4-((4-(prop-2-yn-1-yloxy)phenyl)diazenyl)benzamide. To an ice-cooled
solution of tert-butyl (2-(4-((4-(propargyloxy)phenylazo)benzamido)-ethyl)carbamate (8) (0.46
mmol, 196 mg) in DCM (7.0 mL) was added TFA (1.0 mL). The cooling bath was removed and
the reaction mixture was stirred for 90 min at rt. The solvent was evaporated and the product
was purified by flash chromatography (Silicagel, 40-63 μm, AcOEt to AcOEt/MeOH 9:1, v/v ) to
1
3
yield 110 mg (0.34 mmol,74%) of a red oil. H NMR (400 MHz, acetone-d6): 1.19 (t, J = 7.2 Hz,
3
2H, NH2), 3.18 (t, J = 2.4 Hz, 2H, CCH), 3.82-3.94 (m, 2H, CH2NH), 4.02-4.07 (m, 2H, CH2NH2),
4
3
3
4.94 (d, J = 2.4 Hz, 2H, CH2CCH), 7.20 (d, J = 8.8 Hz, 2H, ArH), 7.91 (d, J = 7.2 Hz, 2H, ArH),
3
3
3
13
7.98 (d, J = 8.8 Hz, 2H, ArH), 8.17 (d, J = 7.2 Hz, 2H, ArH); 9.41 (t, J = 4.8 Hz, 1H, CH2NH); C
NMR (75 MHz, acetone-d6):
HRMS (ESI+) calc. for C18H19N4O2: 323.1502, found: 323.1497.

2:
(E)-tert-butyl(2-(4-((4-((1-(2-((propylcarbamoyl)oxy)ethyl)-1H-1,2,3-triazol-4yl)methoxy)phenyl)diazenyl) benzamido)ethyl)carbamate. A pre-incubated (10 min) mixture
of CuSO4 (0.050 mmol, 12.5 mg) and sodium ascorbate (0.10 mmol, 20 mg) in water (1.0 mL)
was added to a stirred solution of compound 8 (0.26 mmol, 110 mg) and compound 7 (0.50
mmol, 86 mg) in DMSO (3.0 mL). After stirring overnight at rt, the reaction mixture was diluted
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with AcOEt (100 mL) and washed with water (50 mL) and brine (3 x 50 mL). The organic phase
was dried (MgSO4) and the volume of the sample was reduced to ~20 mL. Addition of pentane
(40 mL) resulted in a formation of a precipitate which was filtered off, washed with pentane
1
and Et2O and dried to yield product 2 (44 mg, 57%) as a brown solid. H NMR (400 MHz, DMSO3
d6): 0.80 (t, 3H, J = 7.2 Hz, CH3CH2), 1.32-1.38 (m, 2H, CH2CH3), 1.36 (s, 9H, (CH3)3), 2.85-2.88
3
(m, 2H, CH3CH2CH2), 3.08-3.12 (m, 2H, CH2NH), 3.27-3.31 (m, 2H, CH2NH), 4.34 (t, 2H, J = 5.2
3
Hz, CH2CH2triazole), 4.61 (t, J = 5.2 Hz, 2H, CH2CH2triazole), 5.27 (s, 2H, OCH2triazole), 6.883
3
6.93 (m, 1H, NHBoc), 7.20 (t, J = 5.2 Hz, 1H, CH3CH2CH2NH), 7.24 (d, J = 9.2 Hz, 2H, ArH), 7.90
3
3
3
(d, J = 8.4 Hz, 2H, ArH), 7.93 (d, J = 9.2 Hz, 2H, ArH), 8.00 (d, J = 8.4 Hz, 2H, ArH), 8.28 (s, 1H,
3
13
triazoleH), 8.59 (t, J = 5.2 Hz, 1H, NHBoc);
C NMR (100 MHz, DMSO-d6):

HRMS (ESI+) calc. for C29H39N8O6: 595.2992,
-6
3
-1
-1
found: 595.2984. UV-Vis (20 x 10 M in MeOH): λmax = 352 nm, ε352 = 19.7 x 10 M cm .

2.5.2 Surface modification
CAUTION: Piranha solution, used in this procedure, is potentially explosive. It must be
handled with extreme caution. Disposal: Piranha solution should not be stored in a closed
container. Piranha solution must not be disposed with organic solvents. Solution must be
cooled down to room temperature prior to waste storage. It has to be diluted by pouring into
excess water before disposal.
The synthesis is reported in Fig. 4.
Quartz microscopy coverslips were cleaned using piranha solution (conc. H2SO4 : 30% H2O2, 3:1,
v/v), rinsed with water (2x) and MeOH (2x), dried under N 2 stream and cleaned by a plasma
cleaner (1 min, 100% O2, 1.5 mbar).
Contact angle measurements were recorded on a Data Physics contact angle goniometer and
the contact angle was calculated using the software provided by the company. The reported
data are the average of the contact angles measured for three drops for every quartz coverslip.
11: Azide-functionalized quartz coverslips was prepared according to procedure described in
Chapter 3.
13: Azide-functionalized quartz coverslips were immersed in a 2 mM solution comprising a
mixture of compounds 1 and 12 (from 0.1 mol% to 100 mol% 1) and 1 mol% CuSO4·5H2O and 5
mol% sodium ascorbate relative to alkyne moieties, in DMF/H2O (9:1). After 1 d, the coverslips
were sonicated in DMF and MeOH (1 min each), and then dried under a N 2 stream.
14: Azobenzene-functionalized quartz coverslips were immersed in 10% v/v solution of
glutaraldehyde in phosphate buffer (0.1M, pH 7.9-8.1) at rt. After 1 d, the coverslips were
sonicated in water (2x) and then dried under a N2 stream.
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15: Glutaraldehyde-functionalized quartz coverslips were immersed in a solution of Lipase from
Candida rugosa (13 mg in 10 mL phosphate buffer 0.1M, pH 7.9-8.1) at rt for 1d. After 1d, the
coverslips were sonicated in water (5 x 1 min) and then dried under N2 stream.

2.5.3 Spectroscopic Studies
1

PSS determination of 2 by H-NMR
1

A saturated solution of compound 2 in CD3OD was prepared and the H-NMR spectrum was
recorded showing >97% trans-2 (Fig. 10a). The solution in the NMR tube was irradiated for 30
1
min with  = 365 nm light and the H-NMR was spectrum was recorded showing >95% cis–2
(Fig. 10b).

a

b

c

ppm
1

Figure 10: a) Aromatic region of H-NMR spectrum for thermally adapted >97% trans–2. b)
1
1
Aromatic region of H-NMR spectrum for PSS-mixture with >95% cis – 2. c) Superimposed HNMR spectra trans–2 and cis–2. Solvent: CD3OD.
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UV-Vis studies on compound 2
-6

A solution of compound 2 (20 x 10 M in MeOH) was irradiated with white light for 1 min and
the UV-vis absorption spectrum was recorded (Fig. 11a). Then the same solution was irradiated
with  = 365 nm light for 1 min (Fig. 11), while the absorbance spectrum was recorded every 10
sec.
-6
A solution of compound 2 (20 x 10 M solution in MeOH) was irradiated at 365 nm for 1 min.
The change in absorbance at 352 nm was subsequently measured. The increase of absorbance
at  = 352 nm was fitted with a single exponential curve.

a

b

y = 0.3847-0.32253*e-0.00694x
R2 = 0.9999
t0.5 = 100 min

Figure 11: UV-vis spectroscopy data for compound 2. a) UV-vis spectra of compound 2 (20 x
-6
10 M solution in MeOH) after 1 min white light irradiation, and after every 10 sec of  = 365
nm irradiation. b) Changes in absorbance at  = 352 nm in the dark for the cis - trans
isomerization. Blue line represents the measured changes in absorbance, black line represents
the fitting with single exponential decay.
UV-vis studies of the surface assembly
UV-vis spectroscopy measurements were carried out on dried quartz coverslips using a slip
holder in an Agilent 8453 UV-Visible spectrophotometer. Irradiation with  = 365 nm and white
light was carried out without removing the slips from the holder. The coverslips were irradiated
in cycles at = 365 nm for 5 min and white light for 2 min. Results are shown in Fig. 5.

2.5.4 Activity assay for lipase-functionalized coverslips
0.6 mL of 10 mM solution of p-nitrophenyl butyrate in iso-propanol was mixed with 5.4 mL TRIS
HCl buffer (50 mM, pH 7.5). Subsequently, the lipase-functionalized coverslip was immersed in
the solution. Every minute, the solution was removed and its absorbance at λ = 442 nm was
-1
-1
recorded ( = 3.07 mM cm ). The hydrolytic activity of the lipase-functionalized coverslip was
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corrected for the non-catalyzed hydrolysis of p-nitrophenyl butyrate in buffer. After the
enzymatic assay, the cover slip was rinsed with milliQ water. Next, the coverslip was irradiated
with = 365 nm or white light and the enzymatic assay was repeated. The irradiation at =
365 nm was performed with dry coverslips for 1 h and white light irradiation was performed
with dry coverslips for 5 min (Fig. 2). For 15c, the assay was repeated for at least 3
functionalized quartz coverslips (Table 1).

-2

-1

u (mM cm min )

15a

15b

15c

15d

 = 365 nm

2.4E-04

2.3E-04

2.56E-04

1.58E-05

White light

2.11E-04

9.96E-05

4.23E-05

1.16E-05

Table 2: Enzymatic activity (coverslip area-normalized) for lipase-functionalized coverslips 15a15d.

2.5.5 Control experiments

Control experiment for enzymatic assay using a different irradiation source
1.

2.

-6

A solution of compound 2 was prepared in methanol (c= 20 x 10 M). The sample was
irradiated for 1 min at  = 365 nm, then irradiated for 5 min at  = 400 nm, then irradiated
for 1 min with white light, again at  = 365 nm and finally for 20 min at  = 400 nm. The
process was followed by UV-vis spectroscopy (Fig. 7a).
The enzymatic assay, described previously, was repeated for coverslip 15c. The coverslip
was irradiated at = 365 nm for 1h and then at  = 400 nm for 1 h. After irradiation at =
-3
-2
-1
365 nm, the enzymatic activity was 0,21·10 mM cm min and for the coverslip after
-3
-2
-1
irradiation at  = 400 nm, the enzymatic activity was 0,15·10 mM cm min (Fig. 7b).

Control experiments for enzymatic assay on lipase in solution
This control experiment was aimed at establishing if irradiation with white light or light at =
365 nm influences the enzymatic activity in solution. For this purpose, the enzymatic activity of
lipase in solution was measured, then = 365 nm or white light irradiation was applied and the
activity was measured again. (Fig. 8).
Conditions: 0.3 mL of 10 mM solution of p-nitrophenyl butyrate in iso-propanol was mixed with
2.65 mL TRIS HCl buffer (50 mM, pH 7.5). 0.025 mL of enzyme solution (0.017 mg/mL) in milliQ
-1
-1
water was added. Every 30 sec the absorbance at 442 nm was recorded ( = 3.07 mM cm ).
This procedure was repeated after irradiation of the solution with = 365 nm for 5 min and
then after white light irradiation for 5 min. The measured changes in absorbance at= 442 nm
are presented in Fig. 8.
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Control experiments for enzymatic assay on lipase-functionalized coverslips
This control experiment was aimed at checking if the irradiation results in the desorption of the
enzyme from the immobilisate (Figure 9).
Conditions: Three samples were prepared, each containing 0.6 mL of 10 mM solution of pnitrophenyl butyrate in iso-propanol and 5.4 mL TRIS HCl buffer (50 mM, pH 7.5). A
functionalized coverslip was immersed in the enzymatic assay solution for 5 min, then removed
and the absorbance of the solution at 442 nm was measured for 4 min. The same coverslip was
irradiated at = 365 nm for 5 min, immersed for 5 min in a fresh enzymatic assay solution and
then removed. The absorbance of the solution was measured again for 4 min. The same
coverslip was irradiated with white light for 5 min, immersed for 5 min in a new enzymatic
assay solution and then removed (Fig. 9a).
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Chapter 3
Applications of azobenzene switches for
Staudinger-Bertozzi ligation
A new family of azobenzene photoswitches was developed that can be introduced to
azide-bearing targets using Staudinger-Bertozzi ligation. In this chapter, the
modification of a quartz surface and a zinc finger domain, which are bearing an azide
functionality, are described.

This chapter is based on:
C. Poloni, W. Szymanski, L. Hou, W.R. Browne, and B. L. Feringa, Chem. Eur. J., 2014,
20, 946-951.
W. Szymanski, B. Wu, C. Poloni, D. B. Janssen, B. L. Feringa, Angew. Chem. Int. Ed.,
2013, 52, 2068-2072.
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3.1 Introduction
External control of biological processes in a reversible manner is a valuable tool for
studying, and eventually interfering, with living systems.1,2 Light has been used as a
external control element to achieve the control over biological processes because it is
a non invasive, bio-orthogonal stimulus. Nevertheless, this field has encountered many
challenges, e. g. toxicity and stability of the photoswitch in physiological conditions
and the ability to tune properties of photosensitive molecules depending on the
expected function to control.3 In recent years, azobenzenes became the class of
photoswitches most widely used to achieve controlled interference with many
different biological functions.1,2,4,5 They have been used to control peptide6 and DNA7
conformation and function, enzyme activity8 and pore function9. An azobenzenemodified surface allowed to control cell adhesion10 or motion of liquids.11
The success of these approaches depends on the possibility to introduce the switch
into biomolecules in a highly site-selective fashion. Lately, the selective
functionalization of an azide group is becoming a widely-used approach to
functionalize biomolecules, thanks to the high and selective reactivity of the azide
group.12 The development of methods that enable to insert an azide functionality into
a protein, greatly increased the application scope of this reaction.13 The common
azide-ligation reactions for biological systems are the copper-catalyzed azide-alkyne
cycloaddition (CuAAC),14 the strain-promoted copper-free azide-alkyne cycloaddition
(SPAAC)15 and the Staudinger-Bertozzi ligation.16
We envisioned that these reactions could also be used for the incorporation of
photoswitches into biomolecules in a site-selective and controlled manner. Such
selectivity was found to be fundamental to achieve the right level of photocontrol over
the properties and functions of biomolecules.17 Therefore we set off to develop a
system that permits to insert directly this photoswitchable unit into a macromolecule
in a selective fashion and without the use of any adducts.
The ideal reaction for the ligation of molecular photoswitches to azide groups
present on the biomolecule should proceed fast and with high conversion, without any
adducts (reagents or catalysts) and should have high selectivity towards the azide
function, thus avoiding the formation of side products. Furthermore, the reactants for
such conversion should be easy to prepare and soluble in water, as well as in organic
solvents. Finally, the reaction with the azide group should result in a rigid connection
to ensure the maximal translation of photoinduced changes in the molecular
photoswitch to the functional properties of the biomolecule. With these requirements
in mind, we decided to study the possibility of using the Staudinger–Bertozzi ligation
for incorporation of photoswitches into biomolecules, by making the aromatic moiety
used in this reaction a part of the chromophore system of the molecular photoswitch
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(Figure 1).
Three azobenzene photoswitches for Staudinger-Bertozzi ligation are described in
this chapter. Compound 1 is the simplest phosphine azobenzene molecule, whereas
compound 2 and 3 are the analogues with a short polyethylene glycol (PEG) chain and
a diethylamine group in the 4’-position, respectively. These substituents permit to
increase the solubility in water and to take advantage of the properties of push-pull
type azobenzenes, including the red-shift of the absorption maximum18 and the
shorter lifetime of the cis isomer in polar solvents.19 Push-pull azobenzenes have the
position 4 and 4’ occupied by an electron-withdrawing group and an electro-donating
group, respectively. This results in a strongly asymmetric electron distribution, which
modifies the optical properties of the azobenzene, moving the π-π* transition band
closer to the n-π* transition band,18 and shortens the lifetime in polar solvents due to
the presence of a resonance structure in which the two nitrogens of the diazo system
are connected by a single bond.19
In this context, it has to be emphasized that there is not an optimal lifetime value
for the less stable cis-isomer but the lifetime should be chosen depending on the
biological target: a fast process, like a neurological function, needs a short lifetime to
interfere with the process it-self, while a longer lifetime should be preferred for a slow
process, so there is no need of continuous irradiation to maintain the photostationary
state.2
In this chapter, the photochemical properties of molecules 1-3 and the products of
their ligation to azides are discussed. Two applications are exploited: the
photoswitchable Staudinger-Bertozzi tags are used for modification of a quartz surface
as well as for modification of a DNA-binding-peptide.

Figure 1: Staudinger-Bertozzi ligation of molecular photoswitches to an azide-bearing target.
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3.2 Synthesis of compound 1-3 and their derivatives and
photochemical studies
Compounds 1-3 can be synthesized in two to three steps from the common
precursor 420 (Figure 2). Compound 1 is synthesized by the Mills reaction of 4 with
nitrosobenzene under acidic conditions, yielding compound 5, which is converted to 1
using a palladium-catalyzed cross-coupling with diphenylphosphine. For compounds 2
and 3, the first step of the synthesis is a diazotization reaction, followed by the
reaction with potassium phenolate or N,N-diethylaniline to obtain compounds 6 and 7,
respectively. The reaction of compound 6 with the commercially available PEGbromide leads to the formation of the alkylated product, which can be converted to
compound 2 using a cross-coupling reaction with diphenylphosphine. Compound 3 is
obtained under the same catalytic condition, starting from compound 7 (Figure 2).

Figure 2: Scheme of synthesis for compounds 1-3.

To study the efficiency and selectivity of the ligation of compounds 1-3 with azidebearing molecules, we investigated their reactions with benzyl azide as a model
substrate to obtain compounds 1a-3a (Figure 3a). We used also the simple Staudinger
tag 8 for comparison, which gave after reaction with benzyl azide molecule 8a.
Inspired by the study on the mechanism of the Staudinger ligation by Bertozzi et al.,21
we used 31P NMR spectroscopy to analyze the progress of the reaction at given points
in time. The reaction of 1 shows full conversion after 16h, whereas the reaction with 3
arrives at 80% conversion within 16h, similar to the reaction with compound 8
(Figure 3b).
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Figure 3: Study of the efficiency and selectivity of the ligation of compounds 1-3. a) Model
31
Staudinger-Bertozzi ligation for compound 1-3 and 8 with benzyl azide. b) P NMR spectra
obtained by monitoring the model reactions for compound 1 and 3, compared to model
substrate 8. Conditions: for 1 and 8 (23.5 mM) with 2.0 eq. of benzyl azide in the presence of
30 eq. of D2O in CD3CN:CDCl3 1:1 (vol/vol) at rt; for 3 (18.8 μmol,9.3 mg) dissolved in CD3CN
(0.4 mL) and CDCl3 (0.4 mL), D2O (10 μL) at rt.

The photochemical properties of compounds 1a-3a were studied to gain more
information on the behavior of these switches. Compound 1a has a max at 330 nm in
aqueous buffer with 10%vol acetonitrile (Figure 4a) and azobenzene 2a, due to its pushpull nature, shows a max at 361 nm in aqueous buffer with 2%vol acetonitrile (Figure
4b). 18 The azobenzene 3a shows even stronger red-shift of max, towards 473 nm in
aqueous buffer with 10%vol acetonitrile (Figure 4c), consistent with other push-pull
azobenzenes known in the literature.22,23
The irradiation of trans-1a and trans-2a at  = 365 nm leads to the formation of the
cis form. For both these switches, the process is reversible upon irradiation with white
light. The switching cycle could be repeated at least seven times in aqueous buffer
(Figure 4d,e).
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Figure 4: Photochemical behavior of compounds 1a and 2a. a) UV-vis spectra for trans-1a (solid
-6
line) and cis-1a (dashed line), 16 x 10 M in 50 mM TrisHCl buffer, pH 7.5, with 10%
-6
acetonitrile. b) UV-vis spectra for trans-2a (solid line) and cis-2a (dashed line), 30 x 10 M in 50
-5
mM TrisHCl buffer, pH 7.5, with 2% acetonitrile. c) UV-vis spectrum for trans-3a, 3 x 10 M in 5
mM TrisHCl buffer, pH 7.2, with 10% acetonitrile. d) Switching cycles for compound 1a. e)
Switching cycles for compound 2a. f) Thermal stability of the photoirradiated state of 1a, 16 x
-6
10 M in 50 mM TrisHCl buffer, pH 7.5, with 10% acetonitrile, in the dark at rt. Changes in
absorbance at  = 330 nm prior to (0-41 h) and after alternating irradiation with white light and
 = 365 nm light.
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The photostationary state (PSS) of azobenzene 1a in aqueous buffer was estimated
by HPLC to be 80%. It was not possible to quantify the PSS for compound 2a in
aqueous buffer due to its faster re-isomerization. However compound 2a shows high
PSS in chloroform (95%).
The thermal stability of the cis-1a and -2a isomers in the dark was studied in CDCl3
at 50 C by 1H NMR spectroscopy and half-lives on the order of hours were measured
(257 min for azobenzene 1a, 69 min for azobenzene 2a). In aqueous buffer, the halflife of cis-2a is ca. 50 s at 21 C, much shorter than the one observed in organic
solvent, which is consistent with the fast cis–trans isomerization process observed for
push-pull azobenzenes in polar media.19 A remarkable effect was observed upon
studying the thermal stability of cis-1a in aqueous medium (t1/2 > 41 h). Upon
prolonged incubation of the photoirradiated sample in the dark at room temperature,
we observed a very slow increase in absorbance at  = 330 nm (Figure 4f), thus
indicating an intriguingly slow thermal re-isomerization. After 41 hours, the sample
was irradiated with white light, which resulted in efficient switching back to the trans
isomer. Following the irradiation with white light, several irradiation cycles were
performed to demonstrate that the molecule fully retained its switchable behavior
upon prolonged incubation in aqueous buffer (Figure 4f). The observed unusual
thermal stability of cis-1a in aqueous medium (t1/2 > 41 h) places this molecule among
the azobenzenes with highly thermostable photostationary states. Only very few
systems are known to have similar stabilities,24 for example the tetra substituted
ortho-fluoro azobenzenes25 or azobenzene molecules that are part of heterocyclic
systems26 or locked in supramolecular cages.27
The photochemistry of compound 3a is the one associated with push-pull
azobenzene; therefore the cis-trans isomerization is really fast in polar media. The
lifetime in methanol at room temperature was measured by laser-flash photolysis and
it was determined to be 403 ms (Figure 5a). Using the same technique, in TRISSO4
buffer, the lifetime was determined to be 0.500.04 ms (Figure 5b).
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Figure 5: Thermal cis-trans isomerization of compound 3a. a) 1.50 x 10 M in methanol at
293 K, monitored at = 430 nm following excitation at 532 nm (6 ns full width at half maximum
-5
(FWHM), 10 Hz,3 mJ); b) 7.0 x 10 M in 10% MeCN/5 mM TRIS·SO4, pH 7.2 at 293 K, recorded at
λ = 460 nm upon 532 nm irradiation (6 ns FWHM, 10 Hz, 3 mJ). Points correspond to measured
data; lines represent the fitting with single exponential decay.

3.3 Applications of azobenzenes 1-3
After the photochemical analysis of compounds 1a-3a, we set off to explore
different possible applications where the photoswitchable Staudinger-Bertozzi tags 1-3
could be used, including the modification of quartz surfaces and peptides.28
The first application was the modification of quartz surfaces with azobenzenes 1-3.
A piranha-cleaned quartz coverslip (A, Figure 6) was decorated with azide groups by
reaction with azido-silane 9 to give surface B (Figure 6). The modification was
confirmed by the change of the water contact angle from 5±1˚ (hydrophilic surface A)
to 62±3˚ (hydrophobic surface B). Azide-bearing quartz coverslip could be
functionalized with the three different azobenzenes (1-3) by Staudinger-Bertozzi
ligation, yielding surface C (Figure 6). The reactions were performed by immersing the
quartz coverslip in a solution of 1-3 for three days, after which the coverslips were
cleaned by sonication in chloroform, acetonitrile, and methanol (1 min each).
Although no significant change in the water contact angle was observed (Figure 6, B to
C), the modification was confirmed by an appearance of a UV-vis absorption in the
range 350-550 nm, depending on the switch (Figure 7).
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Figure 6: Modification of an azide-decorated quartz slide with 1-3 and subsequent switching on
the surface. Contact angle measurements were carried out with water and 1N aq. HCl (values
in parentheses).

Furthermore, for the surface C modified with 3 (C-3, Figure 6), a lower contact
angle measured with 1N aq. HCl was observed compared with water (Figure 6), which
is consistent with the presence of basic amino groups that increase the hydrophilicity
of the surface upon protonation. Unfortunately, the reversible photoisomerisation on
the surface could not be confirmed for compound 3, as no significant changes in the
UV-Vis spectra and contact angle upon visible light irradiation were observed,
probably due to the fast re-isomerization of this photoswitch (Figure 7e).
In contrast, for compounds 1 (Figure 7c) and 2 (Figure 7d), it was possible to follow
the cycles of isomerization of the photoswitch attached on the surface: the sequential
irradiation at =365 nm (to obtain D; Figure 6) and with white light resulted in the
expected changes of absorbance (Figure 7c,d), thus indicating the presence of
azobenzene moieties on the surface. To exclude the possibility of non covalent binding
of compound 1-3 to the surface, we followed the same protocol as described in Figure
6 for azobenzenes 1-3, using 10 (Figure 6, insert), the oxidized analogue of 1, which
cannot act as a ligation tag. The surface obtained in this way did not show the
characteristic UV/Vis absorption properties described above (Figure 7b). Therefore we
could conclude that in the case of immobilization of compounds 1-3 on quartz
coverslip, the azobenzenes are covalently bound to the surface.
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Figure 7: UV-vis spectroscopy for quartz coverslips reported in Figure6. a) UV-vis spectra of
piranha-cleaned quartz coverslip A and azide-functionalized quartz coverslip B. b) Switching
cycle for quartz coverslip C, functionalized with 1 (C-1) and 10. c) UV-vis Spectra of quartz
coverslip C, functionalized with 1 (C-1), irradiated with 365 nm and white light. d) UV-vis
Spectra of quartz coverslip C, functionalized with 2 (C-2), irradiated with 365 nm and white
light. e) UV-vis spectra of quartz coverslip C, functionalized with 3, irradiated with 365 nm and
white light.
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Furthermore, we studied the possibility of introducing the azobenzene tag 3 to an
azide-decorated, functional peptide in aqueous conditions. As a model, the third zinc
finger in the mammalian factor Sp1 (Sp1-f3) was chosen.29 It belongs to the family of
C2H2-type zinc fingers, which are small DNA-binding motifs that mediate DNA-protein
interactions within cells, playing an important role in regulation of DNA expression.30 It
has already been shown that incorporation of azobenzene moiety into the N-terminus
of Sp1-f3 allows for a partial photocontrol over the binding of zinc finger to DNA31.
Using standard Fmoc-based Solid Phase Peptide Synthesis (SPPS), a modified
variant of Sp1-f3 was prepared, in which L-azidohomoalanine 11 (Figure 8) was
introduced in position 27 ([Aha27]-Sp1-f3, Figure 8 and Figure 9).
The modification point was chosen close the -helix region of the zinc finger, which
is directly involved in the interactions with DNA.29

Figure 8: Introduction of an azobenzene tag to azidohomoalanine-modified Sp1-f3 zinc
32
finger (structure adapted from pdb file, entry 1SP1 ).

The reaction of [Aha27]-Sp1-f3 with compound 3 was followed by HPLC and MS
analysis (Figure 9). After two days (Figure 9b), the product was formed, which, after
purification (Figure 9c), was subjected to MS analysis (Figure 10) and was confirmed to
be the expected Peptide 1 (Figure 8), with the azobenzene tag introduced via
Staudinger-Bertozzi ligation. UV-vis analysis of purified Peptide 1 (Figure 9) confirmed
the presence of the characteristic absorption band at ~500 nm, further support of the
incorporation of visible-light switchable azobenzene into the biologically-functional
peptide.
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d)
[Aha27]-Sp1-f3
m/z (ESI MS): 3536.14
calculated (M+1): 3536.19

a)

b)

Peptide 1
m/z (ESI MS): 3987.31
calculated (M+1): 3989.7

c)

27

27

Figure 9: Reaction of [Aha ]-Sp1-f3 with compound 3. a) HPLC trace of purified [Aha ]Sp1-f3 at 220 nm. b) HPLC trace of crude reaction mixture at 220 nm. c) HPLC trace of purified
Peptide 1 at 220 nm. d) UV-vis spectrum of purified Peptide 1 (~10 μM in water).

a

b

3829

c

MW = 3829

MW = 3987

Figure 10: a) MALDI spectrum for Peptide 1. b) ESI-TOF spectrum for Peptide 1. c)
Fragmentation of Peptide 1 occurring with MALDI analysis.
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Importantly, MS analysis of Peptide 1 had to be performed using Electrospray
ionization (ESI) technique. Matrix-assisted laser desorption ionization (MALDI) cannot
be used: the laser used in MALDI has the maximum wavelength at  = 337 nm
therefore the azobenzene unit is fragmented and the MALDI trace shows the m/z of
the peak of the fragmentation products (Figure 10).
The Staudinger-Bertozzi ligation on [Aha27]-Sp1-f3 was also attempted on solid
phase, before the cleavage of the complete peptide from the resin. Compound 3 was
added in DMF/water solution to the resin. The HPLC trace of the mixture after
cleavage shows that the product is formed but the conversion is very low (Figure11).
[Aha27]-Sp1-f3 has a retention time of 18.28 min and the product Peptide 1 has a
retention time of 24.23 min (Figure11). The azide of Aha (position 3, counting from the
resin) is in proximity of the resin and therefore steric effects may prevent the reaction
from happening.
a

b

Figure 11: a) HPLC trace for the reaction mixture after cleavage form resin. b) UV-vis
spectrum from PDA detector in HPLC of the product with rt = 24.23 min, Peptide 1.

3.4 Conclusions
In summary, we present here a novel family of azobenzene switches which can be
incorporated into target systems bearing azide functionalities by Staudinger–Bertozzi
ligation in aqueous, as well as organic media and without any additional reagents or
catalysts. The molecular photoswitches, formed upon this ligation, show high fatigue
resistance for the reversible switching process in water, photostationary states with
up to 95% of the cis isomer, and thermal stabilities of the cis isomer ranging from
milliseconds to days.
Notably, the model product 3a, formed upon ligation, has an absorption maximum
in the visible range (>440 nm), characteristic of push-pull azobenzenes. Using laserflash photolysis, this isomerization was also confirmed at room temperature in
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methanolic and aqueous solutions. In the latter case, fast thermal relaxation of the cisisomer was observed, with a lifetime in the order of 0.5 ms.
In this chapter, possible applications of azobenzene switches that can be used as a
Staudinger tag are exploited. We conducted model studies on the use of compounds
1-3 for the introduction of azobenzene photoswitches on quartz surfaces.
To confirm that compound 3 can be used for the modification of biomolecules, we
present its application for site-selective incorporation of the photochromic residue
into the structure of azide-modified zinc finger protein. Attempts were made also to
use the photoswitch 3 directly in solid phase peptide synthesis, but the reaction is
prevented by steric hindrance probably due to the proximity of the azide functionality
to the resin.
We envision the application of the presented Staudinger–Bertozzi azobenzene
photoswitches in the photocontrol of fast biological processes, due to the reversible,
visible-light-induced switching process and fast thermal relaxation in aqueous
environment. In fact, visible light is not cancerogenic like UV light and the depth of
penetration into tissue is higher than for UV light.3
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3.6 Experimental Session
3.6.1 Surface modification
The surface modification is shown in Figure 6.
CAUTION: Piranha solution, used in this procedure, is extremely energetic and potentially
explosive. It must be handled with extreme caution. See Chapter 2.
Surface A: Quartz microscopy coverslips were cleaned using piranha solution (conc. H 2SO4 :
30% H2O2, 3:1, v/v), rinsed with water (2x) and MeOH (2x), dried under N 2 stream and cleaned
by a plasma cleaner (1 min, 100% O2, 1.5 mbar).
Surface B: Cleaned coverslips were immersed in a 2 mM solution of compound 9 in dry toluene
during 1 d at rt. Subsequently, the coverslips were sonicated in toluene and methanol (1 min
each) and then dried under a N2 stream.
Surface C: Azide-functionalized quartz coverslips were immersed in a 1 mM solution of
compounds (1, 2, 3, 10) in acetonitrile/chloroform (1:1) for 3 d at rt, sonicated in chloroform,
acetonitrile and MeOH (1 min each), and then dried under a N2 stream.

3.6.2 UV-vis studies on surfaces
UV-vis spectra are shown in Figure 7 and Figure 12.
UV-Vis spectroscopy measurements were carried out on dried coverslips using a slip holder in
an Agilent 8453 UV-Visible Spectrophotometer. Irradiation with UV and white light was carried
out without removing the slips from the holder. Due to the problems with the baseline level in
the experiments with two different quartz coverslip, the spectra from the two experiments
were aligned by assuming the same absorbance value at 500 nm for the two coverslips after
white light irradiation.

350

370

390

410

430

450

Wavelength, nm

Figure 12: UV-Vis spectra for monitoring the changes of absorption during the subsequent UV
and white light irradiation of azide-decorated quartz coverslips after incubation with
compound 10.
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3.6.3 Synthesis, analysis of [Aha27]-Sp1-f3 and Staudinger ligation to a model peptide
Analytical HPLC and RP-HPLC was carried out with Shimadzu equipment. Eluent A: 0.1 % TFA in
-1
acetonitrile. Eluent B: 0.1 % TFA in water. Gradient: 0 - 3 min, 10 % A; 3 - 58 min, 1.54% A min ;
Final: 95% A. For analytical RP-HPLC, a XTerra C18 3.0x150mm column (Waters) was used with
-1
a flow rate of 0.5 mL min and for semi-preparative RP-HPLC, a XTerra Prep C18 7.8x150mm
-1
column (Waters) was used with 1 mL min .
27

[Aha ]-Sp1-f3 (H2N-KKFACPECPKRFMRSDHLSKHIKTHQXKK-NH2),
(X = L-azidohomoalanine)
The peptide was synthesized on a 0.1 mmol scale by standard protocol of Fmoc chemistry with
the peptide synthesizer CEM Liberty, with CEM Discover microwave. Sieber resin was used
(0.69 mmol/g). The coupling step was performed with Fmoc-protected amino acid (5 eq), HBTU
(5 eq) and DIPEA (10 eq) in DMF. The Fmoc-deprotection step was performed with 5%
piperazine in DMP. Cleavage from the resin was performed with TFA:EDT:H 2O:TIS 94/1/2.5/2.5
for 2h. The product was precipitated with diethyl ether and isolated by centrifugation. The
crude peptide was purified by semi-preparative RP-HPLC. Ret. time: 15.24 min. ESI-MS: 3536.14
(M+1).
The HPLC trace is given in Figure 9a and the ESI/MS is shown in Figure 13.

27

Figure 13: ESI-MS trace of purified [Aha ]-Sp1-f3.
27

Peptide 1: Staudinger ligation on [Aha ]-Sp1-f3 in solution
27
0.2 mg (0.06 μmol) [Aha ]-Sp1-f3 was dissolved in 0.1 mL H2O and a solution of 3 (0.34 mg, 0.6
μmol, in 0.4 mL DMF) was added. The reaction mixture was stirred for 2 d at rt under N 2
atmosphere. 0.2 mL H2O was added and the reaction mixture was washed with DCM (0.5 mL) 3
times. The aqueous layer was freeze-dried and the product purified by semi-preparative RPHPLC. Ret. time: 20.73 min. ESI-MS: 3987.31 (M+1).
The HPLC trace is given in Figure 9c and the ESI/MS is shown in Figure 10c. The UV/vis
spectrum is shown in Figure 10d.
27

Peptide 1: Staudinger ligation on [Aha ]-Sp1-f3 on solid phase
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compound 3 (2 mg) were dissolved in DMF, 1%H2O mixture. The solution was added to 9 mg
-4
27
Sieber resin (3.6·10 mmol) with [Aha ]-Sp1-f3 attached and stirred for 1 d at rt. The resin was
washed with DMF (3 x 1mL), DCM (3 x 1mL) and diethyl ether (2 x 1mL). was dissolved in 0.1
mL H2O and a solution of 3 (0.34 mg, 0.6 μmol, in 0.4 mL DMF) was added. Cleavage from the
resin was performed with TFA:EDT:H 2O:TIS 94/1/2.5/2.5 for 2h. The product was precipitated
with diethyl ether and isolated by centrifugation and analyzed by HPLC.
The HPLC trace is shown in Figure 11a and The UV/vis spectrum from PDA detector is shown in
Figure 11b.
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b

d

c

f
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27

Figure 14: a) HPLC trace of purified [Aha ]-Sp1-f3 (detection at 220 nm). b) HPLC trace of
27
purified [Aha ]-Sp1-f3 (detection at 500 nm). c) HPLC trace of crude reaction mixture
(detection at 220 nm). d) HPLC trace of crude reaction mixture (detection at 500 nm). e) HPLC
trace of purified Peptide 1 (detection at 220 nm). f) HPLC trace of purified Peptide 1 (detection
at 500 nm).
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Chapter 4
Incorporation of overcrowded-alkene switch into
peptides
Approaches to control the function of peptides with light would benefit from
expanding the number of switch architectures that can be used. This chapter aims to
find a synthetic strategy to insert, for the first time, an overcrowded-alkene switch
into the backbone of peptides. Strategies for the solid phase peptide synthesis are
described, focusing on the choices of resins and protecting groups.

Chapter 4

4.1 Introduction
The modification of peptides with molecular switches could permit the external
control of the secondary structure of peptides and, therefore, the regulation of their
function.1 It could be, as well, an important tool for understanding and influencing the
processes of the formation of the secondary structure.
There are three strategies for obtaining photocontrol over secondary structure by
incorporation of molecular photoswitches into a peptide, described in Figure 1. The
first one (Figure 1a) is the modification of a side chain of an amino acid into a switch
and it was used, for example, by Pieroni et al. to control the content of α-helix in poly(L-glutamic acid).2 The second approach uses the stapling of two side-chains with a
photoswitch (Figure 1b). This methodology has been introduced by Woolley to
interfere with the formation of α-helix.3 The third one is the incorporation of the
switch into the backbone of the peptide (Figure 1b). This modification has been
applied to substitute the turn region of various peptides.4
The most widely used photoswitches are azobenzenes.5 The synthesis is relatively
easy, the photoswitching process is stable in water over many cycles and the
photochemical properties have been studied extensively.6 Beside this switch, other
photoresponsive units have been used for controlling biological processes, e.g.
stilbenes,7 spiropyrans8 and diarylethenes9 (Figure 1d).
The aim of this chapter is to introduce a different photoresponsive molecule, the
overcrowded alkene switch (Figure 1e), into peptides. This molecule has already been
successfully used for tuning the enantioselectivity of reactions,10,11 photocontrolling
magnetic interactions12 and ion binding.13
The overcrowded alkene switch, presented here (Figure 1e), has two stable
stereoisomers and the conversion between these two states occurs via an
intermediate, a metastable stereoisomer with a half-life in the order of days. We
expected that this system would provide much more information on the mechanism
and dynamic of the formation of secondary structure: for example, the metastable
stereoisomer offers the possibility to study the presence of intermediates of this
process in a spatially and temporally controlled manner. Moreover, the
photoisomerisation between the stable states imposes a larger geometrical change in
comparison to azobenzenes or other switches and, as consequence, perhaps, a better
level of control.
We envision that the incorporation of this switch in the backbone (Figure 1c) is the
most suitable of the possible incorporation strategies, taking advantage of the
characteristics of overcrowded alkene.
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Figure 1: a-c) Approaches to insert photoswitches into peptides. d) Examples of photoswitches
used for controlling biological functions. e) Overcrowded alkene switch.

The target peptide chosen in this study is a C2H2-type zinc finger, a small DNAbinding motif that mediates DNA-protein interactions within cells, playing an
important role in regulation of DNA expression.14 It is constituted by a short, twostranded antiparallel β-sheet and an α-helix, which is the DNA-contacting site (Figure
2a).14 The coordination of a zinc ion is fundamental for the formation of the tertiary
structure and the binding of DNA (Figure 2a).14 Usually multiple zinc fingers are
present in the DNA binding protein, which increases the specificity of the binding.14
The third zinc finger in the mammalian factor Sp1 (Sp1-f3), which is well known and
characterized in the literature,15 is used here. In our design (Figure 2b), the alkene
switch replaces the turn region between the β-sheet and an α-helix. Therefore the
switching of the photoresponsive molecule will bring apart the two cysteines in the βsheets and two histidines in the α-helix, which are responsible for the coordination of
zinc ion. We envision that the incorporation of the switch in this position might control
the zinc binding and therefore the secondary structure of the peptide that would
ultimately permit the photocontrol of the binding of the zinc finger to DNA.
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In this chapter, the strategy to incorporate the overcrowded alkene switch into the
peptide Sp1-f3 is discussed; the adaptation of the molecular structure of this
photoswitch is necessary since it has to be used, as a building block, in solid phase
peptide synthesis (SPPS).
a

b
modified Sp1-f3
Sp1-f3

β1
β2
α-helix DNA-recognition
KKFACPECPKRFM-switch- RSDHLSKHIKTHQNKK
KKFACPECPKRFM
RSDHLSKHIKTHQNKK

Figure 2: C2H2-type zinc finger. a) Tertiary structure of C2H2-type zinc finger. It was created from
16
PDB 52FN. b) The sequence of the modified and not modified C2H2-type zinc finger Sp1-f3. In
2+
yellow, the amino acids involved in Zn binding are shown.

4.1.1 Principles of solid phase peptide synthesis (SPPS)
The synthesis of medium or long peptides requires the use of SPPS.17 Peptides with
specific sequence can be obtained with relatively high purity in short time. This
technique makes use of solid support to grow the peptide chain and the advantages
are that the purification of intermediates is not needed and the reagents can be used
in large excess. Fmoc-based SPPS is based on the repetition of two steps: the removal
of the base-labile Fmoc protecting group and the coupling of an amino acid (Figure
3).17 The removal of Fmoc is achieved using 20% piperazine or piperidine in DMF
(Figure 3) and the coupling step is conducted using an Fmoc-protected amino acid,
which is activated by coupling reagents, e.g. HBTU18 or HATU,19 in the presence of the
base DIPEA (Figure 3). The side chain of the amino acids is protected by acid-sensitive
groups. In general, for amines or amides, tert-Butyloxycarbonyl (Boc),20 and Trityl
(Trt)21 are used. For carboxylic acid and for indole, tBu protecting group and
pentamethyldihydrobenzofuran-5-sulfonyl group (Pbf)22 are used, respectively.
Protecting groups that are highly sensitive to acid have also been developed, e.g. 2phenylisopropyl group (2-PhiPr).23
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Figure 3: Iterative processes of SPPS.

A cleavage cocktail is the mixture of reagents that permits to cleave the peptide
from the resin. By tuning the acidity of the cleavage cocktail, it is possible to obtain a
peptide with protected or unprotected side chains (Figure 4). When trifluoroacetic
acid (TFA) is used in high concentration (>75 vol%), the deprotection of the side chains
occurs; when 1% of TFA, or a mixture of acetic acid, trifluoro-ethanol or hexafluoroisopropanol are used, it is possible to obtain a cleaved peptide with protected side
chains (Figure 4).24 The use of different cleavage cocktail and protecting group for side
chains is crucial in the strategy for the introduction of the photoswitch into peptides.

Figure 4: The deprotection/cleavage of peptides after SPPS using different cleavage cocktails.

4.2 Synthesis of the overcrowded alkene switch for SPPS
The synthesis of overcrowded alkene switch is based on the synthetic routes
already developed in our group.10,11,12,13 As already mentioned, it is necessary to
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modify the core of the switch with functionalities suitable for SPPS, which are
carboxylic acid and Fmoc-protected amine.
The first step is the synthesis of compound 1, starting from p-xylene. The two
possible procedures are shown in Figure 5. The first one, which is employed routinely,
is the reaction of p-xylene with methacrylic acid in polyphosphoric acid (PPA);25 the
second one, introduced here, envisages the use of methacrylic chloride with AlCl3
(Figure 5). The reactions involve a Friedel-Crafts acylation followed by Nazarov
cyclization. The second procedure is preferred due to the easier work-up in term of
laboratory practice. The second procedure also gives higher yield, although the
difference might be attributed to different methods used for purification. It is
important not to stir p-xylene with AlCl3 in DCM, because it can provoke the migration
of methyl group from p-xylene forming toluene and pseudocumene.26

Figure 5: Reactions to synthesize compound 1.

The further steps in the synthesis of the alkene switch for SPPS are shown in Figure
6. The procedure that has been already reported27 to synthesized molecule 3 has been
used. It involves two steps: the first is the synthesis of the dibromo-substituted ketone
2 and the second is the removal of the α-bromide by treatment with trimethylsilyl
chloride (TMSCl) and sodium iodide (Figure 6). Enantiopure compound 3a can be
conveniently synthesized using a BINAP-gold catalyst following the procedure
developed in our group.28 The HPLC shows that the compound 3a is obtained in 92%
ee (Figure 7). The following step is a McMurry coupling to form the enantiopure
compound 4.28 Suzuki-Miyaura coupling of compound 4 with 4methoxycarbonylphenyl boronic acid, followed by ester saponification, yields the
dicarboxylic acid 6. Subsequent monocoupling with Fmoc-ethylene diamine (7) leads
to the desired product 8 (Figure 6). Compounds 6 and 8 can both be used in the SPPS
protocol.
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Figure 6: Synthesis of compound 6 and 8.

a

b

Figure 7: a) HPLC trace of racemic 3. b) HPLC trace of enantioenriched (ee = 92%) product 3a
(0.5% isopropanol in heptane, Chiralcel OBH column).
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4.3 Synthetic strategies to insert the overcrowded alkene switch
into a C2H2-zinc finger
Two approaches can be taken for the synthesis of the switch-modified zinc finger
Sp1-f3, depending whether compound 6 or 8 is used (Figure 8).
In case the photoswitch 6 is used in SPPS, peptide 10 will be synthesized on solid
support and the switch 6 will be coupled to it (approach A, Figure 8). Due to the
presence of carboxylic acid functionalities in both the extremities of the switch 6, the
second peptide 9 should have a free amino functionality (approach A, Figure 8).
Moreover it should be protected in the side chains to avoid side reactions in the
following coupling step. Considering that the peptide 9 is synthesized by SPPS, the
choice of the resin is crucial for the synthesis (approach A, Figure 8). 1,2Diaminoethane trityl resin was used. This resin permits to obtain a fully-protected
peptide with an amino ethyl group in the C-terminus.
The second approach (approach B, Figure 8) involves the use of compound 8, which
is a building block for SPPS. Peptide 10 can be synthesized by SPPS, like in approach A.
Peptide 11 needs to have the free carboxylic acid functionality to couple with 8.
Peptide 11 presents a methionine in the first position (C-terminus, Figure 2b),
therefore it is preferred to substitute this amino acid with glycine to avoid
epimerization (approach B, Figure 8). Peptide 11 needs to be isolated fully-protected
in the side chains. An acid-sensitive resin will be used, as in approach A.

Peptide 9
Peptide 10
Peptide 11

Fmoc-KKFACPECPKRFM-NH-CH2CH2-NH2
Fmoc- RSDHLSKHIKTHQNKK-NH2
Fmoc-KKFACPECPKRFM-OH

Figure 8: Different approaches for the synthesis of zinc finger.

We envision that the overcrowded alkene switch might be unstable under the
acidic conditions of cleavage. Therefore, when the complete construct is synthesized,
the removal from the resin would probably require a cleavage cocktail with relatively
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low concentration of TFA. In this respect, the acidity of the cleavage cocktail was
tested on Pbf, a protecting group known to be less sensitive to acid than the others.22
Two different mixtures of TFA in DCM were tested on Fmoc-Arg(Pbf)-OH as a model
substrate (Figure 9). The cleavage cocktail with 75% TFA gave full removal of Pbf after
40 min (Figure 9b), while the deprotection reaction with 50% TFA reached full removal
after 85 min (Figure 9c). In this respect, the resin for the synthesis of the full construct
should be chosen, independently whether approach A or B is used. An acid-sensitive
resin, Sieber amide resin, was chosen for the synthesis of peptide 10. This solid
support permits to tune the acidity of the cleavage cocktail to obtain the desired
product.
a

b

c

Fmoc-Arg-OH
82%

Fmoc-Arg(Pbf)-OH
18%

20 min

Fmoc-Arg(Pbf)-OH
Fmoc-Arg-OH
65%
35%

20 min

98%

77%
23%

40 min

2%

60 min

100%

97%

60 min

85 min

3%

Figure 9: Removal of Pbf protecting group from Fmoc-Arg(Pbf)-OH. a) Removal of Pbf group
from Fmoc-Arg(Pbf)-OH. b) HPLC traces for the removal of Pbf with 75% TFA in DCM, followed
in time. c) HPLC traces for the removal of Pbf with 50% TFA in DCM, followed in time.
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4.4 Synthesis of overcrowded alkene zinc-finger
The first attempt at the synthesis of the entire construct was made following
approach A (Figure 8). Peptide 9 needs to be isolated with all the protecting groups on
the side chains of the amino acid to avoid competitive reactions when the entire
modified Sp1-f3 is assembled. As explained previously, the 1,2-diaminoethane trityl
resin was used for the synthesis of peptide 9. This resin is highly sensitive to acid,
therefore it is possible to use cleavage cocktails that don’t remove the protecting
group in the side chains of the amino acids. Furthermore, this resin permits to obtain,
upon cleavage, peptides with a diamino-ethane group in the C-terminus. The presence
of an amino group on C-terminus is essential to couple the peptide to the switch
(Figure 8).
Different cleavage cocktails, which can be used with this resin, were tried. The first
one is the mixture HFIP/DCM (3:7). HPLC analysis (Figure 10a) revealed that the
obtained peptide is not pure. Attempts at purification were made, including
precipitation and column chromatography. Unfortunately, neither of them provided a
pure peptide. The second cleavage cocktail used was TFE/AcOH/DCM (1:1:8) with 5%
TIS. Gratifyingly, the use of this mixture resulted in a pure product after precipitation
with n-hexane (Figure 10b). This mixture, combined with the use of the acid-sensitive
resin, permits to obtain the protected peptide 9 that can be used for further coupling
reactions with switch and peptide 10 (Figure 8).
a

b

Figure 10: HPLC traces of peptide 9. a) HPLC trace after cleavage with HFIP/DCM (3:7). b) HPLC
trace after cleavage with TFE/AcOH/DCM (1:1:8) with 5% TIS.

Peptide 10 was synthesized using standard protocol for SPPS, using a highly-acidsensitive resin. The product was not isolated, because the couplings of the switch and
of the peptide 9 was planned to be performed on solid support. Nevertheless, the
cleavage of the peptide 10 was executed on few beads of resin to verify the presence
of the correct peptide. HPLC and ESI-MS analysis confirmed the formation of the
desired peptide (Calculated m/z = 2178; experimental m/z = 2178) (Figure 11).
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a

b

Figure 11: Analytical data of compound 10. a) ESI-MS spectra of peptide 10. b) HPLC trace (220
nm) of peptide 10.

The following step was the coupling of peptide 10 with compound 6, and
subsequently peptide 9, on solid phase (approach A, Figure 8). The first reaction (step
A, Figure 12b) was done following a standard procedure for SPPS and the reaction
products were analysed by cleaving the peptides from few beads of resin.

b

a

Figure 12: Analysis of step A, coupling of compound 6 to the resin functionalized with peptide
10 to provide 12. a) LC-MS trace for the crude coupling product. The m/z ratio are reported on
top of the corresponding peaks. b) Synthesis of 12.
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The mixture was analysed by LC-MS, as shown in Figure 12a. The desired product 12
has the m/z of 2495. The product with m/z 4436 is the most abundant: this is the
product of double coupling of 6 to peptide 10, as shown in Figure 12b.
We expect that the reaction of double coupling of compound 6 on the resin will be
always favorable with respect to the single coupling: this is due to the locally high
concentration of 10 on solid support. Therefore a variation in approach A (Figure 8)
was made. The coupling of peptide 9 with compound 6 was tried in solution (step C,
Figure 13a). In this case, the possibility of double coupling is reduced by using
stoichiometric amount of compound 6, peptide 9 and the coupling reagents EDC and
HOBt. The HPLC trace is reported in Figure 13b. After work-up, a mixture of peptide 9
(retention time = 36.6 min) and product 13 (retention time = 41.6 min) was obtained.
Attempts of purification were made using column chromatography and preparative
TLC but, unfortunately, it was not possible to separate the two products. Therefore
the mixture was further used in step D (Figure 14a).

a

b

Figure 13: Analysis of the products from step C. a) Coupling step C. b) HPLC trace for compound
9 (dashed line) and for the crude product of step C (solid line).

Mixture 13 was used in the coupling with peptide 10 (Figure 14a) on solid support
and the cleaved mixture was analysed by HPLC (Figure 14b,c). Tuning the wavelength
of PDA detector to the wavelength of absorbance of the switch 6 (320 nm), it was
possible to detect two peaks that might be the expected product (Figure 14c). The
retention time of these peaks are 27.5 min and 28.3 min. The UV-vis spectra of these
peaks correspond to the two stereoisomers of the overcrowded alkene switch (Figure
14c). Nevertheless, these products are obtained in small quantity with respect to a
compound with retention time of 20 min (Figure 14b). This product, in fact, might be
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the product of coupling of peptide 9 with 10. Considering that the desired product is
not obtained in high yield, approach A (Figure 8) was abandoned.

a

b

c

Figure 14: Analysis of the products of reaction 14. a) Step D. b) HPLC trace of the mixture
obtained after cleavage. c) UV-vis spectra obtained from PDA detector for the peaks at 27.5
min and 28.3 min.

Approach B was then followed (Figure 8). The first step, step E, is the coupling of
compound 8 to the resin-bound peptide 10 (Figure 15). The products of the reaction
were analyzed upon cleavage of products from few beads of resin. The LC-MS shows
that the peaks corresponding to the mass of the product 15 (MW = 1379) are the most
abundant (Figure 16).
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Figure 15: Step E.
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Figure 16: Analysis of the products of step E. a) Diode array trace for step E. b) MS spectrum
for m/z 1379.

The following step, step F, is the Fmoc deprotection of 15, followed by the coupling
with peptide 11 (Figure 17). Compound 11 was successfully synthesized by SPPS,
purified by precipitation with n-hexane and used for the coupling to obtain 16. The
products of step F (Figure 17) were analysed by MALDI-TOF after cleavage from the
resin (Figure 18a,b). The analysis showed that the major products are peptide 15 or
derivates of 15, i.e. the acetylated and the trifluoro acetylated product. Reagent 11 is
not pure enough and acetic acid and trifluoro acetic acid, used for the cleavage of the
peptide from the resin, are still present. A further purification by column
chromatography was conducted and step F (Figure 17) was repeated.
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Figure 17: Step F.

In this case the HPLC trace (Figure18d) suggests that the reaction gives a mixture of
four major compounds. The compounds corresponding to the four peaks in HPLC trace
were purified by preparative HPLC and each compound (16/1-4) was analyzed by HPLC
and MALDI-TOF. The MALDI-TOF spectra of the 16/1-3 (Fig 21b,c,e,f,h,i) showed the
m/z of the acetylated and the trifluoroacetylated product 15. The MALDI-TOF
spectrum of compound 16-4 shows a m/z of 5112 (Figure18d). This value corresponds,
probably, to the peptide 16 with some remaining protecting groups: 7 Boc, 1 Pbf and 2
tBu ([M+Na+], MW=5116). This product was further treated with the cleavage cocktail
mixture but the MALDI-TOF spectrum did not change, indicating that the cleavage
mixture is not acidic enough to remove all the protecting groups in the side chains.
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a

c

b

d

Figure 18: Analysis of the product of step F after cleavage from the resin. a) MALDI-TOF
spectrum in linear mode of step F using compound 11 purified by precipitation. b) MALDI-TOF
spectrum in reflective mode of step F using compound 11 purified by precipitation. c) HPLC
trace of reaction using compound 11 purified by flash column chromatography. d) MALDI-TOF
spectrum of the product of peak 16-4 of step F using compound 11, after purification by flash
column chromatography. It is necessary to acquire MALDI-TOF spectra in linear mode as well in
reflective mode: the first one is more suitable for molecules with high MW, like for 16, while
the second one is suitable for molecules with low MW, like 10 or 11.

4.5 Conclusion
In this chapter the described research aimed to find a good strategy to insert a
overcrowded alkene into the backbone of a peptide. The peptide chosen was the zinc
finger domain Sp1-f3.
The overcrowded alkene switch was already used for tuning the enantioselectivity
of reactions,10,11 photocontrolling magnetic interactions12 and ion binding.13 In this
chapter, this switch was synthesized and functionalized to obtain a building blocks for
SPPS. Two approaches were taken towards achieving this goal. In the first one, the
switch is functionalized with two carboxylic acids. In the second one, the switch is a
Fmoc-protected amino acid. In both cases, the insertion of the photoresponsive
molecule is performed on solid support. It was found that the first approach suffers of
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a limitation: the double coupling of the switch to the peptide connected to the resin
occurs.
The second approach looks more suitable to synthesize the desired molecule. The
overcrowded-alkene-modified Sp1-f3 was synthesized but the purification and the
removal of protecting group remained an issue.
The following chapter represents the successful use of this second approach
developed here to insert overcrowded alkene switch into peptides. To avoid the
incomplete removal of protecting groups, more acid-sensitive protecting groups will
be used.
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4.7 Experimental Session
4.7.1 Synthesis of the overcrowded alkene switch for SPPS
All chemicals for synthesis were obtained from commercial sources and used as received unless
stated otherwise. Solvents were reagent grade. Thin-layer chromatography (TLC) was
performed using commercial Kieselgel 60, F254 silica gel plates, and components were
visualized with KMnO4 or phosphomolybdic acid reagent. Flash chromatography was
performed on silica gel (Silicycle Siliaflash P60, 40-63 m, 230-400 mesh). Drying of solutions was
performed with MgSO4 and solvents were removed with a rotary evaporator. Chemical shifts
for NMR measurements were determined relative to the residual solvent peaks (CHCl 3,  = 7.26
ppm for hydrogen atoms,  = 77.0 for carbon atoms). The following abbreviations are used to
indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br s, broad
signal. HRMS (ESI) spectra were obtained on a Thermo scientific LTQ Orbitrap XL. MALDI-TOF
spectra were obtained on a MALDI/TOFTOF 4800 by AB Sciex; the analysis was done in positive
mode using the matrix alpha-cyano-hydroxycinnamic acid. Solid phase peptide synthesizer CEM
Liberty, with CEM Discover microwaves was used for solid phase peptide synthesis. Optical
rotations were measured on a Schmidt + Haensch polarimeter (Polartronic MH8) with a 10 cm
cell (c given in g/100 mL) at 20 °C. Melting points were recorded using a Buchi melting point B545 apparatus. UV/Vis absorption spectra were recorded on an Agilent 8453 UV-Visible
Spectrophotometer using Uvasol-grade solvents. CD spectra were recorded on a JASCO J815
spectrophotometer. Irradiation experiments were performed with a spectroline ENB-280C/FE
UV lamp (312 nm). RP-HPLC was carried out with Shimadzu equipment using a linear gradient
-1
of 1.54% of eluent A per min at a flow rate of 0.5mL/min . The eluents A and B are 0.1 % TFA
acetonitrile and 0.1 % aqTFA, respectively. For analytical RP-HPLC, a XTerra C18 3.0x150mm
column (Waters) was used and for semi-preparative RP-HPLC, a XTerra Prep C18 7.8x150mm
column (Waters) was used.
1: 2,4,7-trimethyl-2,3-dihydro-1H-inden-1-one
25
Procedure A
A three-necked flask was equpped with a reflux condenser, a dropping funnel and a mechanical
stirrer. Polyphosphoric acid (PPA) (40 g) and p-xylene (6.00 mL, 48.7 mmol) were added. The
mixture was stirred at 120 °C. When phase mixing occurred, methacrylic acid (4.14 mL, 48.7
mmol) was added through the dropping funnel to the mixture. After 3h the reaction was
stopped and the mixture was cooled to rt. Water/ice (50 mL) was added. The aqueous phase
was washed with diethyl ether (3 x 100 mL). The organic phase was washed with brine (2 x 60
mL) and satNaHCO3 (2 x 60 mL). The organic phase was dried over MgSO4. The solvent was
removed and the product was purified by flash-chromatography (pentane/diethyl ether, 95:5).
1
The product was obtained as a yellow oil in 27% yield (2.2 g, 12.6 mmol). H-NMR (CDCl3): δ
7.24 (d, 1H, J = 7.5 Hz, aromatic), 7.01 (d, 1H, J = 7.5 Hz, aromatic), 3.23 (dd, 1H, J = 17.1, 7.9
Hz, CH2-CHCH3), 2.70-2.63 (m, 1H, CH2-CHCH3), 2.60 (s, 3H, CH3), 2.54 (dd, 1H, J = 17.1, 4.0 Hz, ,
13
CH2-CHCH3), 2.29 (s, 3H, CH3), 1.30 (d, 3H, J = 7.4 Hz, CH2-CHCH3). C NMR (CDCl3, 300 MHz): δ
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210.7, 152.9, 136.0, 134.3, 133.4, 132.5, 129.2, 42.0, 33.4, 17.9, 17.4, 16.5. HRMS: m/z calcd for
+
C12H14O [M+H] : 175.1117; found: 175.1117.
Procedure B
Two three-necked flasks were equipped with a dropping funnel and dried under a N2
atmosphere at rt. In the first flask, methacryloyl chloride (13.7 mL, 137 mmol) was added dropwise to AlCl3 (18.2 g, 137 mmol) in dry DCM (50 mL). This solution was added to the dropping
funnel of the second flask and was added drop-wise to a solution of p-xylene (16.1 g, 152
mmol) in DCM (50 mL). After 4 h, the reaction was stopped by addition of water/ice (100 mL)
and diethyl ether (100 mL). The organic phase was washed with brine and dried over MgSO 4.
The solvent was removed in vacuo and the product was purified by Kugelrohr distillation
(T=135 °C, 0.1 mbar). The product was obtained as a transparent oil in 49% yield. The analytical
data correspond to the one described for procedure 1.
2: 2,6-dibromo-2,4,7-trimethyl-2,3-dihydro-1H-inden-1-one
Compound 1 (2.0 g, 11.5 mmol) was dissolved in acetonitrile (50 mL) and 15% aqH2SO4 (50 mL)
at rt. N-bromosuccinimide (NBS) (4.5 g, 25.3 mmol) was added and the solution turned red. It
was stirred at 70 °C for 5h. The reaction mixture was poured into water (200 mL) and washed
with DCM (2 x 150 ml). The organic phase was dried on MgSO 4 and the solvent was removed
under vacuum. The product was purified by flash-chromatography (pentane/DCM, 3:0.5). The
1
product was obtained as a yellow solid in 32% yield. M.p.: 102-104°C. H NMR (CDCl3, 400
MHz): δ 7.62 (s, 1H, arom H), 3.42 (dd, J = 143.5, 18.3 Hz, CH2), 2.71 (s, 3H, arom CH3), 2.26 (s,
13
3H, arom CH3), 1.95 (s, 3H, -CBrCH3). C NMR (CDCl3, 400 MHz) δ 200.3, 147.8, 139.2, 137.4,
+
134.3, 131.2, 125.8, 59.7, 44.2, 27.1, 17.2, 16.9. Expected ESI Mass for C12H13Br2O [M+H] :
+
332.9407 [M+H ]. Found: 332.9410.

3: 6-bromo-2,4,7-trimethyl-2,3-dihydro-1H-inden-1-one
Sodium Iodide (1.76 g, 11.73 mmol) was dissolved in acetonitrile (10 mL) and added in a
solution of compound 2 (1.28 g, 3.86 mmol) in acetonitrile (35 mL). The yellow solution turned
red. After stirring for 30 min, trimethylsilyl chloride (1.24 mL, 9.77 mmol) was added and the
solution turned brown. After stirring for 3 h, the reaction was stopped by addition of 10%
aqNa2S2O3 (100 mL). The crude product was extracted with ethyl acetate (3 x 150 ml). The
combined organic phases were washed with H2O, brine and dried with MgSO4. The solvent was
evaporated under vacuum and the product was purified by flash-chromatography
(pentane/diethyl ether, 20:1). Product 3 was obtained as a yellow solid in 98% yield ( 0.96 g,
1
3.78 mmol).M.p.: 76-78 °C. H NMR (CDCl3, 400 MHz): δ 7.54 (s, 1H, arom H), 3.17 (dd, 1H, J =
17.2, 7.9 Hz, CH2-CHCH3), 2.81-2.57 (m, 4H, 1 CH2-CHCH3, 1 arom CH3), 2.47 (dd, 1H, J = 17.3,
13
4.1 Hz, CH2-CHCH3), 2.28 (s, 3H, arom CH3), 1.30 (d, 3H, J = 7.4 Hz, CH3). C NMR (CDCl3, 400
MHz): 209.5, 152.3, 141.9, 137.7, 135.7, 134.6, 134.2, 124.9, 42.2, 32.7, 17.1, 16.5. HRMS m/z
+
calcd for C12H13BrO [M+H] : 253.0222; found: 253.0223.
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3a: (R)-6-bromo-2,4,7-trimethyl-2,3-dihydro-1H-inden-1-one
(SMe2)AuCl (69.5 mg, 0.22 mmol) was dissolved in 5 mL dry DCM. The solution was cooled in an
ice bath for 15 min and a solution of (S)-BINAP (73 mg, 0.11 mmol) in 5 mL dry DCM was added
dropwise. The resulting solution was allowed to warm to rt and it was stirred for an additional
2 h. The reaction mixture was concentrated under vacuum with a liquid nitrogen trap. The
catalyst (S)-BINAP(AuCl)2 was obtained as a white powder.
Compound 3 (1.00 g, 3.95 mmol) was added to 100 ml 3-necked flask. Dry THF (40 ml) was
added. After cooling down to -78°C, LDA 2M in hexane (2.07 mL, 4.14 mmol) was added
dropwise and the reaction was stirred for 2 h under N2 atmosphere. Trimethylsilyl chloride
(TMS-Cl) (0.6 mL, 4.7 mmol) was added and the mixture was stirred for 2 h at rt. The reaction
was quenched with satNaHCO3 at 0 °C. Diethyl ether (100 mL) was added and the organic phase
was washed with brine and dried with MgSO4. The solvent was removed in vacuo at 20°C. The
silyl enol ether was purified by flash-chromatography (pentane/diethyl ether, 20:1).
The catalyst (S)-BINAP(AuCl)2 was dissolved in dry DCM in a Schlenk flask to obtain a 0.006 M
solution under a N2 atmosphere. A 0.006M solution of AgBF4 (22 mg, 0.11 mmol) in dry ethanol
was prepared and added to the Schlenk flask containing (S)-BINAP(AuCl)2. The reaction mixture
was stirred for 45 min at rt under a N2 atmosphere. The reaction mixture became blue/grey. It
was added to the silyl enol ether and the reaction mixture was stirred overnight under N2
atmosphere. The reaction was quenched with aqueous NH4Cl and the mixture was washed
with diethyl ether (3 x 150 ml). The combined organic phases were dried with MgSO 4 and the
solvent was removed under vacuum. The product was purified by flash-chromatography
(pentane/diethyl ether, 20:1). The enantiopure product 3a (625 mg, 2.46 mmol) was obtained
1
as a white solid in 62% yield. The ee is calculated to be 92% from HPLC trace (Figure 7). H
13
NMR, C NMR and HRMS are in accordance with the one reported for racemic 3.
4: (2R,2'R,E)-6,6'-dibromo-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-1,1'-biindenylidene
Zn (396 mg, 6.09 mmol) was added to a 2-necked flask. The flask was heated with the heat-gun
under vacuum while stirring to activate Zn powder. The flask was allowed to cool down to rt.
Than TiCl3 (788 mg, 5.12 mmol) was added under N2 flux. Dry THF (60 ml) was added. A
solution of enantiopure compound 3 in dry THF (15 mL) was added to the reaction mixture.
After stirring for 3 d at 85 °C, the reaction mixture was cooled down to rt and filtrated through
celite using DCM (300 mL). The organic phase was washed with saturated aqNH4Cl (2 x 150 mL)
and brine (1 x 150 mL). The solvent was evaporated under vacuum and the product was
purified by flash column chromatography (pentane). The product (410 mg, 0.86 mmol) was
20
obtained as a white powder in 72% yield. M.p.: 174-176. D =-100° (CHCl3, c=0.1).
1
H NMR (CDCl3, 400 MHz) δ 7.27 (s, 1H, arom, trans), 7.25 (s, 1H, arom, cis), 3.34 (p, J = 6.6 Hz
2H, CH2-CHCH3, cis) 3.04 (dd, J = 15.1, 6.4 Hz, 2H, 2 CH2-CHCH3, cis), 2.83 (p, J = 6.3 Hz, 2H, CH2CHCH3, trans), 2.58 (dd , J = 14.8, 5.6 Hz, 2H, 1 CH2-CHCH3, trans), 2.46 (s, 6H, 2 CH3 trans), 2.41
(d, J = 15.1Hz, 2H, 2 CH2-CHCH3, cis), 2.23 (s, 6H, 2 CH3 cis), 2.21 (m, 2H, 2 CH2-CHCH3, cis), 2.16
13
s, 6H, 2 CH3 trans), 1.51 (s, 6H, 2 CH3 cis), 1.09 (s, 6H, 2 CH3 trans) 1.08 (s, 6H, 2 CH3 cis). C
NMR (CDCl3,400 MHz) δ 143.4, 142.3, 141.3, 133.3, 132.7, 132.4, 132.0, 131.8, 130.9, 123.6,
110.1, 42.2, 41.8, 38.9, 38.5, 23.1, 21.5, 20.4, 18.9, 18.2, 18.1. HRMS m/z calcd for
+
+
C24H27Br2 [M+H] : 475.04536, found: 475.04459.
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5:
Dimethyl
4,4'-((2R,2'R,E)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-6,6'-diyl)dibenzoate
Compound 4 (243 mg, 0.51 mmol), potassium carbonate (493 mg, 3.57 mmol),
tetrakis(triphenylphosphine)palladium (47 mg, 8 mol%) and 4-(methoxycarbonyl)phenylboronic
acid (275 mg, 1.53 mmol) were dissolved in dry toluene (12 mL) and methanol (5 mL) in a three
necked flask with reflux condenser. The reaction mixture was stirred for 24 h at 90°C under N2.
After cooling down to rt, water was added. The aqueous layer was washed twice with DCM.
The collected organic layers were dried with MgSO4 and the solvent was removed under
vacuum. Product 5 was purified by flash-chromatography (pentane/DCM, 1:1). The product
was obtained as a white powder in 74% yield. The two stereoisomers were separated (trans:cis
4:1) during column chromatography. Trans-5 was isolated (151 mg, 0.25mmol). m.p.: 204-206
20
1
°C; []D =+170° (CHCl3, c=0.1); H NMR (400 MHz, CDCl3):  8.11 (d, J = 8.5 Hz, 4H, arom), 7.50
(d, J = 8.5 Hz, 4H, arom), 6.96 (s, 2H, aromatic), 3.96 (s, 6H, CH3OCO), 3.08-2.98 (m, 2H, CHCH3),
2.78 (dd, J = 14.5, 5.5 Hz, 2H, CH2CHCH3), 2.36-2.27 (m, 8H, CH2CHCH3, CH3 ar), 2.25 (s, 6H, CH3
13
ar), 1.13 (d, J = 6.5 Hz, 6H, CHCH3). C NMR (400 MHz, CDCl3): δ 167.3, 147.3, 142.5, 142.2,
140.3, 131.6, 129.8, 129.7, 129.6, 128.7, 128.5, 53.5, 52.2, 42.6, 39.2, 21.3, 19.2, 18.4. HRMS
+
m/z calcd for C40H41O4 [M+H ]: 585.2999. Found: 585.2995.
trans-6: 4,4'-((2R,2'R,E)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]6,6'-diyl)dibenzoic acid
Trans-5 (50 mg, 0.08 mmol,) was dissolved in 5 mL THF and 3 mL methanol. 2M aq.NaOH (300
L) was added. The reaction mixture was stirred for 3 h at 60°C. After cooling down to rt, 1M
aq.HCl was added drop-wise till pH=2. The product was extracted twice with CH 2Cl2. The
collected organic layers were dried with MgSO4 and the volatiles were removed under vacuum.
Trans-6 was isolated as a white powder (42 mg, 0.075 mmol, yield= 93%). m.p.: 282-284 °C
20
1
(dec.); D =+124° (CH3OH, c=0.1); H NMR (400 MHz, DMSO-d6) δ 8.02 (d, J = 8.5 Hz, 4H,
arom), 7.57 (d, J = 8.5 Hz, 4H, arom), 6.98 (s, 2H, arom), 2.99 (m, 2H, CHCH3), 2.69 (dd, J = 14.5,
5.8 Hz, 2H, CH2CHCH3), 2.34 (d, J = 14.5 Hz, 2H, CH2CHCH3), 2.26 (s, 6H, CH3 ar), 2.22 (s,6H, CH3
13
ar), 1.07 (d, J = 6.0 Hz, 6H, CHCH3). C NMR (400 MHz, DMSO) δ 167.2, 146.3, 141.8, 141.6,
139.7, 131.3, 129.5, 129.5, 129.2, 129.1, 127.8, 41.8, 38.4, 29.0, 21.0, 19.0, 17.9. HRMS m/z
+
calcd for C38H37O4 [M+H ]: 557.2686. Found: 557.2686.

7: (9H-fluoren-9-yl)methyl (2-aminoethyl)carbamate
29
Compound 7 was synthesized according to a literature procedure.
8:
4-((2R,2'R,E)-6'-(4-((2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl)carbamoyl)
phenyl)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6-yl)benzoic acid
Trans-6 (35 mg, 0.063 mmol) was dissolved in DMF (0.5 mL) and DCM (0.5 mL) and compound
7 (18 mg, 0.057 mmol), EDC·HCl (12 mg, 0.063mmol), DMAP (0.5 mg, 5 mol%) and DIPEA (17
uL, 0.1 mmol) were added. After 48 h, DCM (20 mL) was added and the organic phase was
washed with 1N aq.HCl solution (2 x 20mL) and brine (2 x 20mL). The organic layer was dried
with MgSO4 and the volatiles were removed under vacuum. The product was purified by
column chromatography (DCM:MeOH 4:0.1). Trans-8 was isolated as a white powder (25 mg,
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0.030 mmol, yield= 54%). m.p. 196-198 °C; H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.2 Hz, 2H,
arom), 7.87 (d, J = 8.2 Hz, 2H, arom), 7.75 (d, J = 7.5 Hz, 2H, arom Fmoc), 7.58 (d, J = 7.5 Hz, 2H,
arom Fmoc), 7.54 (d, J = 8.0 Hz, 2H, arom), 7.47 (d, J = 8.0 Hz, 2H, arom), 7.38 (t, J = 7.3 Hz, 2H,
arom Fmoc), 7.28 (t, J = 7.4 Hz, 2H, arom Fmoc), 7.05 (s, 1H, CH2NHCO), 6.97 (s, 1H, arom), 6.92
(s, 1H, arom), 5.40 (m, 1H, CH2NHCOO), 4.43 (d, J = 7.0 Hz, 2H, Fmoc CHCH2), 4.21 (t, J=7.0 Hz,
1H, Fmoc CHCH2), 3.66 (m, 2H, CH2NH), 3.52 (m, 2H, CH2NH), 3.02 (m, 2H, CHCH3), 2.77 (dd, J =
13
14.4 Hz, 5.4 Hz, 2H, CH2CHCH3), 2.30 (m, 14H, CH2CHCH3, CH3 ar), 1.12 (m, 6H, CHCH3). C NMR
(400 MHz, CDCl3) δ 170.5, 168.2, 157.9, 148.5, 146.3, 143.9, 143.9, 142.6, 142.4, 142.4, 142.3,
142.3, 142.1, 141.5, 140.2, 140.2, 132.3, 131.6, 131.5, 130.2, 129.9, 129.7, 129.6, 128.7, 128.6,
127.8, 127.2, 127.0, 125.1, 120.1, 67.1, 47.3, 42.6, 41.4, 41.0, 39.1, 32.0, 29.8, 29.5, 22.8, 21.3,
+
19.2, 19.2, 18.4, 18.3, 14.2. HRMS m/z calcd for C55H53N2 O5 [M+H ]: 821.3949. Found:
821.3955.

4.7.1 Synthesis of the overcrowded alkene switch for SPPS
9: Fmoc-KKFACPECPKQFM-NH-CH2-CH2-NH2
n

29

28

27

26

25

24

23

22

21

20

19

18

17

aa

Lys

Lys

Phe

Ala

Cys

Pro

Glu

Cys

Pro

Lys

Arg

Phe

Met

Peptide 9 was synthesized on a 0.1 mmol. 1,2- diaminoethane trityl resin (0.9 mmol/g) was
used. Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH, Fmoc-Pro-OH, FmocGlu(OtBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Met-OH were used. The coupling step was performed
with 5 eq. Fmoc-protected amino acid, 5 eq. HBTU and 10 eq. DIPEA (2 x 45 min). The Fmocdeprotection step was performed with 20% piperidine in DMF (30 min). Cleavage from the
resin was performed at 0 °C for 1 h with TFE/acetic acid/DCM (1:1:8) with 5% TIS under a N2
atmosphere. The resin was washed 5 times with DCM. The solvent was removed under vacuum
and the crude peptide was purified by precipitation with n-hexane. Purity (HPLC): 71 %. Ret.
Time: 36.76 min. The HPLC trace is shown in Figure 10b and the ESI-MS in Figure 19.

Figure 19: ESI-MS spectra of peptide 9.
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10: Fmoc-RSDHLSKHIKTHQNKK-NH2
n

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

aa

Arg

Ser

Asp

His

Leu

Ser

Lys

His

Ile

Lys

Thr

His

Gln

Asn

Lys

Lys

Peptide 10 was synthesized on a 0.1 mmol scale by standard protocol of Fmoc chemistry SPPS
(Solid Phase Peptide Synthesis). Sieber resin (0,69 mmol/g) was used. Fmoc-Arg(Pbf)-OH, FmocSer(tBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Thr(tBu)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH were used. The coupling step was performed with 5 eq.
Fmoc-protected amino acid, 5 eq. HBTU and 10 eq. DIPEA (2 x 45 min). The Fmoc-deprotection
step was performed with 20% piperidine in DMF (30 min). Cleavage from the resin was
performed on a small amount of resin for qualitative control at 0 °C for 1 h with
TFA/TIS/EDT/H2O (94:1:2.5:2.5). The crude peptide was analyzed by RP-HPLC and ESI-MS. Ret.
Time: 23.59 min. HPLC trace and ESI-MS are shown in Figure 11.
12: HO-Mot-RSDHLSKHIKTHQNKK-NH2
The resin functionalized with peptide 10 (5 mg, 0.9 umol, 1 eq) was washed with DCM and
DMF. A solution of piperidine in DMF (2:8, 2mL) was added to the resin and it was shaken for
30 min. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and DMF (3 x 3 mL).
Compound trans-6 (2.6 mg, 4.5 umol, 5 eq), HBTU (1.7 mg, 4.5 umol, 5 eq) and DIPEA (1.6 uL, 9
umol, 5 eq) were dissolved in DMF (1 mL). The resin and the mixture were shaken for 24 h. The
resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and diethyl ether (3 x 3 mL). Few beads
of resin were taken and immersed in few drops of cleavage solution (TFA/TIS/EDT/H2O,
94:1:2.5:2.5) for 1 h without stirring. The resin was removed by filtration and the filtrate was
diluted with water. The analysis was performed by LC-MS and the chromatogram is reported in
Figure 12.

13: Fmoc-KKFACPECPKQFM-NH-CH2-CH2-NH2-Mot-OH
Compound trans-6 (2 mg, 3.5 umol), HBTU (1.3 mg, 3.5 umol) and DIPEA (1.22 uL, 7 umol) were
dissolved in DCM (700 uL) and (DMF300 uL). After 15 min, peptide 9 (6 mg, 2 umol) was added.
After 24 h, DCM (10 mL) was added to the reaction mixture. The organic phase was washed
with HCl 1M (1 x 10 mL) and satNaHCO3 (1 x 10 mL). The solvent was dried with MgSO4 and the
solvent was evaporated. The mixture was analyses by HPLC, shown in Figure 13. Attempts at
purification were made using column chromatography and preparative TLC (DCM/MeOH,
4:0.3). The mixture was used in the synthesis of 14.

14: Fmoc-KKFACPECPKQFM-NH-CH2-CH2-NH2-Mot-RSDHLSKHIKTHQNKK-NH2
The resin functionalized with peptide 10 (0.8 mg, 0.14 umol, 1 eq) was washed with DCM and
DMF. A solution of piperidine in DMF (2:8, 2 mL) was added to the resin and it was shaken for
30 min. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and DMF (3 x 3 mL).
Peptide 12 (2.5 mg, 0.7 umol, 5 eq), HATU (0.27 mg, 0.7 umol, 5 eq) and DIPEA (0.24 uL, 1.4
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umol, 10 eq) were dissolved in DMF (1 mL). The resin and the mixture were shaken for 48 h at
rt. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and diethyl ether (3 x 3 mL).
Cleavage was performed at 0 °C for 1 h with cleavage solution (TFA/TIS/EDT/H2O, 94:1:2.5:2.5).
The product was obtained by precipitation with diethyl ether. The analysis was performed by
HPLC and the chromatogram is shown in Figure 14.
11: Ac-KKFACPECPKQFG-OH

n

29

28

27

26

25

24

23

22

21

20

19

18

17

aa

Lys

Lys

Phe

Ala

Cys

Pro

Glu

Cys

Pro

Lys

Arg

Phe

Gly

Peptide 11 was synthesized on a 0.1 mmol scale by standard protocol of Fmoc chemistry SPPS.
Diamino ethane trytil resin (0.9 mmol/g) was used. Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, FmocAla-OH, Fmoc-Cys(Trt)-OH, Fmoc-Pro-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-GlyOH were used. The coupling step was performed with 5 eq. Fmoc-protected amino acid, 5 eq.
HBTU and 10 eq. DIPEA (2 x 45 min). The Fmoc-deprotection step was performed with 20%
piperidine in DMF (1 x 30 min). Cleavage from the resin was performed at 0 °C for 1 h with
TFE/acetic acid/DCM (2:1:7) with 5% TIS under a N2 atmosphere. The resin was washed 5 times
with DCM. The solvent was removed under vacuum and the crude peptide was purified by
precipitation with n-hexane. Flash-column chromatography was performed (10% methanol in
DCM). Purity (HPLC): 69 %. Ret. Time: 60.6 min. HPLC trace and MALDI-TOF are shown in Figure
20. For MALDI-TOF analysis, the product was treated with cleavage solution (TFA/TIS/EDT/H 2O,
94:1:2.5:2.5).

b

a

Figure 20: Analysis of peptide 11. a) HPLC trace of peptide 11 at 220 nm. b) MALDI-TOF
spectrum of peptide 11.
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15: Fmoc-NH-CH2-CH2-NH2-Mot-RSDHLSKHIKTHQNKK-NH2
The resin functionalized with peptide 10 (5 mg, 0.9 umol, 1 eq) was washed with DCM and
DMF. A solution of piperidine in DMF (2:8, 2 mL) was added to the resin and it was shaken for
30 min. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and DMF (3 x 3 mL).
Compound trans-8 (3.8 mg, 4.5 umol, 5 eq), HATU (1.7 mg, 4.5 umol, 5 eq) and DIPEA (1.6 uL, 9
umol, 10 eq) were dissolved in 1 mL DMF and added to the resin. The resin and the mixture
were shaken for 48 h at rt. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and
diethyl ether (3 x 3 mL). Cleavage from the resin was performed on a small amount of resin for
qualitative control at 0 °C for 1 h with cleavage solution (TFA/DCM/TIS/EDT/H2O,
50:50:1:2.5:2.5). The analysis was performed by LC-MS and the chromatogram is reported in
Figure 16.

16: Fmoc-KKFACPECPKQFG-NH-CH2-CH2-NH2-Mot-RSDHLSKHIKTHQNKK-NH2
The resin functionalized with peptide 15 (0.9 umol, 1 eq) was washed with DCM and DMF. A
solution of piperidine in DMF (2:8, 2 mL) was added to the resin and it was shaken for 30 min.
The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and DMF (3 x 3 mL). Peptide 11, (13
mg, 4.5 umol, 5 eq), HATU (1.7 mg, 4.5 umol, 5 eq) and DIPEA (1.6 uL, 9 umol, 10 eq) were
dissolved in 1 mL DMF and added to the resin. The resin and the mixture were shaken for 4 h at
rt. The resin was washed with DMF (3 x 3 mL), DCM (3 x 3 mL) and diethyl ether (3 x 3 mL).
Cleavage was performed at 0 °C for 3 h with cleavage cocktail (TFA/DCM/TIS/EDT/H2O,
50:50:1:2.5:2.5). HPLC of the mixture is reported in Figure 18. The compounds related to the
four peaks are purified by preparative HPLC and the HPLC traces of compounds 16/1-4 and
MALDI-TOF spectra of 16/1-3 are reported in Figure 21. MALDI-TOF spectrum of 16-4 is
reported in Figure 18. It is necessary to acquire MALDI-TOF spectra in linear mode as well in
reflective mode: the first one is more suitable for molecules with high MW, like for 16, while
the second one is suitable for molecules with low MW, like 10 or 11.
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a

b

c

2580

2208

d

e

f

g

h
2208

l

m

2580

i

Figure 21: Analysis of mixture of reaction 16. a) HPLC trace of 16-1. b) MALDI-TOF spectrum in
reflective mode of 16-1. c) MALDI-TOF spectrum in linear mode of 16-1. d) HPLC trace of 16-2.
e) MALDI-TOF spectrum in reflective mode of 16-2. f) MALDI-TOF spectrum in linear mode of
16-2. g) HPLC trace of 16-3. h) MALDI-TOF spectrum in reflective mode of 16-3. i) MALDI-TOF
spectrum in linear mode of 16-3. l) HPLC trace of 16-4. m) MALDI-TOF spectrum in reflective
mode of 16-4.
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Chapter 5
Light and heat control over secondary structure and
amyloid fiber formation in an overcrowded-alkenemodified Trp zipper
The external photocontrol over peptide folding, by the incorporation of molecular
photoswitches into their structure, provides a powerful tool to study biological
processes. However, it is limited so far to switches that exhibit only a small
geometrical change upon photoisomerisation and that show thermal instability of
the photoisomer. Here we describe the use of an overcrowded alkene photoswitch
to control a model β-hairpin peptide. This photoresponsive unit undergoes a large
conformational change and has two thermally stable isomers which has major
influence on the secondary structure and the aggregation of the peptide, permitting
the phototriggered formation of amyloid-like fibrils.

This chapter is based on:
C. Poloni, M. C. A. Stuart, P. van der Meulen W. Szymanski, B. L. Feringa, Chem. Sci.
2015, 6, 7311-7318.

Chapter 5

5.1 Introduction
Amyloidogenic peptides are the precursors of cytotoxic fibers, for example in
Alzheimer and Parkinson diseases.1,2,3 Research on these medicinally relevant peptides
aims at understanding the process and the mechanism behind the fibril formation. βHairpin peptides are the basic units of the amyloidogenic fibrils and the proper design
of their sequence can lead to the development of inhibitors for amyloidogenesis.4
Recently, considerable effort has been devoted to the synthesis of responsive βhairpin, which can be controlled with external stimuli, such as pH,5 temperature6 and
ionic strength,7 among others. Of special interest are systems that use light to
modulate peptide folding in order to control biological function.8 As opposed to the
above-mentioned stimuli, light can be delivered with very high spatial and temporal
precision and control over the intensity and wavelength of irradiation. The creation of
light- responsive peptide hybrids relies on covalent introduction of molecular
photoswitches.8,9 Several photoresponsive β-hairpins were synthesized by
incorporating either azobenzene,10,11,12,13 stilbene,14 or hemithioindigo15 photochromic
units into the putative turn-region of the β-hairpin structure. These powerful tools
have already shown their potential in delivering insights into the mechanism and
kinetics of β-hairpin formation and, through that, information on the process behind
the formation of cytotoxic fibrils involved in different diseases.11, 16, 17 Photoswitchable
β-hairpins are also considered for their ability to form hydrogels: they can be useful in
tissue engineering, drug delivery and biosensing.10 Simple β-hairpins, bearing an
azobenzene unit, have been used to modulate viscoelasticity of a peptide hydrogel. 10
However, the small number and insufficient structural diversity of molecular
photoswitches that have been evaluated for their use in controlling peptide
conformation limits the scope of potential photoregulated systems. Of particular
importance is the fact that switches used so far induce only rather small geometrical
changes upon photoisomerisation. Furthermore, in all cases only two photoisomeric
states can be addressed, one of which is usually thermally unstable.
Here we report, for the first time, the application of an overcrowded-alkene-based
switch18 for the control of a β-hairpin peptide structure (Figure 1b). This overcrowded
alkene switch has two stable stereoisomers, trans and cis form, which strongly differ in
shape and helicity. The conversion between these two states occurs via an
intermediate, a metastable stereoisomer (unstable-cis) with a half-life in the order of
days (Figure 1b). Irradiation of the trans isomer leads to trans-cis isomerisation of the
central olefinic bond and formation of the unstable cis isomer. Thermal relaxation of
this form leads to helicity inversion and stable cis isomer is obtained. Irradiation of the
stable cis isomer provides a short-lived unstable trans isomer, which, on the scale of
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seconds at room temperature, undergoes transformation into the stable trans form,
thereby completing a four-stage switching cycle of the overcrowded alkene switch.

22

Figure 1: Trpzip modified with overcrowded alkene. a) Trpzip reported by Cochran et al. b)
Rotary cycle for β-hairpin bearing overcrowded alkene. Picture created from PDB 1LE0 (ref 22).

We expected that this photoresponsive molecule, upon introduction into a peptide
backbone, would provide more information on the mechanism and dynamics of the
formation of secondary structure, as compared to conventional photoswitches; for
example, the metastable stereoisomer could offer the possibility to reveal the
presence of intermediates of this process in a spatially and temporally controlled
manner. Of importance is also the presence of more than one thermally stable forms
that can be accessed with light, which could permit to follow the processes behind the
peptide folding without being affected by the thermal reisomerisation, as is in the case
of azobenzenes and hemithioindigos. Moreover, the photoisomerization between the
stable states imposes a different geometrical change compared to azobenzenes or
other switches used so far. The overcrowded alkene switch was already successfully
used for tuning the enantioselectivity of reactions,18,19 photocontrolling magnetic
interactions20 and ion binding by light.21 Here, we show that an overcrowded alkene
switch can be used to control peptide conformation and aggregation.
The β-hairpin sequence (Figure 1a), used in our design, is called trpzip and it was
introduced by Cochran, Starovasnik and co-workers.22 The trpzips22 are stable βhairpins and they fold in a monomeric form without requiring metal binding. They are
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stabilized by cross-strand pairs of indole rings. The turn region can vary in
composition: the pair NG favors a turn I’ while GN or DPN favor turn II’ (Figure 1a).22 In
our approach, the overcrowded alkene switch was inserted in the turn region and we
analysed the effect of photoisomerization on the secondary structure. We envisioned
that the trans photoisomer of the overcrowded alkene switch wouldn’t mimic the turn
and therefore it wouldn’t form any defined structures, while the stable and unstable
cis stereoisomer, by bringing the two strands in close proximity, would promote βhairpin structure formation. This would permit photo-triggered formation of
secondary structure of a β-hairpin peptide. Notably, trpzip peptide was already
modified by Moroder23 with an azobenzene switch at the same position, which allows
to compare the effects of the overcrowded alkene and the azobenzene switches.

5.2 Results and Discussion
Synthesis. For the convenient and generally-applicable preparation of peptides
with an overcrowded alkene introduced into the peptide backbone, we have described
in chapter 4 a switch-bearing building block 2 (Figure 2; in Chapter 4, compound 7)
that can be applied in standard Fmoc-based solid phase peptide synthesis (SPPS). The
synthesis of compound 2 has been described in Chapter 4. The β-hairpin-switch hybrid
1 (Figure 1b) was synthesised by a standard protocol for Fmoc SPPS, using building
block 2 (Figure 2a). As reported in the previous chapter, the use of a highly acidsensitive Sieber amide resin, together with acid-sensitive protecting groups for the
side-chains, like Trt and O-2-PhiPr, permitted the use of a cleavage cocktail with <50%
of TFA and led to the isolation of the desired bis-peptide-overcrowded alkene product.
The product trans-1 was purified by semi-preparative HPLC and lyophilized. MALDITOF confirmed the product and the purity was found by HPLC to be 96% (Figure 2).
a

c

Expected Mass: 2059

+

[M]

b

[M+Na]

+

[M+K]

+

Figure 2: Synthesis and characterization of compound 1. a) Synthesis of 1 from precursor 2. b)
HPLC traces (detection wavelength: 220 nm) for purified product 1. c) MALDI-TOF spectrum for
product 1.
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Switching cycle of overcrowded alkene-bis-peptide. UV-vis and NMR
spectroscopies are generally used to study the switching cycle of overcrowded
alkenes.18,20 The isomerisation around the double bond is induced by light and heat
and it is accompanied by inversion of helicity (Figure 1b). Irradiation of trans-1 isomer
at λ = 312 nm leads to the unstable cis-1 isomer, which is characterised by the
appearance of a band at 350 nm in the UV-vis spectrum. Unstable cis isomer converts
to stable cis form in a thermal isomerization process, which is accompanied by the
disappearance of the 350 nm absorption band. If irradiation at λ = 312 nm is applied to
the stable cis isomer at low temperature, the unstable trans stereoisomer is
presumably formed, which quickly undergoes relaxation to the stable trans
from.18,19,21,24

Scheme 1: Synthesis of compound 3.

a
86%

b

Figure 3: a) Irradiation at  = 312 nm of trans-3 (5 mg in 500 uL CD3OD) followed in time by H
NMR (aromatic region). b) Thermal isomerization at 40 ˚C of unstable cis-3 (15 mM) followed in
1
time by H NMR (aromatic region).
1
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To study the influence that the modification of an overcrowded alkene with a βhairpin peptide has on its switching cycle, we synthesized and analysed reference
compound 3 (Scheme 1). This molecule is a similar overcrowded alkene switch
functionalized with two glycinamides via amide bond, representing the simplest bispeptide-bearing overcrowded alkene switch. The PSS of compound 3 was studied by
NMR (Figure 3) and it was determined to be trans:unstable cis 14:86 in methanol
(Figure 3a). The following process, the isomerization from unstable to stable cis
resulted to be quantitative after 12h irradiation (Figure 3b).
We compared the kinetics of the switching cycle of compounds 1 and 3 and
analysed the thermodynamic parameters, both the entropic and enthalpic terms
(Figure 4), reasoning that differences in the enthalpic term would imply interactions
between the two strands in compound 1. On the other hand, the possible difference in
the entropic term could be attributed to the increased length of the peptidic side
chains in 1, compared to 3, since the rotation in 1 would require more pronounced
reorganization of solvent molecules.25
The switching cycle of 1 was studied in methanol, using HPLC as an additional
analytical method, besides CD, UV-vis spectroscopy and NMR. The irradiation of trans1 at λ = 312 nm for 2-15 min leads to unstable cis-1: the photostationary state (PSS)
was determined by HPLC to be 93:7 unstable cis:trans (Figure 4a). Subsequently, the
thermal isomerisation, from unstable cis-1 to stable cis-1, was achieved by warming
the sample up at 40-50 C for 4-6 h. While HPLC analysis shows that there is no
significant difference in polarity between unstable cis-1 and stable cis-1 (Figure 4b, c),
this transformation is apparent from the change in the UV-vis spectrum (Figure 4d)
and NMR spectrum (Figure 6b, see below for discussion). The decrease in absorbance
at λ = 350 nm, corresponding to the conversion of unstable cis-1 to the stable form,
was followed in time at different temperatures and the thermodynamic parameters
were calculated using the Eyring equation (Figure 4f). The established Gibbs free
energy of activation (Δ‡G°) is 104 KJ mol-1, the enthalpy of activation (Δ ‡H°) is 90 KJ
mol-1 and the entropy (Δ ‡S°) at rt is -46 J mol-1 K-1. The half-life of unstable cis-1 is 4.1 d
at rt. A similar study was performed on model compound 3, giving the Δ‡G° of 102 KJ
mol-1 and the half-life of 2.2 d at rt (Figure 4f). The difference in Δ‡G° for the thermal
helix inversion between compounds 1 and 3 is mainly due to the entropic term (Figure
4f,g). Therefore we attribute the difference in kinetics not to the formation of
secondary structure but to the mobility of the two arms connected to the switch,
either due to aggregation or to the length of the these two arms as reported for an
overcrowded alkene modified with different arms acting as a molecular stirrer.25 In
fact, the isomerisation is affected by the length of the rigid substituents in viscous
solvents and the differences in kinetics are dominated by entropy effects.25
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Figure 4: Switching cycle for modified β-hairpin 1 and model compound 3 followed by UV-vis
spectroscopy and HPLC. a) HPLC trace for trans-1. b) HPLC trace after 2 min irradiation at λ =
312 nm to form unstable cis-1. c) HPLC trace after 4 h at 60 °C to form stable cis-1. d) UV-vis
spectra of trans-1, unstable cis-1 and stable cis-1. e) UV-vis spectra of trans-3, unstable cis-3
and stable cis-3. (f) Eyring plots obtained by following the decrease in absorbance at 350 nm at
different temperatures, with the associated activation parameters for the transition unstable
cis-stable cis, for compound 1. (g) Eyring plots obtained by following the decrease in
absorbance at 350 nm at different temperatures, with the associated activation parameters for
the transition unstable cis-stable cis, for compound 3.

Circular Dichroism. Circular dichroism (CD) spectroscopy provides additional
information about the structure of the peptide; π-π stacking of the indole side chains
of the tryptophan moieties has been reported as an indication of β-hairpin formation
in trpzip peptides.13,22 The CD spectrum for the β-hairpin shows an exciton coupling at
λ = 220 nm.26 When indole groups of the tryptophans interact with each other,
typically an increase of molar ellipticity of this band is observed.22 Temperature
influences the stacking of tryptophans and, therefore, it is possible to determine the
temperature of denaturation of β-hairpin, following the decrease of the molar
elipticity of the band at λ = 220 nm as a function of temperature.22
The CD spectrum of compound 1 has two components: the CD signals due to the
overcrowded alkene chromophore and those resulting from the tryptophan indole
groups. To estimate the first of these components, a simple switch compound 4
(Figure 5) was analysed (Figure 5a). The switch contributes strongly to the CD
spectrum in the range of 200-400 nm: the CD spectrum of compound 4 in the trans
form shows two positive signals at 243 nm and at 285 nm; the unstable cis form shows
one positive signal at 253 nm and one negative signal at 295 nm, while the stable cis
has a negative signal at 249 nm and a positive one at 286 nm, comparable to results
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reported previously for other overcrowded alkenes.18 The helical inversion during the
isomerization of unstable cis to stable cis is evident from the change in sign for the
bands at 250 nm and at 290 nm (Figure 5a).

a
c

d

b
e

e

Figure 5: CD spectra for modified β-hairpin 1 and compound 4. a) CD spectra of trans-4 at 20
C, unstable cis-4 at 20 C and 5 C, stable cis-4 at 20 C and 5 C (24 µM in methanol). Inset:
zoom in on the corresponding band at 230 nm. b) CD spectra of trans-1 at 20 C , unstable cis-1
at 20 C and 5 C, stable cis-1 at 20 C and 5 C (24 µM in methanol). Inset: zoom in on the
corresponding band at 230 nm. c) Molar elipticity () at 228 nm for trans-1 at different
temperatures. d) Molar elipticity () at 228 nm for unstable cis-1 at different temperatures. e)
Molar elipticity () at 228 nm for stable cis-1 at different temperatures. f) CD spectra of natural
Trp-zipper β-hairpin at different temperatures.

As compared to the results obtained for compound 4, the CD spectra of compound
1 show an additional band at 228 nm, which is characteristic for the tryptophan
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moiety (Figure 5b).22 For unstable cis-1 and stable cis-1, the molar ellipticity of the
band at 228 nm increases when the temperature is decreased, while for the trans
form it remains largely unchanged (Figure 5c, d, e). This temperature-dependence
indicates that, especially at low temperature, unstable cis-1 and stable cis-1 can form
the β-hairpin structure, while trans-1 does not. It is not possible to precisely quantify
the content of β-hairpin, because the CD absorption band at 228 nm has a strong
contribution of the switch unit, especially for unstable cis-1. As a control, the native
trp-zipper (Figure 1a) was synthesized by SPPS and analysed by CD spectroscopy. For
stable cis-1, the content in secondary structure at 0 C can be estimated to be 50%
compared to the natural β-hairpin (Figure 5f).
NMR Study. With an indication on the formation of β-hairpin from the CD
measurements, we further studied the nature of this folded structure by NMR analysis
of the peptide hybrid 1 in methanol-d3: a solvent, which was also used for the study of
β-hairpin peptide modified with azobenzene.13 1H-NMR, COSY, TOCSY and NOESY
spectra were recorded, a set that provides the possibility to assign the proton signals
in proteins or peptides using Wüthrich’s method.27 The measurements were
performed for the three different isomers of peptide-switch hybrid 1. Trans-1 gives
very sharp signals in the spectra (See 1D- and 2D-NMR studies of compound 1,
Experimental section), indicating the presence of monomeric species. All the protons
in the backbone and in the side-chains were identified, apart for the indole signals of
the tryptophans. NOE signals between amino acids in the two strands of the
overcrowded alkene were not found (Figure 6a). The irradiation at λ = 312 nm
promotes the formation of unstable cis-1 and subsequent warming up at 50 C for 4h
leads to the formation of the stable cis-1. These two processes were monitored by
following the shift of the signals of the two methyl groups in the allylic position of the
overcrowded alkene (Figure 7a, b). In the trans form, the chemical shift values
corresponding to these protons are 1.08 and 1.13 ppm (Figure 7a); in the unstable cis
form, one of these protons is visible at 1.52 ppm (Figure 7a). Although the PSS ratio is
>9:1, it was not possible to identify clearly the signals of the peptidic region in the cis
forms. Unfortunately the durations of the NMR experiments are in the same range as
the thermal stability of the unstable cis isomers, therefore structural information can
be obtained only for stable cis form. For the stable cis form, the protons mentioned
above have a chemical shift of 1.13 ppm (Figure 7b). Based on the number of signals
for every amino acid (for example Lys-6, Figure 7c) in the stable cis form, it seems that
two or more species coexist. Such multiplication of NMR signals has been observed
before, e.g. in the case of peptide GNNQQNY, and was attributed to the formation of
aggregates of different architecture.28 To exclude any degradation of the cis forms that
would lead to new species visible in NMR spectra, the stable cis-1 was purified by
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semi-prep HPLC and again analysed by NMR. The NMR study for stable cis-1 was
conducted at rt and 5 °C (See 2D-NMR studies on compound 1, Experimental section).
At rt, the NMR spectra were sharp and well-resolved, and few weak cross peaks
between the two strands were observed that became more intense upon decreasing
the temperature (Figure 6b). At 5 °C, the peaks became broader and two or more
coexistent structures were formed (for example shown for the Lys-6 signals, Figure
7c). The decreased temperature, probably, provokes aggregation; it was not possible
to reverse the process by increasing the temperature.
In summary, trans-1 does not seem to adopt any secondary structure and exists in
a monomeric state. Unstable and stable cis-1 form aggregates and the decrease in
temperature promotes this process. There is more than one pattern of signals for
some amino acids (Lys-6, Thr-3, Thr-8) and this behaviour is attributed to the
coexistence of more than one type of aggregate.28

Figure 6: Cross peaks scheme obtained from NOESY NMR spectra. a) NOE signals for trans-1
(2.9 mM in methanol-d3) at rt. b) NOE signals for cis-1 (2.9 mM in methanol-d3) at 5 ˚C. Red
lines indicate intra-strand cross peaks and blue lines indicate inter-strand cross peaks. See
experimental section for the spectra.
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Figure 7: Switching cycle for the modified β-hairpin 1 followed by NMR spectroscopy. a)
Characteristic region for the CH3 signals before irradiation (trans-1; red line) and after
irradiation (unstable cis-1; green line) at 312 nm. b) Characteristic region for the CH 3 signals
before (unstable cis-1; green line) and after warming up at 50 C for 4 h (stable cis-1; pink line).
c) TOCSY signals (8.5 - 8.7 ppm) for Lys-6 for trans-1, unstable cis-1 and stable cis-1 at rt and the
purified stable cis-1 at 5 C. (For full spectra, see experimental section).

TEM and cryo-TEM. To identify the structure formed upon aggregation of
compound 1, we used transmission electron microscopy (TEM) and cryo-TEM. These
techniques have been successfully used to study the morphology and the mechanism
of assembly of amyloids.29,30,31,32 Hybrid β-hairpin 1 was studied both in water and in
methanol.
In methanol, trans-1 forms vesicles (Figure 8a), while the stable cis-1 shows the
formation of different aggregates, vesicles and fibers (Figure 8b,c). The fibers are
similar to those formed by amyloidogenic peptides (Figure 8f).17,31,32,33 This aggregation
behaviour is a further indication that the synthesized hybrid peptide in stable cis form
adopts a β-hairpin structure. The presence of different aggregates, vesicles and fibers,
can explain the coexistence of patterns of signal for the same amino acid in the NMR
studies. Probably the hybrid peptide goes through a phase transition phenomena: the
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fibers are formed from vesicles as recently reported, for example, for the peptide AcKLVFFAE-NH2.29 In our system it is possible to visualize this transition state, indicated
with an arrow in Figure 8b and detailed in Figure 8d, consistent with native amyloid
Aβ(16-22) (Figure 8e).29
a
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Figure 8: TEM images for the different stereoisomers of 1. a) TEM image for trans-1 in
methanol. b, c) TEM image for stable cis-1. Arrows indicate the transition state from vesicles to
fibers. d) Zoom of TEM image b. e,f) Native amyloid β, Aβ(16-22) in buffer. Figures e,f adapted
from Ref. 29. Copyright 2012 American Chemical Society.

In water, trans-1 shows strong aggregation behaviour, as shown by cryo-TEM
(Figure 9a) and sheet-like structures are formed. The irradiation-promoted
isomerisation to unstable cis-1 (Figure 9b) and subsequent heating, to form stable cis1, disrupt this sheet-like structure, and almost no aggregation is observed by cryo-TEM
(Figure 9c). The aggregation of trans-1 can be explained by comparison to a system
where β-hairpin was modified with trans-azobenzene.10,12 The system in the trans
form is flexible enough to be able to adopt an extended conformation. This facilitates
interfibrillar cross-linking.10 Although it is clear that in both cases the hybrids form
interconnected structures, the aggregates look different in cryo-TEM images
compared to the ones found by Nilsson and coworkers:10 the overcrowded alkene
photoswitch induces sheet-like structures in water (Figure 9a) and not fibril-like
structures as seen with azobenzene peptide.10 The sheet-like structures are probably
formed due to the fact that the two strands of different molecules interact, but we
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believe that also the highly hydrophobic core of the overcrowded alkene promotes
aggregation in a different manner than azobenzene (Figure 9).
a

c

50 nm
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50 nm

Figure 9: Cryo-TEM images for the different stereoisomers of 1. a) Cryo-TEM image for trans-1
(1 mg/mL) in water. b) Cryo-TEM image for unstable cis-1 (1 mg/mL) in water. c) Cryo-TEM
image for stable cis-1 (1 mg/mL) in water.

To further study if peptide 1 in the cis configuration forms aggregates in water,
fluorescence measurements were performed using Nile Red,34 which is a very sensitive
probe for domains that differ in polarity. If the system is homogeneous, the probe is
constantly in the same environment; with one species present, the change in
excitation wavelength does not cause a change in emission wavelength. If the probe is
exposed to environments of distinct polarity, e.g. due to the existence of hydrophobic
aggregates in the solution, the protonation state of the probe is different which leads
to the co-existence of species with different fluorescence properties. Therefore, by
changing the wavelength of excitation, multiple species will be addressed, which will
lead to the change in emission wavelength. For compound 1 in all the stereoisomers,
the maximum wavelength of emission changes with the excitation wavelength (Figure
10). Therefore we conclude that two cis forms are indeed forming apolar aggregates in
water.

113

Chapter 5

Figure 10: Nile red experiment. Plot of the excitation wavelengths (500 nm, 525 nm, 550 nm)
versus the emission wavelengths maxima for trans-1 (1 mg/mL in water), unstable cis-1 (1
mg/mL in water) and stable cis-1 (1 mg/mL in water) after addition of 2 µL Nile Red (0.25 mM
in ethanol).

5.3 Conclusions
An overcrowded alkene molecular switch that can be used as a building block for
solid phase peptide synthesis was designed, synthesized and used as a responsive unit
in a β-hairpin-forming peptide. It demonstrated to be an excellent photoresponsive
element to control biomolecule structure and organisation: even when inserted in the
peptide, the light- and heat-induced transformations from trans-1 to unstable cis-1 and
to stable cis-1 are very selective processes characterized by high conversions. Notably,
the unstable cis stereoisomer offers a different chiral environment than the stable cis
form and, due to its metastability, it could be used as a tool for the study of dynamics
of secondary structure formation. The photochemistry, isomerisation cycle, secondary
structure and aggregation of 1 were studied in detail in methanol. CD and NMR
showed that trans-1 does not form any ordered structures, while the unstable and
stable cis-1 show the characteristic behaviour of peptides that adopt a β-hairpin
structure. At higher concentration, the trans stereoisomer forms vesicles but, in the cis
forms, co-existing structures are observed in NMR. The TEM measurements confirmed
that different aggregates, fibers and vesicles, are present simultaneously. Transition
phase aggregates could also be observed. Importantly, cis-1 in methanol forms
structures associated with amyloidogenic peptides.29
In water, hybrid peptide 1 also forms aggregates, as observed by cryo-TEM. In
particular, trans-1 shows sheet-like structures that can be disrupted by irradiation,
while the cis stereoisomers seem to form aggregates, although simple precipitation
cannot be excluded.
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Interestingly, the aggregates formed by the trans stereoisomer are very different
from the ones obtained by modifying the same β-hairpin with an azobenzene.10 In
general, the spatial arrangement that the three stereoisomers of the overcrowded
alkene switch provoke are different than the one given by azobenzene switches.10,13,16
The introduction of this overcrowded alkene switch, therefore, opens new possibilities
not only to study biological processes, but also to create new bio-compatible and bioinspired tunable materials, taking advantage of the bistability of the overcrowded
alkene switch.
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5.5 Experimental Section
5.5.1 Synthesis
All chemicals for the synthesis were obtained from commercial sources and used as received
unless stated otherwise. Solvents were reagent grade. Thin-layer chromatography (TLC) was
performed using commercial Kieselgel 60, F254 silica gel plates, and components were
visualized with KMnO4 or phosphomolybdic acid reagent. Flash chromatography was
performed on silica gel (Silicycle Siliaflash P60, 40-63 m, 230-400 mesh). Drying of solutions was
performed with MgSO4 and solvents were removed with a rotary evaporator. Chemical shifts
for NMR measurements were determined relative to the residual solvent peaks (CHCl3,  = 7.26
ppm for hydrogen atoms,  = 77.0 for carbon atoms). The following abbreviations are used to
indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br s, broad
signal. 2D NMR spectra were recorded in CD3OH at 20 °C and 5 °C on a Agilent 600. The 2D
TOCSY spectra were recorded with a spin-lock period of 70 ms. 2D NOESY spectra were
recorded with mixing times of 400 to 600 ms. HRMS (ESI) spectra were obtained on a Thermo
scientific LTQ Orbitrap XL. MALDI spectra were obtained on a MALDI/TOFTOF 4800 by AB Sciex;
the analysis was done in positive mode using the matrix alpha-cyano-hydroxycinnamic acid.
Solid phase peptide synthesizer CEM Liberty, with CEM Discover microwaves was used for solid
phase peptide synthesis. Optical rotations were measured on a Schmidt + Haensch polarimeter
(Polartronic MH8) with a 10 cm cell (c given in g/100 mL) at 20 °C. Melting points were
recorded using a Buchi melting point B-545 apparatus. UV/Vis absorption spectra were
recorded on an Agilent 8453 UV-Visible Spectrophotometer using Uvasol-grade solvents. CD
spectra were recorded on a CD spectrophotometer JASCO J815. Irradiation experiments were
performed with a spectroline ENB-280C/FE UV lamp (312 nm). RP-HPLC was carried out with
Shimadzu equipment using a linear gradient of 1.54% of eluent A per min at a flow rate of
-1
0.5mLmin . The eluents A and B are 0.1 % TFA acetonitrile and 0.1 % aqTFA, respectively. For
analytical RP-HPLC, a XTerra C18 3.0x150mm column (Waters) was used and for semipreparative RP-HPLC, a XTerra Prep C18 7.8x150mm column (Waters) was used.
Synthesis of trans-3
To a solution of racemic trans-dicarboxylic acid (compound 6, Chapter 4) (73 mg, 0.13 mmol, 1
eq) in 1 mL DMF: CH2Cl2 (1:1), EDC·HCl (49 mg, 0.26 mmol, 2.0 eq) and HOBt (4.7 mg, 2.0 eq)
were added. After 30 min, glycinamide hydrochloride (8.5 mg, 2.0 eq) and TEA (35 uL, 2.0 eq)
were added. After 24 h, 50 mL AcOEt was added and the organic phase was washed with 1N
aq.HCl solution (2 x 50 mL), brine (1 x 50 mL), sat.aq.NaHCO3 solution (2 x 50 mL) and again brine
(1 x 50 mL). The organic layer was dried and the solvent was evaporated. The product was
1
isolated as a white powder (45 mg , 0.067 mmol, yield = 56%). m.p. 210 °C (dec.); H NMR (400
MHz, DMSO-d6) δ, 8.22 (2H, 2 NH), 7.97 (d, J = 8.3 Hz, 4H, arom), 7.55 (d, J = 8.3 Hz, 4H, arom),
7.39 (s, 2H, NH2), 7.04 (s, 2H, NH2), 6.97 (s, 2H, arom), 3.84 (d, 4H, CH2 Gly), 3.12 – 2.97 (m, 2H,
CHCH3), 2.55 (m, 2H, CH2CHCH3), 2.26 (m, 2H, CH2CHCH3), 2.26 (s, 6H, CH3 ar), 2.23 (s, 6H, CH3
13
ar), 1.08 (d, J = 6.4 Hz, 6H, CHCH3). C NMR (400 MHz, DMSO-d6) δ 171.1, 166.2, 144.8, 141.6,
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141.6, 139.9, 132.4, 131.2, 129.5, 129.2, 127.8, 127.3, 42.5, 41.8, 38.5, 28.9, 21.0, 19.1, 17.9.
Expected ESI Mass (C42H45N4 O4): 669.3435. Found: 669.3434.
Synthesis of 1: Ac-Ser-Trp-Thr-Trp-Glu-switch-Lys-Trp-Thr-Trp-Lys-NH2
The switch-peptide hybrid 1 was synthesized on a 0.009 mmol scale by standard protocol of
Fmoc chemistry SPPS. Sieber resin was used (0,69 mmol/g). Fmoc-Trp-OH, Fmoc-Lys(Trt)-OH,
Fmoc-Thr(Trt)-OH, Fmoc-Glu(O-2-PhiPr)-OH, Fmoc-Ser(Trt)-OH were used. The coupling steps
were performed with 5 eq Fmoc-protected amino acid, 5 eq HBTU and 10 eq DIPEA (2 x 45
min). The Fmoc-deprotection step was performed with 20% piperidine in DMF (1 x 30 min). The
acetylation step was performed with 10 eq Ac 2O, 0.1 eq HOBt and 10 eq DIPEA. Cleavage from
the resin was performed at 0 °C for 1 h with TFA:DCM (1:3) with 2.5 vol% 2,2(ethylenedioxy)diethanethiol, 2.5 vol% H2O, 1 vol% TIS. The crude peptide was purified by RPHPLC on C18 semi-preparative column. Purity: 96%. Ret. Time: 32.56 min. The HPLC trace of
crude product is reported in Figure 11. The HPLC trace and the MALDI-TOF spectra of the
purified compound are shown in Figure 2.

Figure 11: HPLC traces (detection wavelength: 220 nm) for crude product 1.

Natural trp-zipper: Ac-Ser-Trp-Thr-Trp-Glu-Gly-Asn-Lys-Trp-Thr-Trp-Lys-NH2
The peptide was synthesized on a 0.1 mmol scale by standard protocol of Fmoc chemistry
SPPS. Sieber resin was used (0,65 mmol/g). Fmoc-Trp-OH, Fmoc-Lys(Trt)-OH, Fmoc-Thr(Trt)-OH,
Fmoc-Glu(OtBu)-OH, Fmoc-Ser(Trt)-OH, Fmoc-Gly-OH, Fmoc- Asn(Trt)-OH were used. The
coupling step was performed with 5 eq Fmoc-protected amino acid, 5 eq HBTU and 10 eq
DIPEA (2 x 45 min). The Fmoc-deprotection step was performed with 20% piperidine in DMF (1
x 30 min). The product was obtain from the peptide synthesizer. The last Fmoc-deprotection
step was performed with 20% piperidine in DMF (1 x 30 min). The acetylation step was
performed with 10 eq Ac2O, 0.1 eq HOBt and 10 eq DIPEA. Cleavage from the resin was
performed at 0 °C for 1 h with 95% TFA, 2.5 vol% tri-iso-propylsilane (TIS), 2.5 vol% H2O. The
crude peptide was purified by RP-HPLC on C18 semi-preparative column. Purity: 98%. Ret.
Time: 21.02 min.
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Figure 12: a) HPLC trace (detection wavelength: 220 nm) for purified product. b) MALDI-TOF
spectrum for the product.

5.5.2 Spectroscopic studies
Isomerization cycle for compound 1: UV-vis and NMR spectroscopy and HPLC were used to
follow the isomerization steps of compound 1. The cycle is shown in Figure 1.
HPLC was used to determine the PSS (photostationary state) ratio’s. A sample of compound
trans-1 (1 mg/mL) was prepared in 50:50 milliQ water:acetonitrile and analyzed by HPLC. The
sample was irradiated for 2 min at  = 312 nm, to obtain unstable cis-1, and analysed.
Subsequently it was left for 4h at 60 °C, to obtain stable cis-1, followed by HPLC analysis. The
HPLC traces are reported in Figure 4.
UV-vis spectroscopy was used to determine the activation parameters. The same procedure as
reported for compound 3 was used. The temperature used are 40 °C, 45 °C, 50 °C, 55 °C and 60
°C. The data are reported in Figure 4.
Isomerization cycle for compound 3: UV-vis and NMR spectroscopy were used to follow the
isomerization steps of compound 3. The cycle is shown in Figure 13.
NMR was used to determine the PSS ratio (photostationary state) and the UV-vis spectroscopy
to determine the t1/2 and the thermodynamic parameters.
For NMR studies, a solution of compound 3 (5 mg in 500 uL CD3OD or DMSO-d6) was irradiated
with =312 nm until the photostationary state was reached. The PSS ratio stable trans unstable cis isomerization is 14:86 in CD3OD and 3:97 in DMSO. In CD3OD, unstable cis-3
precipitates from the solution. Afterwards the precipitate was filtered off and redissolved in
CD3OD to obtain a solution of unstable cis-3 (3mg in 300 uL) was prepared and warmed up at
1
40 °C. Partial H-NMR spectra are shown in Figure 3.
1

Unstable cis-3: H NMR (400 MHz, CD3OD) δ 7.94 (d, J = 8.2 Hz, 4H, arom), 7.35 (d, J = 8.3 Hz,
4H, arom), 6.88 (s, 2H, arom), 4.05(s, 4H, CH2 Gly), 3.62 (m, 2H, CHCH3), 2.70 (dd, J = 15.8 Hz,
7.8 Hz, 2H, CH2CHCH3), 2.29 (s, 6H, CH3 ar), 1.53 (d, J = 6.0 Hz, 6H, CHCH3), 1.36 (s, 6H, CH3 ar).
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1

Stable cis-3: H NMR (400 MHz, CD3OD) δ 8.00 (d, J = 8.4 Hz, 4H, arom), 7.41 (d, J = 8.4 Hz, 4H,
arom), 6.91 (s, 2H, arom), 4.08 (s, 4H, CH2 Gly), 3.14 (dd, J = 14.9 Hz, 5.9 Hz, 2H, CH2CHCH3),
2.57 (d, J = 15.0 Hz, 2H, CH2CHCH3), 2.29 (s, 6H, CH3 ar), 1.45 (s, 6H, CH3 ar), 1.14 (d, J = 6.8 Hz,
6H, CHCH3).

Figure 13: Isomerisation cycle for compound 3, half-life values and PSS ratio’s.
-5

For UV-vis spectroscopy, a 1·10 M solution of stable trans-3 in MeOH was prepared and the
spectrum of trans-3 was recorded at 30 °C. The solution was irradiated at  = 312 nm and the
absorbance spectra were recorded till the photostationary state was reached (Figure 14). Next,
a filter (cut-off  = 340 nm) was positioned between the sample and the light source and the
decrease in absorbance at  = 350 nm was recorded. This permits, with a simple exponential
decay curve, to calculate the rate constant, k. This procedure was repeated at 40 °C, 50 °C and
60 °C (Figure 4). Using the Eyring equation, the kinetic constants and the half-life time, t1/2, of
two thermal isomerization processes were calculated (Figure 4).
-5
The same experiment was repeated for stable cis-3 (1·10 M in MeOH) at 0 °C, -5 °C, -10 °C and
-15 °C (Figure 15).

ln k
H ‡ 1 ln k B S ‡

 

T
R T
h
R
‡

where k is reaction rate constant, T is absolute temperature, ∆H is the enthalpy of activation,
‡
R is gas constant, kB is Boltzmann constant, h is Plank’s constant and ∆S is the entropy of
activation.
Clear isosbestic points were found at  = 318 nm for the isomerization from stable trans to
unstable cis form and at  = 330 nm for the isomerization from unstable cis to stable cis form.
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Figure 14: a) Changes in UV/vis spectrum upon irradiation at  = 312 nm of compound trans-3
-5
(1·10 M in methanol).

a

‡G°= 82 kJ mol-1 t1/2 (20 °C)= 55 sec
‡H°= 72 kJ mol-1
‡S°= –10 J mol-1K-1

b

Figure 15: a) Exponential decrease of the absorption band at = 350 nm for unstable trans-3 at
different temperatures. b) Eyring plot for the thermal isomerization from unstable trans-3 to
stable trans-3 and activation parameters.
CD Spectroscopy for compound 4: A 24 uM solution of stable trans-4 in MeOH at 20 °C was
irradiated at  = 312 nm and then warmed at 40 °C. CD spectra were recorded before and after
irradiation at = 312 nm and after warming. For each isomer, CD spectra were recorded at 5 °C
and 20 °C. Spectra are shown in Figure 5. The UV-vis spectra are shown in Figure 16.

Figure 16: UV-Vis spectra of trans-4 unstable cis-4 and stable cis-4.
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CD Spectroscopy for compound 1: A 24 uM solution of stable trans-1 in MeOH at 20 °C was
irradiated at  = 312 nm and then warmed at 40 °C. CD spectra were recorded before and after
irradiation at = 312 nm and after warming. For each isomer, CD spectra were recorded at
different temperatures, between -10 °C and 40 °C. Spectra are shown in Figure 5 and UV-vis
spectra are shown in Figure 17.

Figure 17: UV-Vis spectra of trans-1, unstable cis-1 and stable cis-1.
Temperature dependency for CD signal at 228 nm for compound 1: A 24 uM solution of stable
trans-1 in MeOH was prepared. The solution was irradiated at  = 312 nm and then warmed to
40 °C. CD spectra was recorded before and after irradiation at  = 312 nm and after warming.
For every isomer, CD spectra were recorded from 0 °C till 40 °C with intervals of 5 °C. Spectra
are shown in Figure 18 and Figure 5.
Unstable cis

Trans

Stable cis

Figure 18: CD spectra (215-245 nm region) of trans-1, unstable cis-1 and stable cis-1 at
different temperatures.
Temperature dependency for CD signal at 228 nm for natural trp-zipper: A 71 uM solution of
8 in MeOH was prepared. CD spectra were recorded from -10 °C till 40°C with interval of 5 °C.
Spectra are shown in Figure 5 and the UV-vis spectra in Figure 19.
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Figure 19: UV-vis spectrum of natural trp-zipper.

5.5.3 2D-NMR studies on compound 1
A solution of compound 1 (1.8 mg in 300 uL methanol-d3 ) was used. A set of COSY, TOCSY,
NOESY were recorded for the three species. The unstable cis was obtained by irradiation at  =
312 nm of the trans-1 for 30 min and the stable cis was obtained by warming the sample of
unstable cis-1 to 50 °C for 5 h. The 1D-NMR spectra reported in Figure 20 and Figure 7 show
the isomerization steps.
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Trans-trp-zipper-overcrowded alkene
AA
Ac
Ser-1
Trp-2
Thr-3
Trp-4
Glu-5
Switch

NH

Alpha-H

Others

8.07
7.87
7.54
7.61
7.78
8.40(Mot),
7,58 (Glu)

4.09
4.57
3.97
4.57
4.20

3.65, 3.57-H
3.20 -H
3.96 -H, 0.73-H

Lys-6
Trp-7
Thr-8
Trp-9
Lys-10
NH2

8.55
7.99
7.61
7.97
7.87

4.34
4.70
4.23
4.57
4.22

1.88, 2.04 -H, 2.18-H
3.55, 3.50 Switch-NH-CH2, 3.42 Glu-NH-CH2
6.86 arom singlet (Glu), 6.93 arom singlet (Lys)
7.79 (ortho), 7.47 (meta) Lys
7.91 (ortho), 7.43 (meta) Glu
2.22 arom CH3 (Glu), 2.27 arom CH3 (Lys)
1.07,1.11 CHCH3
3.02, CHCH3
2.35, 2.72 CH2CHCH3
1.76, 1.57, 1.28 (), 2.80- 2.02(?)
4.13 -H, 0.94-H
1.77,1.53, 1.30 (), 2,85-2.07(?)

Aromatic protons for Trp

A
7.60
7.56
7.54
7.49

B
7.03
7.97
6.95
6.96

C
7.10
7.06
7.03
7.06

D
7.32
7.30
7.29
7.3

E
7.20
7.12
7.12
7.18

NOE interactions
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F
10.34
10.37
10.28
10.27
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Stable cis-trp-zipper-overcrowded alkene
AA
Ac
Ser-1
Trp-2
Thr-3
Trp-4
Glu-5
Switch

NH

Alpha-H

8.11

4.07

7.59

3.92

8.06
8.41 (Mot),
7.75 (Glu)

4.20

Lys-6
Trp-7
Thr-8
Trp-9
Lys-10
NH2

8.68
8.13
7.77
8.06
7.90

4.26
4.73
4.22
4.56
4.23

Trp:
NH
7.95
7.61

Alpha-H
4.54
4.53

Others
2.18
3.68, 3.59 -H
-H
3.89-H, 0.69 -H
2.20-H-H
3.38 SwitchNH-CH2, 3.65 Glu-NH-CH2
6.85 arom singlet (Glu), 6.77 arom singlet (Lys)
7.36 (ortho), 7.92 (meta) Lys
7.37 (ortho), 7.95 (meta) Glu
2.26 arom CH3 (Glu) external, 1.45 internal
2.24 arom CH3 (Lys) external, 1.37 internal
1.13 CHCH3
3.45 CHCH3
2.56, 3.12 CH2CHCH3
1.67, 1.56 (oror), 2.77 ()
3.28, 3.16
4.09-H, 0.92-H
3.19
1.27, 1.55, 1.78 (oror),3.21 ()

Others
3.15
3.08, 3.15-H

Aromatic protons for Trp :
A
7.45
7.53
7.21
7.42

B
6.87
6.99
6.95
6.88

C
6.93
7.07
6.80
7.02

D
7.19
7.30
6.88
7.27

E
6.94
7.14
7.08
7.07

F
10.14
10.29
10.34
10.09

In yellow: The A, B, C, D system has not been correlated with E, F system.
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Stable cis-trp-zipper-overcrowded alkene (5 °C)
AA
Ac
Ser-1
Trp-2
Thr-3
Trp-4
Glu-5
Switch

NH

Alpha-H

8.26
8.11
7.68
7.68
7.8
8.50 (Mot),
7.80 (Glu)

4.09
4.55

Lys-6
Trp-7
Thr-8
Trp-9
Lys-10
NH2

8.74
8.22
7.68
8.19
8.04

4.20
4.75
4.14
4.56
4.23

4.13

Others
2.18
3.68, 3.58 -H
3.28, 3.15 -H
3.89-H, 0.66 -H
1.89, 2.03-H, 2.14-H
3.36 SwitchNH-CH2, 3.64 Glu-NH-CH2
6.86 Arom singlet (Glu), 6.80 Arom singlet (Lys)
7.37 (ortho), 7.94 (meta) Lys
7.38 (ortho), 7.96 (meta) Glu
2.26 arom CH3 (Glu) external, 1.43 internal
2.24 arom CH3 (Lys) external, 1.36 internal
1.08, 1.13 CHCH3
3.46 CHCH3
2.55, 3.12 CH2CHCH3
1.63, 1.53 (oror)
3.29, 3.14
4.09-H, 0.93-H
3.26, 3.18
1.24, 1.52, 1.80 (oror)

Aromatic protons for Trp :

Trp
2
4
7
9

A
7.40
7.29
7.46
7.51

B
7.00
6.95
6.94
7.06

C
6.85
6.79
6.86
6.99

D
7.26
7.20
7.19
7.30

E
7.10
6.94
7.06
7.14

In same colors: Protons that have a correlation in NOESY.
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10.44
10.25
10.18
10.38
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Irradiation at 312 nm

a

Warming up

b

1

Figure 20: H-NMR spectra of various isomers in rotary cycle of compound 1 (1.8 mg in 300 uL
methanol-d3). a) NMR spectra before (red line) and after (green line) irradiation at λ= 312 nm
for 30 min. b) NMR spectra before (green line) and after (pink line) warming up at 60 °C for 4 h.
The expanded regions (inset) correspond to the CH3 in the connected to the aromatic system.
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5.5.3 Transmission Electron Microscopy

TEM measurements for compound 1
Preparation of TEM-samples. Samples for transmission electron microscopy were placed on
carbon-coated 400 mesh copper grids. After 1 min of adhesion, the sample was removed by
filter paper and stained with 2% uranyl acetate and dried with filter paper. The samples were
measured in a Philips CM120 or FEI T20 electron microscope operating at 120 or 200 keV.
Solutions of compound trans-1 and stable cis-1 (1.8 mg in 300 uL methanol-d3 ) were analysed.
The images are shown in Figure 8.

Cryo-TEM measurements for compound 1
Preparation of cryo TEM-samples. 3 µl sample was placed on a glow discharged holy carbon
coated grid (Quantifoil 3.5/1) and blotted. Samples were subsequently vitrified in liquid ethane
(FEI, Vitrobot). The samples were observed in a Philips CM120 or FEI T20 electron microscope
operating at 120 or 200 keV using a Gatan cryo-stage. Images were recorded under low-dose
conditions using a slow-scan CCD camera.
First procedure: A solution of trans-1 in milliQ water (1 mg/mL) was prepared. The sample was
irradiated for 5 min at  = 312 nm to form unstable cis and then warmed up to 45 °C for 5 h.
Cryo TEM images were taken before and after irradiation and after warming. Before taking the
TEM images, a UV-vis sample was prepared to examine the composition of the system: 2 uL of
the aqueous solution were taken and diluted with 200 uL of a different solvent (acetonitrile or
methanol) (Figure 21). The images are shown in Figure 9.

Figure 21: UV-vis spectra of trans-1 at indicated stages during the irradiation process.
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Second procedure: A second sample was prepared in MeOH (0.1 mg in 2 mL), irradiated for 5
min at = 312 nm to form unstable cis-1, the solvent was evaporated and 50 uL of milliQ water
were added. 1 mL was then warmed up to 45 °C for 5 h, the solvent was evaporated and 50 uL
of milliQ water was added (Figure 22).

Figure 22: UV-vis spectra of trans-1, unstable cis-1, stable cis-1 in methanol.
Unstable Cis (Second Procedure)

Stable Cis (Second Procedure)
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Chapter 6
Photoswitchable zinc finger domain
The use of an azobenzene photoswitch to control the binding of zinc finger Sp1-f3 to
DNA is described. The light-responsive unit was inserted in the turn region of the
zinc finger domain. The photoisomerization is shown to both influence the binding of
the zinc ion and disturb the secondary structure of the peptide. These differences
are utilized to achieve photochemical control over the binding of Sp1-f3 to DNA.

Chapter 6

6.1 Introduction
Light has been used to control the secondary structure of peptides and to influence
the function of larger biomolecules.1 The main advantages of using light as an external
stimulus to control biological processes are the bio-orthogonality, non-invasiveness
and lack of toxicity,1,2 although UV light might be harmful.3 For controlling biological
functions with light, photoswitchable molecules, such as stilbenes,4 spiropyrans5 and
diarylethenes6 have been inserted in peptides, proteins and enzymes. In recent years,
azobenzenes emerged as a class of photoswitches most widely used to achieve
controlled interference with many different biological systems.1,7
The control over the formation of secondary structure in peptides was achieved
mainly for secondary structural elements, including -helix,8 e.g. in basic leucine
zipper domains9 and collagen,10 and both -turn and -strands in -hairpin
structures.11 Two different approaches were taken for the photomodulation of the
secondary structure: the photoswitchable molecules were used as cross-linkers
between two side chains or they were inserted into the backbone of the peptide. The
first approach has been used mainly to control the formation of -helix structures.8
The second approach has been used to interfere with -turn structures: the
azobenzene unit was inserted into the turn region of the peptide.11
In this study, we describe a novel approach towards the photochemical control of
peptidic structural elements that need ion coordination to adopt the secondary
structure. The chosen target was the zinc finger domain, which binds to the major
groove of DNA.12 This element constitutes two -strands and an -helix and its
secondary structure is stabilized by the coordination of a zinc ion (Zn2+).13 The -helix
acts as a DNA-binding region.12 In general, zinc fingers are part of transcription factors
that play an important role in gene expression and they are also used in gene
therapy.12 The photocontrol of the binding of these domains to DNA might provide a
powerful tool to control externally the expression of a particular gene, which would
bring new possibilities in therapy and research.
The control of DNA-binding using a zinc-finger-bearing protein in combination with
a light-sensitive molecule has been reported previously by the groups of Deiters14 and
Okamoto.15 The system described by Deiters and co-workers relies on the concept of
caging the biological activity with a photolabile group. The photocontrol does not
directly affects the zinc finger domain, but a nuclease domain attached to it, which
permits the phototriggering of gene editing via double strand break.14 The design
relies on the introduction of a photocaged Tyr residue into the active site of the
nuclease Fok1.14 The zinc finger nuclease (ZFN) was expressed in its photocaged,
inactive form, and the irradiation-induced uncaging restored the activity of ZFN and
resulted in double strand cut.14
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Okamoto15 reported another example on zinc finger peptide, modified with an
azobenzene. Here, the switch was introduced at N-terminus, close to the -helix
responsible for the DNA binding (Figure 1a), where it can interfere with the DNA
binding in a photocontrolled manner. The photoresponsive unit does not influence the
secondary structure of the zinc-finger domain, but interferes with the site of DNAinteraction, thus affecting the binding to DNA.15

a

b

Figure 1: Approaches to photoswitchable zinc-finger domains. a) Photoswitchable zinc finger in
which the azobenzene does not interfere with the secondary structure but with DNA-binding
15
only, as described by Okamoto and co-workers. b) Photoswitchable zinc finger in which the
azobenzene interferes with the secondary structure and therefore with the DNA-binding (this
work).

Here we describe our effort towards a system in which the photoswitchable unit
interferes with the Zn2+-mediated formation of the secondary structure and/or induces
distortion of the zinc-finger, thereby influencing the binding of the zinc finger to DNA.
This design relies on the introduction of an azobenzene switch, (4133

Chapter 6

aminomethyl)phenylazobenzoic acid (AMPB) (Figure 2), introduced by Chmielewski et
al.,16 in the turn region of third zinc fingers of the mammalian factor Sp117 (Figure 2), in
expectation that this modification would influence the binding of the zinc ion and,
therefore, the secondary structure of the zinc finger domain (Figure 1b), leading to a
general approach to photocontrolled zinc fingers. We envisioned that both isomers
could bind zinc ions, albeit with different affinities, and the photoswitch would thus
influence the secondary structure that would translate into photocontrolled binding to
DNA (Figure 1b).

a

b

AMPB-Sp1-f3
Sp1-f3

β1
β2
α-helix DNA-recognition
Ac-KKFACPECPKRFM- AMPB - RSDHLSKHIKTHQNKK-NH2
Ac-KKFACPECPKRFM
RSDHLSKHIKTHQNKK-NH2
16,18

Figure 2: a) Fmoc-AMPB-OH,
building block for SPPS, used for the synthesis of AMPB-Sp117
f3. b) Sequence of AMPB-Sp1-f3 and the natural sequence Sp1-f3. The amino acids in yellow
are the ones involved in the binding of zinc ion.

6.2 Results and Discussion
The preparation of the photoswitchable Sp1-f3, dubbed AMPB-Sp1-f3, was
achieved using solid phase peptide synthesis (SPPS) (Figure 2). The azobenzene
building block (Figure 2a), used for SPPS, was reported previously.16,18 In line with
published data,19 we observed that the use of silanes, which are added as cation
scavengers in traditional SPPS cleavage/deprotection cocktails, resulted in the
reduction of the diazo moiety of the photoswitch;19 therefore, their use was avoided.
Pure peptide was obtained by preparative HPLC and its identity was confirmed by
MALDI-TOF mass analysis (Figure 3a,b). The natural Sp1-f3 (Figure 2b) was synthesized
as well, to serve as a reference compound (Figure 3c,d).
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a

b HPLC (330 nm)

c

d HPLC (215 nm)

Figure 3: Analysis for AMPB-Sp1-f3 and Sp1-f3. a) MALDI-TOF spectrum of AMPB-Sp1-f3. b)
HPLC trace of AMPB-Sp1-f3. RP-HPLC method: 3 min at ratio of eluents A:B 5/95 and then
-1
linear gradient of 1.54% of eluent A per min at a flow rate of 0.5 mLmin . The eluents A and B
are 0.1 % TFA acetonitrile and 0.1 % aqTFA, respectively (XTerra C18 3.0x150 mm column,
Waters). c) MALDI-TOF spectrum of Sp1-f3. d) HPLC trace of Sp1-f3 (detection at λ = 215 nm).
RP-HPLC method: 10 min at ratio of eluents A:B 5/95 and then linear gradient of 3% of eluent A
-1
per min at a flow rate of 0.5 mLmin . The eluents A and B are 0.1 % TFA acetonitrile and 0.1 %
aqTFA, respectively (XTerra C18 3.0x150 mm column, Waters).

The photoswitching behaviour of AMPB-Sp1-f3 in DMSO/MeOH was analysed by
UV-vis spectroscopy and HPLC. The UV-vis spectrum (Figure 4a) of the trans isomer is
characterized by the band at  = 330 nm. Upon irradiation at  = 365 nm, this band
decreases and a new low intensity one, characteristic for the cis form, appears at  =
450 nm (Figure 4a). By exposition of the cis isomer to white light, the equilibrium is
shifted back towards the stable trans form (Figure 4a, WL). AMPB-Sp1-f3 is stable at
least over three switching cycles in DMSO/MeOH (Figure 4b). The photostationary
state (PSS) in aqueous buffer was determined by HPLC analysis to be >45%20 cis (Figure
4d). The photochemical properties of the azobenzene are in agreement with other
reported systems,8,9 with relatively high photostationary state and reversible
photoisomerization.
The half-life for the thermally less-stable cis isomer of AMPB-Sp1-f3 was
determined by following the recovery of the absorbance at  = 330 nm of the
photoisomerized sample in the dark (Figure 4c). The experiment was conducted both
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in the presence and absence of zinc ions, to verify if the zinc binding influences the
half-life of the azobenzene-peptide. By fitting the experimental data with single
exponential decay, the half-life was calculated to be 36 h in presence of zinc ion and
14 h in absence of zinc ion (Figure 4c). This effect indicates, interestingly, that the zinc
coordination influences the stability of the cis isomer. Since the coordination of zinc is
responsible for the formation of secondary structure,12 we attribute this increased
stability of the cis isomer to the folding of the peptide.

a

Absorbance

Absorbance at 330 nm

b

c

d
Absorbance at 330 nm

Absorbance at 330 nm
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Figure 4: Photoswitching behaviour of AMPB-Sp1-f3. a) UV-vis spectra of trans- and cis-AMPBSp1-f3 (0.084 mM in DMSO/MeOH (1:9)). b) Switching cycle of AMPB-Sp1-f3 (0.084 mM in
DMSO/MeOH (1:9)). c) Determination of half-life of cis-AMPB-Sp1-f3 (0.055 mM in 10 mM TRIS
buffer, 50 mM aq.NaCl, pH 7.5) by UV-vis spectroscopy, in presence (black line) or absence (blue
line) of zinc ion (ZnCl2, 1 eq. respect to cis-AMPB-Sp1-f3), at rt in the dark. d) HPLC trace of
AMPB-Sp1-f3 at isosbestic point ( = 386 nm) after irradiation for 3 min at  = 365 nm in water.
RP-HPLC method: 3 min at ratio of eluents A:B 5/95 and then linear gradient of 1.54% of eluent
-1
A per min at a flow rate of 0.5 mLmin . The eluents A and B are 0.1 % TFA acetonitrile and 0.1
% aqTFA, respectively (XTerra C18 3.0x150 mm column, Waters).

The formation of secondary structure of Sp1-f3 was confirmed by CD
spectroscopy.21 The peptide is in random coil conformation in the absence of zinc,
which is characterized by the negative CD signal at  ≈ 200 nm.15,21 The appearance of
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two negative CD signals (at  = 205 nm and  = 228 nm), indicative of the formation of
the secondary structure of the zinc finger, is observed upon addition of zinc ions.15,21
Here, CD spectroscopy was used to verify whether the trans- and cis-AMPB-Sp1-f3
adopt the secondary structure characteristic of a zinc finger upon addition of zinc ions
(Figure 5). Furthermore, the CD signal change upon addition of aliquots of Zn2+ were
used to provide information about the affinity to zinc (Figure 5).
The model, unmodified Sp1-f3, was used for comparison; for this peptide, the
characteristic spectrum for the zinc finger is observed upon addition of Zn2+ (Figure
5a). 15,21 Two negative CD signals are observed at  = 205 nm and  = 226 nm (Figure
5a), consistent with reported data.21 From CD analysis of the AMPB-Sp1-f3 (Figure 5b),
it is clear that neither the trans nor cis isomers are able to adopt the secondary
structure in absence of zinc ion: a negative CD signal at  ≈ 200 nm is present, which is
characteristic of random coil. Next 1 eq. of Zn2+ was added to the cis-AMPB-Sp1-f3 and
the CD signal characteristic for the formation of secondary structure manifested at  =
205 nm (Figure 5b). The solution of Zn2+-bound cis-AMPB-Sp1-f3 was then irradiated
with white light. This operation provokes, at least partially, reisomerisation of the
photoswitch to the trans form, as confirmed by UV-vis spectroscopy (see insert, Figure
5b). Nevertheless, we observed almost no change in the CD spectrum (Figure 5b),
which means that both trans- and cis-AMPB-Sp1-f3 can coordinate zinc and form the
secondary structure of the zinc finger.
The affinity of the two isomers of AMPB-Sp1-f3 to zinc was studied in more detail
using CD spectroscopy,21 focusing on the band at  = 205 nm (Figure 5c,d). The
increase of the CD signal at  = 205 nm with the addition of Zn2+ gives as an indication
of the binding constant of zinc to the peptide. It was found that trans-AMPB-Sp1-f3
has a Kd =1.4 eq (Figure 5c) and cis-AMPB-Sp1-f3 has a Kd = 0.7 eq (Figure 5d), where Kd
is defined as the number of Zn2+ equivalents that leads to 50% folding of AMPB-Sp1-f3
into a secondary structure. The fact that cis-AMPB-Sp1-f3 is a very strong zinc-binder,
might be explain by the spatial arrangement that the cis-form provokes in the zinc
finger domain. Probably this isomer brings together the amino acids, His and Cys,
involved in the zinc-binding favoring the binding to the zinc ion (Figure 1b).
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Figure 5: Secondary structure of Sp1-f3 and AMPB-Sp1-f3 analysed by CD spectroscopy. a) CD
spectra of Sp1-f3 (0.055 mM in 10 mM TRIS, 50 mM NaCl, pH 7.5) in the presence and the
2+
absence of Zn . b) CD spectra of cis- and trans-AMPB-Sp1-f3 (0.055 mM in 10 mM TRIS, 50 mM
2+
NaCl, pH 7.5) in the presence or absence of Zn . c) Increase in CD signal at  = 205 nm for
trans-AMPB-Sp1-f3 (0.055 mM in 10 mM TRIS, 50 mM NaCl, pH 7.5) upon addition of aliquots
2+
of Zn . d) Increase in CD signal at  = 205 nm for cis AMPB-Sp1-f3 (0.055 mM in 10 mM TRIS,
2+
50 mM NaCl, pH 7.5), upon addition of aliquots of Zn .
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The binding of AMPB-Sp1-f3 to DNA was studied using a fluorescence displacement
assay.22,23 This assay is used to define the DNA-binding affinity of molecules compared
to a known intercalator, e.g. ethidium bromide (EB). In general, model doublestranded DNA is incubated with EB and the studied peptide or molecule is titrated into
the DNA solution. Ethidium bromide is highly fluorescent when it intercalates into
DNA, and shows low fluorescence in the unbound form. The addition of peptide
displaces EB molecules, which is accompanied by the decrease in fluorescence. This
assay has been successfully used for molecules that bind to the minor groove23 and
major groove of DNA.22
The fluorescence displacement assay was executed for natural zinc finger, Sp1-f3,
and the two photoisomers of AMPB-Sp1-f3, using double-stranded DNA, GC-box (dATA TTA TGG GGC GGG GCC AAT ATA) intercalated with EB. The assay was performed
in triplicate and the data were analysed by exponential fitting,22,23 from which IC50
values were calculated (Figure 6). The IC50 represents the ratio of EB and peptide
concentrations that is necessary to displace half of the EB molecules from DNA. For
Sp1-f3, the IC50 is 0.40.1 (Figure 6a), in accordance with values reported in literature
for a major-groove-binder.22 As a control, the assay was repeated in absence of zinc to
provide an additional confirmation that zinc is necessary for the binding. We observed
no fluorescence decrease, indicative of no EB displacement, using up to 100 eq. of
apo-Zinc finger (Figure 6b). We conclude that the peptide Sp1-f3 without zinc ion
doesn’t bind DNA, most probably due to the lack of secondary structure formation
(Figure 5a).
The assay for AMPB-Sp1-f3 revealed that both photoisomers can bind DNA: in
presence of Zn2+, trans-AMPB-Sp1-f3 has IC50 = 0.70.1 (Figure 6c) and for cis-AMPBSp1-f3, the IC50 is 0.360.07 (Figure 6d). The IC50 value for cis-AMPB-Sp1-f3 is similar to
the natural Sp1-f3, while, remarkably, the IC50 value for trans-AMPB-Sp1-f3 is higher
than the IC50 value for cis one, indicating that trans-AMPB-Sp1-f3 is a stronger DNAbinder.
CD analysis reveals that the secondary structure is formed with both the
photoisomers, although the affinity for Zn2+ ion is different between the trans- and cisform, with Kd =1.4 eq for trans-AMPB-Sp1-f3 and Kd = 0.7 eq for cis-AMPB-Sp1-f3. Even
if both the photoisomers promote the formation of the zinc finger domain, EB
displacement assay shows that there is a distinctive difference in binding to DNA. We
propose that the structure of the zinc finger incorporated the cis isomer is distorted
and therefore a weaker binding to DNA is observed with respect the trans isomer.
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Figure 6: Fluorescence EB displacement assay (8.8 µM-bp GC-box (d-ATA TTA TGG GGC GGG
GCC AAT ATA), 0.22 mM solution of ethidium bromide in 10 mM TRIS buffer, NaCl 50 mM, pH
-4
2+
7.5; aliquots of peptide (2.8·10 M in in 10 mM TRIS buffer, NaCl 50 mM, pH7.5) and Zn were
added at 25 °C). a) EB displacement assay for Sp1-f3 in the presence of zinc ion. b) EB
displacement assay for Sp1-f3 in the absence of zinc ion. c) EB displacement assay for transAMPB-Sp1-f3 in the presence of 1 equivalent of zinc ion with respect to the peptide. d) EB
displacement assay for cis-AMPB-Sp1-f3 in presence of 1 equivalent of zinc ion with respect to
the peptide.

Interestingly, trans-AMPB-Sp1-f3 is a weaker binder of Zn2+ and a stronger DNAbinder than the cis-AMPB-Sp1-f3 and the natural Sp1-f3. It might be that the spatial
arrangement, induced by the trans-azobenzene, stabilizes even further the -helix,
which is responsible for DNA binding. The trans isomer binds two times stronger to
DNA than the cis form; this effect is similar to the one reported for the modified zinc
finger of Okamoto.15 Despite of this similar behavior, the two approaches (Figure 1a
for Okamoto and Figure 1b for our system) are conceptually different: the difference
in binding in our system is due to the distortion of the structure of the zinc finger that
the azobenzene induces and not to the interference with the DNA-binding region of
the zinc finger as reported for the system of Okamoto.15
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6.3 Conclusions
We presented here a photoswitchable zinc finger, AMPB-Sp1-f3, which
incorporates an azobenzene unit in the turn region. The photochemical isomerization
studies of this system showed that the azobenzene has a photostationary state of at
least 45% cis isomer and shows reversible photoisomerization. Furthermore, the halflife of the cis isomer depends on the presence of zinc ions.
Both isomers bind zinc ion and form the secondary structure of zinc finger, as
shown by CD, therefore both trans and cis forms can bind to DNA. Interestingly, cisAMPB-Sp1-f3 is a stronger zinc-binder, but a weaker DNA-binder than trans-AMPBSp1-f3. This might be explained by a better stabilization of the α-helix in the transisomer.
In summary, we presented here an alternative approach to obtain control of the
secondary structure of the zinc finger and, therefore, of the binding to DNA of the zinc
finger domain, which potentially is more generally applicable to control zinc finger
domains as it does not interfere with specific α-helix-DNA interactions.
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6.5 Experimental Section
6.5.1 Synthesis
All chemicals for synthesis were obtained from commercial sources and used as received unless
stated otherwise. Solvents were reagent grade. DNA was purchased from Sigma-Aldrich. Thinlayer chromatography (TLC) was performed using commercial Kieselgel 60, F254 silica gel
plates, and components were visualized with KMnO 4 or phosphomolybdic acid reagent. Flash
chromatography was performed on silica gel (Silicycle Siliaflash P60, 40-63 m, 230-400 mesh).
Drying of solutions was performed with MgSO 4 and solvents were removed with a rotary
evaporator. Chemical shifts for NMR measurements were determined relative to the residual
solvent peaks (CHCl3,  = 7.26 ppm for hydrogen atoms,  = 77.0 for carbon atoms). The
following abbreviations are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; br s, broad signal. HRMS (ESI) spectra were obtained on a Thermo
scientific LTQ Orbitrap XL. MALDI spectra were obtained on a MALDI/TOFTOF 4800 by AB Sciex;
the analysis was done in positive mode using the matrix alpha-cyano-hydroxycinnamic acid.
Solid phase peptide synthesizer CEM Liberty, with CEM Discover microwaves was used for solid
phase peptide synthesis. Optical rotations were measured on a Schmidt + Haensch polarimeter
(Polartronic MH8) with a 10 cm cell (c given in g/100 mL) at 20 °C. Melting points were
recorded using a Buchi melting point B-545 apparatus. UV/Vis absorption spectra were
recorded on an Agilent 8453 UV-Visible Spectrophotometer using Uvasol-grade solvents. CD
spectra were recorded on JASCO J815. Irradiation experiments were performed with a
spectroline ENB-280C/FE UV lamp (312 nm). RP-HPLC was carried out with Shimadzu
-1
equipment using a linear gradient of eluent A at a flow rate of 0.5mLmin . The eluents A and B
are 0.1 % TFA acetonitrile and 0.1 % aqTFA, respectively. For analytical RP-HPLC, a XTerra C18
3.0x150mm column (Waters) was used and for semi-preparative RP-HPLC, a XTerra Prep C18
7.8x150mm column (Waters) was used.

Synthesis of 4-Nitroso-benzoic acid
4-Nitroso-benzoic acid was synthesized according to a literature procedure.
Synthesis of Fmoc-4-aminobenzylamine

24

16a

4-Aminobenzylamine (1.25 g, 10.0 mmol) was dissolved in a mixture of 12 mL acetonitrile and 1
mL DMF. Triethylamine (1.55 mL, 11.0 mmol) was added. A solution of Fmoc-OSu (3.70 g, 11.0
mmol in 25 mL of acetonitrile) was added drop-wise over 90 min. The formed precipitate was
filtered, washed with water and diethyl ether. The product was obtained in 98% yield (3.37
1
mg). M. p.: 138-139 °C. H-NMR (400 MHz, DMSO-d6): δ 7.89 (d, J = 7.5 Hz, 2H), 7.69 (d, J = 7.5
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Hz, 2H), 7.65 (m, 1H), 7.41 (t, J = 7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 2H), 6.88 (d, J = 7.7 Hz, 2H), 6.49
(d, J = 7.7 Hz, 2H), 4.95 (s, 2H), 4.30 (d, J = 6.7 Hz, 2H), 4.21 (t, J = 6.8 Hz, 1H), 4.00 (d, J = 5.8 Hz,
+
2H). HRMS (ESI+) calc. for C22H21N2O2 [M+H ]: 345.1598; found: 345.1603.
Synthesis of Fmoc-AMPB-OH

18

4-Nitroso-benzoic acid (69 mg, 0.46 mmol) was dissolved in 4 mL acetic acid/DMSO (1:1) and
Fmoc-4-aminobenzylamine (150 mg, 0.46 mmol) was added. The reaction mixture was stirred
overnight at 40 °C. Ethyl acetate was added and the organic solution was washed 5 times with
brine. The organic phase was dried (MgSO 4), filtered and the solvent was evaporated under
vacuum. The product was purified by column chromatography (Eluent: 2% Methanol in DCM).
1
The product was obtained in 33% yield (71 mg). M. p.: 240-242 °C. H NMR (400 MHz, DMSOd6) δ 13.27 (s, 1H), 8.15 (d, J = 8.0 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.90 (m, 4H), 7.71 (d, J = 7.7
Hz, 2H), 7.51–7.39 (m, 4H), 7.34 (t, J = 7.5 Hz, 2H), 4.39 (d, J = 6.7 Hz, 2H), 4.29 (d, J = 6.1 Hz,
+
2H), 4.25 (t, J = 6.9 Hz, 1H). HRMS (ESI+) calc. for C29H24N3O4 [M+H ]: 478.1761; found:
478.1760.

Synthesis of Fmoc-AMPB-Ala-OH
The synthesis was performed using H-Ala-2-Cl-Trt resin (22 mg, 0.72 mmol/g). The resin was
swollen in DCM and washed with DMF. A solution of Fmoc-AMPB-OH (15 mg, 0,031 mmol),
HBTU (11.7 mg, 0.031 mmol) and DIPEA (11 uL, 0.062 mmol) in DMF was added to the resin.
The mixture was shaken for 3 h at rt. The resin was washed with DMF, DCM and diethyl ether.
Cleavage from the resin was performed at rt for 75 min with TFA:water (95:5) under a nitrogen
atmosphere. The resin was filtered off and the product was obtained by precipitation with
20
diethyl ether. The product was obtained in 76% yield (6.5 mg). M. p.: 255-257 °C. [α]D = -7.8 (c
1
= 1.00, DMSO). H NMR (400 MHz, DMSO-d6) δ 12.60 (s, 1H), 8.87 (d, J = 7.1 Hz, 1H), 8.10 (d, J =
8.4 Hz, 2H), 7.96 (d, J = 8.5 Hz, 4H), 7.90 (d, J = 7.7 Hz, 4H), 7.72 (d, J = 7.3 Hz, 2H), 7.43 (t, J =
8.9 Hz, 2H), 7.34 (t, J = 7.4 Hz, 2H), 7.25 (s, 1H), 4.46 (s, 1H), 4.40 (d, J = 6.7 Hz, 2H), 4.32-4.20
13
(m, 3H), 1.43 (d, J = 7.4 Hz, 3H). C NMR (400 MHz, DMSO-d6) δ 174.1, 165.3, 156.4, 153.4,
150.9, 144.1, 143.8, 140.8, 135.9, 128.8, 127.9, 127.6, 127.0, 125.1, 122.8, 122.3, 120.12, 65.3,
+
48.3, 46.8, 43.5, 16.8. HRMS (ESI+) calc. for C32H29N4O5 [M+H ]: 549.2132; found: 549.2127.
Synthesis of AMPB-Sp1-f3 (Ac-KKFACPECPKRFM - AMPB - RSDHLSKHIKTHQNKK-NH2)
AMPB-Sp1-f3 was synthesized on a 0.1 mmol scale by standard protocol of Fmoc chemistry
SPPS (Solid Phase Peptide Synthesis) with the peptide synthesizer. Sieber resin was used (0.69
mmol/g). Fmoc-Ala-OH, Fmoc Phe-OH, Fmoc-Cys(Trt) Fmoc-Lys(Trt)-OH, Fmoc-Pro-OH, FmocGlu(O-2-PhiPr)-OH, Foc Arg(Pbf)-OH, Foc-Met-OH, Fmoc-Ser(Trt)-OH, Fmoc-Asp(O-2-PhiPr)-OH,
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Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-Thr(Trt)-OH, Fmoc-Gln(Trt)-OH, FmocAsn(Trt)-OH were used. The coupling steps were performed with 5 eq Fmoc-protected amino
acid, 5 eq HBTU and 10 eq DIPEA (2 x 45 min). The Fmoc-deprotection step was performed with
20% piperidine in DMF (1 x 30 min). The acetylation step was performed with 10 eq. Ac2O, 0.1
eq. HOBt and 10 eq. DIPEA. Cleavage from the resin was performed at rt for 75 min with
TFA:water (95:5) under a nitrogen atmosphere. The crude peptide was purified by RP-HPLC on
C18 semi-preparative column. Purity: 86%. R.t.: 17.8 min. The MALDI-TOF spectrum and the
HPLC trace are reported in Figure 3a, b.

Synthesis of Sp1-f3
Sp1-f3 was synthesized on a 0.1 mmol scale by the standard protocol of Fmoc chemistry SPPS
(Solid Phase Peptide Synthesis) with the peptide synthesizer. Sieber resin was used (0.69
mmol/g). Fmoc-Ala-OH, Fmoc Phe-OH, Fmoc-Cys(Trt) Fmoc-Lys(Boc)-OH, Fmoc-Pro-OH, FmocGlu(OtBu)-OH, Foc Arg(Pbf)-OH, Foc-Met-OH, Fmoc-Ser(tBu)-OH, Fmoc-Asp(OtBu)-OH, FmocHis(Trt)-OH, Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-Thr(tBu)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)OH were used. The coupling steps were performed with 5 eq Fmoc-protected amino acid, 5 eq
HBTU and 10 eq DIPEA (2 x 45 min). The Fmoc-deprotection step was performed with 20%
piperidine in DMF (1 x 30 min). The acetylation step was performed with 10 eq. Ac 2O, 0.1 eq.
HOBt and 10 eq. DIPEA. Cleavage from the resin was performed at rt for 75 min with
TFA/TIS/EDT/H2O (95:1:2.5:2.5) under a nitrogen atmosphere. The crude peptide was purified
by RP-HPLC on C18 semi-preparative column. Purity: 80%. Ret. Time: 28.3 min. The MALDI-TOF
spectrum and the HPLC trace are reported in Figure 3c, d.

6.5.2 Spectroscopic studies
Determination of the extinction coefficient, ,for Fmoc-AMPB-Ala-OH
Solutions of different concentrations of Fmoc-AMPB-Ala-OH were prepared in DMSO/MeOH
(1:9): 0.011 mM, 0.022 mM, 0.032 mM, 0.042 mM, 0.061 mM (Figure 7a). The UV-vis
absorption spectra were recorded and the extinction coefficient at 330 nm was calculated from
the plot of absorbance at 330 nm against the concentration (Figure 7b).
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a

b

Figure 7: a) UV-vis absorption spectra for solutions of Fmoc-AMPB-Ala-OH in DMSO/MeOH
(1:9) at different concentrations. b) Absorbance at λ = 330 nm vs. the concentration of the
different samples.
Switching cycle for AMPB-Sp1-f3 by UV-vis spectroscopy
AMPB-Sp1-f3 (DMSO/MeOH (1:9)) was irradiated at λ = 365 nm and subsequently with white
light. The changes in absorbance were followed by UV-vis absorption (Figure 4a,b). The
concentration was determined to be 0.084 mM, using ε of the standard compound, FmocAMPB-Ala-OH.
AMPB-Sp1-f3 (0.055 mM in 10 mM TRIS, 50 mM NaCl, pH 7.5) was irradiated at λ = 365 nm.
The change in absorbance at λ = 330 nm was followed (Figure 8). The half-life was calculated
following the increase in absorbance at λ = 330 nm at rt in the dark, in the absence and in the
presence of 1 eq ZnCl2 (Figure 4c), by fitting with first exponential decay. The concentration
was calculated using ε of the standard compound, Fmoc-AMPB-Ala-OH.

Figure 8: UV-vis spectrum of trans AMPB-Sp1-f3 (0.055 mM in aqueous solution containing 10
mM TRIS, 50 mM NaCl at pH 7.5) and UV-vis spectra recorded during irradiation at λ = 365 nm.
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Determination of photostationary state of the AMPB-Sp1-f3 by HPLC
AMPB-Sp1-f3 (0.5 mg/mL H2O) was irradiated with λ = 365 nm light for 3 min and injected in
the HPLC. The photostationary state was calculated form the absorption at λ = 386 nm
(isosbestic point) (Figure 4d).
CD spectroscopy for Sp1-f3
The CD spectra of Sp1-f3 (0.030 mM in 10 mM TRIS buffer, 50 mM NaCl, pH 7.5) were recorded
before and after the addition of 1 μL of a stock solution of ZnCl 2 (27 mM in H2O, 3 eq.) (Figure
5a, Figure 9).

Figure 9: UV-vis spectrum of Sp1-f3 (0.030 mM in aqueous solution containing 10 mM TRIS
buffer, 50 mM NaCl at pH 7.5).

CD spectroscopy for AMPB-Sp1-f3: determination of Kd for trans-azo-zinc finger and cis-azo2+
zinc finger with Zn
Trans AMPB-Sp1-f3 (0.055 mM in 10 mM aq.TRIS buffer, 50 mM NaCl, pH 7.5) was irradiated at
λ = 365 nm and the change in CD signal was followed (Figure 5b, Figure 10a). The
corresponding UV-vis spectra are shown in Figure 5b, inset and Figure 10b. The concentration
of trans-AMPB-Sp1-f3 was calculated using the extinction coefficient (ε) of the standard
compound, Fmoc-AMPB-Ala-OH.
2+
Titration of ZnCl2 into an aqueous solution of trans-AMPB-Sp1-f3: Zn (ZnCl2, 0.1-10 eq. with
respect to trans-AMPB-Sp1-f3) was titrated into the solution of trans-AMPB-Sp1-f3 and UV-vis
spectra and CD spectra were recorded (Figure 5c).
Titration of ZnCl2 into an aqueous solution of cis AMPB-Sp1-f3: trans AMPB-Sp1-f3 was
2+
irradiated at λ = 365 nm to form cis-AMPB-Sp1-f3 (Figure 10c). Zn (ZnCl2, 0.1-20 eq. with
respect to cis-AMPB-Sp1-f3) was titrated into the aq. solution of cis-AMPB-Sp1-f3 and UV-vis
spectra and CD spectra were recorded (Figure 5d). From these data, the titration curves are
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obtained and fitted with single exponential decay. The corresponding UV-vis spectra for the CD
spectra of Figure 5d (0.1 eq., 1 eq. and 10 eq) are reported in Figure 10d.

a

b

d

c

Figure 10: CD and UV-vis analysis of AMPB-Sp1-f3 (0.055 mM in 10 mM aq.TRIS buffer, 50 mM
NaCl, pH 7.5). a) CD spectra of trans-AMPB-Sp1-f3 (0.055 mM in 10 mM aq.TRIS buffer, 50 mM
2+
NaCl, pH 7.5), before and after irradiation at λ = 365 nm in the absence of Zn . b) UV-vis
spectra of trans-AMPB-Sp1-f3 (0.055 mM in 10 mM aq.TRIS buffer, 50 mM NaCl, pH 7.5). in the
2+
absence or the presence of Zn (1 eq and 10 eq). c) UV-vis spectra of trans-AMPB-Sp1-f3 (0.055
mM in 10 mM aq.TRIS buffer, 50 mM NaCl, pH 7.5) before and after irradiation at λ = 365 nm in
2+
the presence of Zn . d) UV-vis spectra of cis-AMPB-Sp1-f3 (0.055 mM in 10 mM aq.TRIS buffer,
2+
50 mM NaCl, pH 7.5) in the absence or the presence of Zn (0.1 eq, 1 eq and 10 eq).

6.5.3 Ethidium Bromide displacement assay
Solution A: 8.8 µM (base pairs) solution of GC-box (d-ATA TTA TGG GGC GGG GCC AAT ATA) in
10mM aq.TRIS buffer, NaCl 50 mM, pH7.5. The solution was heated up to 90 °C and cooled
down to -5 °C prior to titration experiments, to assure annealing of DNA strands.
Solution B: 0.22 mM solution of ethidium bromide (EB) in water.
Solution A and B were mixed to obtain a 2:1 of ratio base pairs/EB. Aliquots (0-52.2 µL) of
-4
peptide (2.8·10 M in in 10 mM aq.TRIS buffer, NaCl 50 mM, pH7.5) were added. ZnCl 2 solution
2+
was added to obtain 1:1 ratio Zn /peptide. The wells were filled with buffer to obtain a
constant volume. The assay was performed in a black 96-well microtiter plate and fluorescence
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was recorded in the plate reader Synergy- H1, Biotek (λex = 514 nm, λem = 595 nm) at 25 °C. 100
µL of solution A were used for the Sp1-f3, and 50 µL of solution A were used for the AMPB-Sp1f3. Fluorescence emission was plotted against the [EB]/[peptide] ratio. The data were fitted
with exponential decay first order curve, which provides the IC 50 value representing the ratio
[EB]/[peptide] necessary to displace half of the molecules of ethidium bromide in the complex
25
EB/DNA.
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English	
  Summary	
  
	
  
The	
   control	
   of	
   biological	
   processes	
   has	
   always	
   been	
   a	
   challenge	
   for	
   chemists	
   and	
  
biochemists.	
  The	
  ability	
  to	
  interfere	
  with	
  a	
  specific	
  biological	
  function	
  helps	
  scientists	
  
to	
  achieve	
  a	
  better	
  understanding	
  of	
  the	
  process	
  itself	
  and,	
  if	
  the	
  process	
  is	
  correlated	
  
with	
   pathology,	
   it	
   might	
   be	
   possible	
   to	
   gain	
   new	
   insights	
   in	
   the	
   development	
   of	
  
diseases	
  and	
  eventually	
  to	
  discover	
  new	
  treatments.	
  Towards	
  this	
  goal,	
  the	
  control	
  of	
  
biological	
   processes	
   might	
   be	
   achieved	
   using	
   light	
   as	
   a	
   stimulus.	
   Light	
   of	
   the	
  
appropriate	
  wavelength	
  is	
  not	
  invasive	
  and	
  usually	
  bioorthogonal:	
  it	
  does	
  not	
  interfere	
  
with	
   almost	
   any	
   biological	
   function.	
   The	
   use	
   of	
   light	
   usually	
   doesn’t	
   lead	
   to	
  
contamination,	
  except	
  when	
  there	
  is	
  photo-‐degradation	
  or	
  photo-‐oxidation.	
  Finally,	
  it	
  
can	
  be	
  delivered	
  with	
  high	
  precision	
  to	
  achieve	
  control	
  of	
  function	
  in	
  time	
  and	
  space.	
  	
  
Photoswitches	
   are	
   molecules	
   that	
   change	
   structure/geometry	
   upon	
   irradiation	
   with	
  
light.	
   The	
   most	
   prominent	
   biological	
   photoswitch	
   is	
   the	
   retinal	
   in	
   our	
   eyes	
   and	
   the	
  
most	
   widely	
   used	
   photoswitches	
   used	
   for	
   the	
   control	
   of	
   peptides	
   and	
   proteins	
   are	
  
azobenzenes,	
  stilbenes	
  and	
  diarylethenes.	
  In	
  the	
  first	
  chapter,	
  the	
  structure	
  of	
  these	
  
photoswitchable	
  molecules	
  and	
  the	
  strategies	
  to	
  incorporate	
  them	
  into	
  peptides	
  are	
  
described.	
   Illustrative	
   examples	
   of	
   photoswitchable	
   peptides	
   are	
   highlighted,	
   with	
  
special	
   focus	
   on	
   peptidic	
   domains,	
   including	
   photosensitive	
   β-‐hairpins	
   and	
   zinc-‐
fingers.	
  
The	
   first	
   part	
   of	
   the	
   thesis	
   (chapter	
   2,	
   3,	
   4)	
   describes	
   the	
   development	
   of	
  
methodological	
   approaches	
   to	
   incorporate	
   photoswitches	
   into	
   biomacro	
   molecules.	
  	
  
The	
   second	
   part	
   of	
   the	
   thesis	
   describes	
   two	
   novel	
   examples	
   of	
   photoresponsive	
  
peptides.	
  
In	
   the	
   second	
   chapter,	
   a	
   photoswitchable	
   molecule,	
   azobenzene,	
   is	
   used	
   as	
   a	
   linker	
   to	
  
immobilize	
   the	
   enzyme	
   lipase	
   from	
   Candida	
   rugosa	
   on	
   a	
   quartz	
   surface	
   (Figure	
   1a).	
  
The	
   bifunctional	
   linker	
   allows	
   deactivation	
   of	
   the	
   immobilized	
   enzyme	
   by	
   irradiation	
  
with	
   visible	
   light	
   (Figure	
   1b).	
   Despite	
   the	
   irreversibility	
   of	
   the	
   process,	
   this	
   system	
  
constitutes	
   the	
   first	
   example	
   of	
   covalent	
   immobilization	
   of	
   an	
   enzyme	
   with	
   a	
  
photoswitchable	
   linker.	
   The	
   design	
   of	
   the	
   linker	
   with	
   two	
   groups,	
   possessing	
  
orthogonal	
  reactivity,	
  enables	
  a	
  modular	
  approach	
  to	
  be	
  taken	
  to	
  immobilize	
  enzymes	
  
on	
  surfaces.	
  The	
  presented	
  results	
  enable	
  new	
  approaches	
  for	
  biosensor	
  construction,	
  
especially	
   in	
   analytical	
   applications,	
   where	
   the	
   duration	
   of	
   enzymatic	
   reaction	
   is	
  
crucial	
  and	
  it	
  has	
  to	
  be	
  terminated	
  in	
  a	
  manner	
  that	
  is	
  mild	
  and	
  orthogonal	
  to	
  other	
  
elements	
  of	
  the	
  system.	
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a	
  

b	
  

	
  
	
  

Figure	
   1:	
   a)	
   Design	
   of	
   immobilized	
   lipase	
   from	
   Candida	
   rugosa	
   on	
   quartz	
   surface	
   using	
   a	
  
photoswitchable	
   linker.	
   b)	
   Specific	
   activity	
   of	
   the	
   immobilized	
   enzyme	
   after	
   irradiation	
   at	
  
λ=365	
  nm	
  and	
  after	
  irradiation	
  with	
  white	
  light.	
  

In	
  the	
  third	
  chapter,	
  a	
  new	
  family	
  of	
  azobenzene	
  photoswitches	
  was	
  developed.	
  These	
  
azobenzenes	
   can	
   be	
   introduced	
   to	
   azide-‐bearing	
   targets	
   using	
   Staudinger-‐Bertozzi	
  
ligation	
  in	
  aqueous,	
  as	
  well	
  as	
  organic	
  media	
  and	
  without	
  any	
  additional	
  reagents	
  or	
  
catalysts	
   (Figure	
   2).	
   The	
   molecular	
   photoswitches,	
   formed	
   upon	
   this	
   ligation,	
   show	
  
high	
  fatigue	
  resistance	
  for	
  the	
  reversible	
  switching	
  process	
  in	
  water,	
  photostationary	
  
states	
   with	
   up	
   to	
   95%	
   of	
   the	
   cis	
   isomer,	
   and	
   thermal	
   stabilities	
   of	
   the	
   cis	
   isomer	
  
ranging	
   from	
   milliseconds	
   to	
   days.	
   In	
   this	
   chapter,	
   also	
   possible	
   applications	
   of	
   the	
  
azobenzene	
  Staudinger	
  tags	
  are	
  explored.	
  	
  
Model	
   studies	
   have	
   been	
   conducted	
   on	
   the	
   use	
   of	
   these	
   compounds	
   for	
   the	
  
introduction	
  of	
  azobenzene	
  photoswitches	
  on	
  quartz	
  surfaces.	
   To	
  confirm	
  that	
  these	
  
compounds	
  can	
  be	
  used	
  for	
  the	
  modification	
  of	
  biomolecules,	
  its	
  application	
  for	
  site-‐
selective	
   incorporation	
   of	
   the	
   photochromic	
   residue	
   into	
   the	
   structure	
   of	
   azide-‐
modified	
  zinc	
  finger	
  protein	
   is	
   presented.	
   Attempts	
   were	
   made	
   also	
   to	
   use	
   one	
   of	
   this	
  
photoswitch	
  directly	
  in	
  solid	
  phase	
  peptide	
  synthesis,	
  but	
  the	
  reaction	
  is	
  prevented	
  by	
  
steric	
  hindrance	
  probably	
  due	
  to	
  the	
  proximity	
  of	
  the	
  azide	
  functionality	
  to	
  the	
  resin.	
  
	
  
	
  
	
  
Figure	
  2:	
  	
  Staudinger-‐Bertozzi	
  ligation	
  of	
  molecular	
  photoswitches	
  to	
  an	
  azide-‐bearing	
  target.	
  

Approaches	
   to	
   control	
   the	
   function	
   of	
   peptides	
   with	
   light	
   would	
   benefit	
   from	
  
expanding	
   the	
   number	
   of	
   switch	
   architectures	
   that	
   can	
   be	
   used.	
   The	
   field	
   of	
  
photoresponsive	
   peptides	
   is	
   limited	
   so	
   far	
   to	
   switches	
   that	
   exhibit	
   a	
   geometrical	
  
change	
   between	
   only	
   two	
   stereoisomers	
   and	
   that	
   show	
   thermal	
   instability	
   of	
   the	
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photoisomer.	
   The	
   research	
   described	
   in	
   the	
   fourth	
   chapter	
   aims	
   to	
   find	
   a	
   synthetic	
  
strategy	
  to	
  insert,	
  for	
  the	
  first	
  time,	
  an	
  overcrowded-‐alkene	
  switch	
  into	
  the	
  backbone	
  
of	
  peptides	
  (Figure	
  3).	
  Towards	
  this	
  goal,	
  strategies	
  for	
  solid	
  phase	
  peptide	
  synthesis	
  
are	
  described,	
  focusing	
  on	
  the	
  choices	
  of	
  resins	
  and	
  protecting	
  groups.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  3:	
  	
  Overcrowded	
  alkene	
  
switch.
Figure
1: a‐c)	
   Approaches to insert photoswitches into peptides. d) Examples of photoswitches
used for controlling biological functions. e) Overcrowded alkene switch.

In	
   the	
   fifth	
   chapter,	
   we	
   used	
   the	
   developed	
   methodology	
   to	
   insert	
   an	
   overcrowded	
  
The target peptide chosen in this study is a C2H2‐type zinc finger, a small DNA‐
alkene	
   photoswitch	
   to	
   binding
control	
  
a	
   model	
   β-‐hairpin	
   peptide	
   (Figure	
   4).	
   This	
  
motif that mediates DNA‐protein interactions within cells, playing an
photoresponsive	
  unit	
  undergoes	
  
large	
  
onformational	
  
change	
  a14nd	
  
two	
  thermally	
  
It h
isas	
  
constituted
by a short, two‐
importanta	
  role
in cregulation
of DNA expression.
stranded antiparallel β‐sheet and an α‐helix, which is the DNA‐contacting site (Figure
stable	
  isomers.	
  The	
  geometrical	
  change	
  which	
  has	
  major	
  influence	
  on	
  the	
  secondary	
  
2a).14 The coordination of a zinc ion is fundamental for the formation of the tertiary
structure	
  and	
  the	
  aggregation	
  
of	
  the	
  peptide,	
  permitting	
  the	
  phototriggered	
  formation	
  
structure and the binding of DNA (Figure 2a).14 Usually multiple zinc fingers are
of	
   amyloid-‐like	
   fibrils.	
   The	
  
different	
  
behaviour	
  
of	
   the	
  
isomers	
  
in	
  the
aggregation	
  
was	
  binding.14
present
in the DNA
binding protein,
which
increases
specificity of the
studied	
  (Figure	
  4).	
  
The third zinc finger in the mammalian factor Sp1 (Sp1‐f3), which is well known and

	
  

5 0 	
   n m 	
  

characterized in the literature,15 is used here. In our design (Figure 2b), the alkene
switch replaces the turn region between the β‐sheet and an α‐helix. Therefore the
beta-‐hairpin	
  
switching of the photoresponsive molecule will
bring apart the two cysteines in the β‐
sheets and two histidines in the α‐helix, which are responsible for the coordination of
zinc ion. We envision that the incorporation of the switch in this position might control
the zinc binding and therefore the secondary structure of the peptide that would
ultimately permit the photocontrol of the binding of the zinc finger to DNA.
beta-‐hairpin	
  

78

	
   0.5	
  µm	
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  n m 	
  

	
  

	
  

Figure	
   4:	
   	
   Model	
   β-‐hairpin	
   peptide	
   functionalized	
   with	
   an	
   overcrowded	
   alkene	
   and	
  
representation	
  of	
  different	
  aggregation	
  behaviour	
  in	
  methanol	
  and	
  water.	
  

The	
  final	
  chapter,	
  Chapter	
  6,	
  describes	
  the	
  insertion	
  of	
  an	
  azobenzene	
  unit	
  in	
  a	
  zinc-‐
finger	
   domain	
   (Figure	
   5).	
   The	
   photochemical	
   isomerization	
   studies	
   of	
   this	
   system	
  
showed	
   that	
   the	
   azobenzene	
   has	
   a	
   photostationary	
   state	
   of	
   at	
   least	
   45%	
   of	
   the	
   cis	
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Photoswitchable zinc finger domain

Okamoto15 reported another example on zinc finger peptide, modified with an
azobenzene. Here, the switch was introduced at N‐terminus, close to the ‐helix
responsible for the DNA binding (Figure 1a), where it can interfere with the DNA
isomer	
  and	
  shows	
  reversible	
  photoisomerization.	
  Furthermore,	
  the	
  half-‐life	
  of	
  the	
  cis	
  
binding in a photocontrolled manner. The photoresponsive unit does not influence the
secondary structure of the zinc‐finger domain, but interferes with the site of DNA‐
isomer	
  depends	
  on	
  the	
  presence	
  of	
  zinc	
  ions.	
  Both	
  trans	
  and	
  cis	
  isomers	
  bind	
  zinc	
  ion	
  
interaction, thus affecting the binding to DNA.15

and	
   form	
   the	
   secondary	
   structure	
   of	
   zinc	
   finger,	
   therefore,	
   both	
   trans	
   and	
   cis	
   forms	
  
can	
  bind	
  to	
  DNA.	
  Interestingly,	
  
cis-‐AMPB-‐Sp1-‐f3	
  is	
  a	
  stronger	
  zinc-‐binder,	
  but	
  a	
  weaker	
  
a
DNA-‐binder	
   than	
   trans-‐AMPB-‐Sp1-‐f3.	
   This	
   might	
   be	
   explained	
   by	
   a	
   better	
   stabilization	
  
of	
   the	
   α-‐helix	
   in	
   the	
   trans-‐isomer.	
   This	
   alternative	
   approach	
   to	
   obtain	
   control	
   of	
   the	
  
secondary	
  structure	
  of	
  the	
  zinc	
  finger	
  and,	
  therefore,	
  of	
  the	
  binding	
  to	
  DNA	
  of	
  the	
  zinc	
  
finger	
   domain,	
   is	
   generally	
   applicable	
   to	
   control	
   zinc	
   finger	
   domains	
   as	
   it	
   does	
   not	
  
interfere	
  with	
  specific	
  α-‐helix-‐DNA	
  interactions.	
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1: Approaches to photoswitchable
domains.
a) Photoswitchable
zincwith	
  
fingerthe	
  
in secondary	
  
Figure	
  Figure
5:	
   Photoswitchable	
  
zinc	
   finger	
   in	
  zinc‐finger
which	
   the	
  
azobenzene	
  
interferes	
  
which the azobenzene does not interfere with the secondary structure but with DNA‐binding
structure	
  and	
  therefore	
  with	
  the	
  DNA-‐binding.	
  
15
only, as described by Okamoto and co‐workers. b) Photoswitchable zinc finger in which the
azobenzene interferes with the secondary structure and therefore with the DNA‐binding (this
results	
   presented	
   in	
   this	
   thesis	
   aimed	
   at	
   establishing	
   new	
   methods	
  
work).

The	
  
for	
  
modification	
  of	
  peptides,	
  enzymes	
  and	
  proteins	
  with	
  photoswitches.	
  In	
  particular,	
  the	
  
Here we describe our effort towards a system in which the photoswitchable unit
overcrowded	
   alkene	
   switch	
  
was	
   inserted	
   for	
   the	
   first	
   time	
   in	
   peptides.	
   Ultimately,	
   this	
  
interferes with the Zn2+‐mediated formation of the secondary structure and/or induces
work	
  may	
  provide	
  tools	
  for	
  modification	
  of	
  photosensible	
  surfaces	
  with	
  biomolecules	
  
distortion of the zinc‐finger, thereby influencing the binding of the zinc finger to DNA.
and	
  for	
  
new	
  onphotoresponsive	
  
Thisconstructing	
  
design relies
the introductionbiosystems.	
  
of an azobenzene switch, (4‐
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Samenvatting	
  
	
  
Het	
   beïnvloeden	
   en	
   controleren	
   van	
   biologische	
   processen	
   is	
   sinds	
   mensenheugenis	
  
een	
   grote	
   uitdaging	
   voor	
   scheikundigen	
   en	
   biochemici.	
   De	
   mogelijkheid	
   om	
   een	
  
specifieke	
   biologische	
   functie	
   te	
   beïnvloeden	
   helpt	
   wetenschappers	
   beter	
   begrip	
   te	
  
krijgen	
  van	
  deze	
  functies	
  en	
  processen.	
  Wanneer	
  deze	
  processen	
  zijn	
  gerelateerd	
  aan	
  
pathologie	
  biedt	
  het	
  zelfs	
  mogelijkheden	
  om	
  nieuwe	
  inzichten	
  in	
  de	
  ontwikkeling	
  van	
  	
  
ziektes	
   te	
   vergaren	
   	
   met	
   als	
   uiteindelijke	
   doel	
   het	
   ontdekken	
   van	
   nieuwe	
  
behandelmethoden.	
  Om	
  dit	
  doel	
  te	
  bewerkstelligen	
  kan	
  men	
  gebruik	
  maken	
  van	
  licht	
  
als	
   stimulus	
   om	
   desbetreffende	
   biologische	
   processen	
   te	
   beïnvloeden.	
   Licht	
   is	
   niet	
  
invasief	
   en	
   meestal	
   bio-‐orthogonaal:	
   Het	
   verhindert	
   de	
   werking	
   van	
   biologische	
  	
  
processen	
   doorgaans	
   niet.	
   Verder	
   leidt	
   het	
   gebruik	
   van	
   licht	
   meestal	
   niet	
   tot	
  
contaminatie,	
   behalve	
   wanneer	
   er	
   fotodegradatie	
   of	
   foto-‐oxidatie	
   optreedt.	
   Tenslotte	
  
kan	
   het	
   met	
   grote	
   precisie	
   worden	
   toegepast	
   waarbij	
   functies	
   in	
   tijd	
   en	
   ruimte	
  
gecontroleerd	
  worden.	
  
Fotoschakelaars	
  zijn	
  moleculen	
  die	
  een	
  verandering	
  in	
  structuur/geometrie	
  ondergaan	
  
na	
   bestraling	
   met	
   licht.	
   De	
   meest	
   gebruikte	
   fotoschakelaars	
   voor	
   de	
   controle	
   van	
  
peptiden	
   en	
   eiwitten	
   zijn	
   azobenzenen,	
   stilbenen	
   en	
   diarylethenen.	
   In	
   het	
   eerste	
  
hoofdstuk	
   zijn	
   de	
   structuren	
   van	
   deze	
   schakelbare	
   moleculen,	
   en	
   de	
   strategieën	
   om	
  
deze	
   te	
   incorporeren	
   in	
   peptiden	
   beschreven.	
   Illustratieve	
   voorbeelden	
   van	
   foto-‐
schakelbare	
   peptiden	
   zijn	
   belicht,	
   met	
   extra	
   focus	
   op	
   de	
   verschillende	
   eiwitdomeinen,	
  
zoals	
  foto-‐gevoelige	
  b-‐haarspeld	
  en	
  zink-‐vinger	
  domeinen.	
  
Het	
  eerste	
  gedeelde	
  van	
  dit	
  proefschrift	
  (hoofdstuk	
  2,	
  3,	
  4)	
  beschrijft	
  de	
  ontwikkeling	
  
van	
   methodologische	
   manieren	
   om	
   fotoschakelaars	
   in	
   te	
   bouwen	
   in	
  
biomacromoleculen.	
  Het	
  tweede	
  gedeelte	
  van	
  dit	
  proefschrift	
  beschrijft	
  twee	
  nieuwe	
  
voorbeelden	
  van	
  foto-‐responsieve	
  peptiden.	
  
In	
  het	
  tweede	
  hoofdstuk	
  is	
  een	
  foto-‐schakelbaar	
  molecuul,	
  een	
  azobenzeen,	
  gebruikt	
  
als	
   verbindingsstuk	
   tussen	
   het	
   lipase	
   enzym	
   van	
   Candida	
   rugosa	
   en	
   een	
   kwarts	
  
oppervlak	
   (Figuur	
   1a).	
   De	
   dubbele	
   functionaliteit	
   van	
   dit	
   verbindingsstuk	
   maakt	
   het	
  
mogelijk	
   het	
   geïmmobiliseerde	
   enzym	
   te	
   deactiveren	
   door	
   beschijning	
   met	
   zichtbaar	
  
licht	
   (Figure	
   1b).	
   Ondanks	
   de	
   onomkeerbaarheid	
   van	
   het	
   proces	
   is	
   dit	
   systeem	
   het	
  
eerste	
   voorbeeld	
   van	
   covalente	
   immobilisatie	
   van	
   een	
   enzym	
   doormiddel	
   van	
   een	
  
foto-‐schakelbaar	
  als	
  verbindingsstuk.	
  Het	
  ontwerp	
  van	
  dit	
  verbindingsstuk	
  doormiddel	
  
van	
  twee	
  groepen	
  met	
  orthogonale	
  reactiviteit,	
  maakt	
  het	
  mogelijk	
  om	
  enzymen	
  aan	
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oppervlakken	
   te	
   immobiliseren	
   op	
   een	
   modulaire	
   manier.	
   De	
   gepresenteerde	
  
resultaten	
   maken	
   het	
   wellicht	
   mogelijk	
   biosensoren	
   te	
   construeren	
   op	
   een	
  
vernieuwende	
   manier.	
   Deze	
   zijn	
   met	
   name	
   geschikt	
   voor	
   analytische	
   toepassingen	
  
waar	
   de	
   duur	
   van	
   de	
   enzymatische	
   reactie	
   cruciaal	
   is	
   en	
   gestopt	
   moet	
   worden	
   op	
   een	
  
milde	
  manier	
  welke	
  orthogonaal	
  is	
  jegens	
  andere	
  elementen	
  in	
  het	
  systeem.	
  
	
  	
  

a	
  

b	
  

	
  
	
  
	
  
	
  
Figuur	
   1:	
   a)	
   Ontwerp	
   van	
   een	
   geïmmobiliseerde	
   lipase	
   uit	
   Candida	
   rugosa	
   op	
   een	
   kwarts	
  
oppervlak	
   doormiddel	
   van	
   een	
   fotoschakelbaar	
   verbindingsstuk.	
   B)	
   specifieke	
   activiteit	
   van	
   het	
  
geïmmobiliseerde	
  enzym	
  na	
  beschijning	
  met	
  respectievelijk,	
  λ=365	
  nm	
  en	
  wit	
  licht.	
  

In	
   het	
   derde	
   hoofdstuk	
   is	
   de	
   ontwikkeling	
   van	
   een	
   nieuwe	
   groep	
   azobenzeen	
  
fotoschakelaars	
   beschreven.	
   Deze	
   azobenzenen	
   kunnen	
   worden	
   geïntroduceerd	
   in	
  
azide-‐houdende	
   doelmoleculen	
   door	
   middel	
   van	
   een	
   Staudinger-‐Bertozzi	
   ligatie	
   in	
  
zowel	
   waterige	
   als	
   organische	
   media	
   zonder	
   gebruik	
   van	
   additionele	
   reagentia	
   of	
  
katalysatoren	
   (Figuur	
   2).	
   De	
   moleculaire	
   fotoschakelaars	
   die	
   zijn	
   gevormd	
   in	
   deze	
  
ligatie	
   	
   vertonen	
   grote	
   stabiliteit	
   voor	
   reversibel	
   schakelen	
   in	
   water,	
   fotostationare	
  
toestand	
  met	
  95%	
  voorkeur	
  voor	
  de	
  cis	
  isomeer,	
  en	
  thermische	
  stabiliteit	
  aangaande	
  
de	
   cis	
   isomeer	
   van	
   milliseconden	
   tot	
   dagen.	
   In	
   dit	
   hoofdstuk	
   worden	
   verder	
   de	
  
mogelijke	
  toepassingen	
  van	
  deze	
  azobenzeen	
  Staudinger	
  tags	
  bestudeerd.	
  
Model	
   studies	
   zijn	
   uitgevoerd	
   aangaande	
   het	
   gebruik	
   van	
   deze	
   moleculen	
   voor	
   de	
  
introductie	
   van	
   azobenzeen	
   fotoschakelaars	
   aan	
   kwarts	
   oppervlakken.	
   Om	
   te	
  
bevestigen	
   dat	
   deze	
   moleculen	
   gebruikt	
   kunnen	
   worden	
   voor	
   de	
   modificatie	
   van	
  
biomoleculen	
  is	
  een	
  selectieve	
  inbouw	
  van	
  het	
  fotochromische	
  residue	
  in	
  de	
  structuur	
  
van	
  een	
  azide-‐gemodificeerde	
  zink	
  vinger	
  uitgevoerd.	
  Pogingen	
  om	
  de	
  foto-‐schakelaar	
  
direct	
  in	
  vaste-‐fase	
  eiwitsynthese	
  te	
  gebruik	
  zijn	
  niet	
  gelukt	
  door	
  de	
  sterische	
  hinder	
  
welke	
  mogelijk	
  veroorzaakt	
  wordt	
  door	
  de	
  nabijheid	
  van	
  de	
  azide	
  functionaliteit	
  tot	
  de	
  
drager.	
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Figuur	
  2:	
  Staudinger-‐Bertozzi	
  ligatie	
  van	
  moleculaire	
  fotoschakelaars	
  aan	
  een	
  azide-‐bevattend	
  
doelmolecuul.	
  

Manieren	
   om	
   de	
   functie	
   van	
   peptiden	
   te	
   controleren	
   met	
   licht	
   zouden	
   voordeel	
  
kunnen	
   halen	
   uit	
   het	
   groeiende	
   aantal	
   mogelijk	
   bruikbare	
   schakelaars.	
   Het	
  
onderzoeksveld	
   aangaande	
   foto-‐responsieve	
   peptiden	
   is	
   momenteel	
   nog	
   gelimiteerd	
  
Chapter 4
tot	
   schakelaars	
   welke	
   een	
   geometrische	
   verandering	
   tussen	
   twee	
   stereo-‐isomeren	
  
ondergaan	
   waarbij	
   de	
   thermische	
   instabiliteit	
   van	
   één	
   van	
   de	
   foto-‐isomeren	
   word	
  
gebruikt.	
   Het	
   onderzoek	
   beschreven	
   in	
   het	
   vierde	
   hoofdstuk	
   van	
   dit	
   proefschrift	
   laat	
  
de	
   zoektocht	
   naar	
   een	
   synthetische	
   strategie	
   om,	
   voor	
   de	
   eerste	
   keer,	
   een	
   sterisch	
  
gehinderde	
   alkeen	
   schakelaar	
   in	
   het	
   eiwitskelet	
   te	
   incorporeren	
   zien.	
   Om	
   dit	
   te	
  
bewerkstelligen	
   is	
   een	
   strategie	
   van	
   vaste-‐fase	
   eiwitsynthese	
   beschreven	
   welke	
  
gefocust	
  is	
  op	
  de	
  keuzes	
  van	
  zowel	
  drager	
  als	
  beschermgroepen.	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 1:
a‐c) Approaches to insert photoswitches into peptides. d) Examples of photoswitches
Figuur	
  3:	
  Sterisch	
  gehinderde	
  alkeen	
  
fotoschakelaars.	
  
used for controlling biological functions. e) Overcrowded alkene switch.

In	
   het	
   vijfde	
   hoofdstuk	
   is	
   de	
   ontwikkelde	
   methode	
   gebruikt	
   om	
   een	
   sterisch	
  
The target peptide chosen in this study is a C2H2‐type zinc finger, a small DNA‐
gehinderde	
   alkeen	
   fotoschakelaar	
  
incorporeren	
  
om	
  DNA‐protein
een	
   model	
  interactions
β-‐haarspeld	
  
peptide	
  
binding te	
  
motif
that mediates
within
cells, playing an
14
It
is
constituted
by a short, two‐
important
role
in
regulation
of
DNA
expression.
te	
   controleren	
   (Figuur	
   4).	
   Deze	
   foto-‐responsieve	
   eenheid	
   ondergaat	
   een	
   grote	
  
stranded antiparallel β‐sheet and an α‐helix, which is the DNA‐contacting site (Figure
verandering	
   van	
   conformatie	
   en	
  
heeft	
   twee	
   thermisch	
   stabiele	
   isomeren,	
   welke	
   een	
  
2a).14 The coordination of a zinc ion is fundamental for the formation of the tertiary
grote	
  invloed	
  hebben	
  op	
  de	
  sstructure
ecundaire	
  
tructuur	
  
e	
  aggregatie	
  
het	
  pmultiple
eptide.	
  zinc
Dit	
   fingers are
Usually
and sthe
bindingen	
  
of dDNA
(Figure 2a).v14an	
  
maakt	
   het	
   mogelijk	
   om	
   foto-‐geïnitieerde	
  
van	
   which
amyloïde-‐achtige	
  
vezels	
  ofte	
  
present in the DNA vorming	
  
binding protein,
increases the specificity
the binding.14
Thein	
  
third
zinc finger in the mammalian
factor
Sp1 (Sp1‐f3),
initiëren.	
  Verder	
  is	
  het	
  verschil	
  
aggregatiegedrag	
  
bestudeerd	
  
(Figuur	
  
4).	
   which is well known and
15
	
  

	
  

characterized in the literature, is used here. In our design (Figure 2b), the alkene
switch replaces the turn region between the β‐sheet and an α‐helix. Therefore the
switching of the photoresponsive molecule will bring apart the two cysteines in the β‐
sheets and two histidines in the α‐helix, which are responsible for the coordination of
zinc ion. We envision that the incorporation of the switch in this position might control
the zinc binding and therefore the secondary structure of the peptide that would
ultimately permit the photocontrol of the binding of the zinc finger to DNA.
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Figuur	
   4:	
   Model	
   β-‐haarspeld	
   peptide	
   met	
   als	
   nieuwe	
   functionaliteit	
   een	
   sterisch	
   gehinderde	
  
alkeen	
  en	
  een	
  voorstelling	
  van	
  de	
  verschillen	
  in	
  aggregatiegedrag	
  in	
  zowel	
  methanol	
  als	
  water.	
  	
  	
  

Het	
  laatste	
  hoofdstuk,	
  hoofdstuk	
  6,	
  beschrijft	
  de	
  inlijving	
  van	
  een	
  azobenzeen	
  eenheid	
  
in	
   een	
   zink-‐vinger	
   domein	
   (Figuur	
   5).	
   Het	
   bestuderen	
   van	
   de	
   fotochemische	
  
isomerisatie	
   van	
   dit	
   systeem	
   laat	
   zien	
   dat	
   de	
   azobenzeen	
   een	
   foto-‐stabiele	
   staat	
   heeft	
  
van	
   minstens	
   45%	
   cis-‐isomeer	
   en	
   reversibel	
   kan	
   schakelen.	
   Daarnaast	
   is	
   laten	
   zien	
   dat	
  
de	
   half-‐waarde	
   tijd	
   van	
   de	
   cis	
   isomeer	
   afhankelijk	
   is	
   van	
   de	
   aanwezigheid	
   van	
   zink	
  
ionen.	
   Zowel	
   de	
   trans	
   als	
   de	
   cis	
   isomeer	
   bind	
   aan	
   het	
   zink	
   ion	
   en	
   vormt	
   hiermee	
   de	
  
secundaire	
   structuur	
   van	
   de	
   zink	
   vinger.	
   Daardoor	
   kunnen	
   zowel	
   de	
   trans	
   als	
   cis	
  
isomeer	
  binden	
  aan	
  DNA.	
  Interessant	
  is	
  dat	
  cis-‐AMPB-‐Sp1-‐f3	
  een	
  sterkere	
  zink-‐binder	
  
is	
   maar	
   een	
   zwakkere	
   DNA-‐binder	
   dan	
   trans-‐AMPB-‐Sp1-‐f3.	
   Dit	
   zou	
   verklaart	
   kunnen	
  
worden	
   door	
   de	
   betere	
   stabilisatie	
   van	
   een	
   α-‐helix	
   door	
   de	
   trans	
   isomeer.	
   De	
  
beschreven,	
   alternatieve	
   aanpak	
   om	
   controle	
   te	
   bemachtigen	
   over	
   de	
   secundaire	
  
structuur	
  van	
  een	
  zink	
  vinger,	
  en	
  hiermee	
  controle	
  over	
  de	
  DNA	
  binding	
  van	
  het	
  zink	
  
vinger	
   domein,	
   is	
   algemeen	
   toepasbaar	
   om	
   zink	
   vinger	
   domeinen	
   te	
   controleren	
  
doordat	
  het	
  specifieke	
  α-‐helix	
  DNA	
  interacties	
  niet	
  belemmert.	
  
De	
   resultaten	
   gepresenteerd	
   in	
   dit	
   proefschrift	
   zijn	
   gericht	
   op	
   het	
   vaststellen	
   van	
  
nieuwe	
  methodes	
  voor	
  de	
  modificatie	
  van	
  peptiden,	
  enzymen	
  en	
  eiwitten	
  doormiddel	
  
van	
   fotoschakelaars.	
   In	
   het	
   bijzonder	
   was	
   dit	
   de	
   eerste	
   keer	
   dat	
   sterisch	
   gehinderde	
  
alkenen	
   zijn	
   ingelijfd	
   in	
   eiwitten.	
   Uiteindelijk	
   zou	
   dit	
   werk	
   de	
   methodes	
   voor	
   de	
  
modificatie	
   van	
   foto-‐sensitieve	
   oppervlakten	
   met	
   biomoleculen	
   kunnen	
   leveren	
   welke	
  
nodig	
  zijn	
  voor	
  de	
  constructie	
  van	
  nieuwe	
  foto-‐responsieve	
  bio-‐systemen.	
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b

	
  
	
  
	
  
	
  
	
  
	
  
Figuur	
  5:	
  Fotoschakelbare	
  zink	
  vinger	
  waarbij	
  een	
  azobenzeen	
  de	
  vorming	
  van	
  een	
  secundaire	
  
Figure 1: Approaches to photoswitchable zinc‐finger domains. a) Photoswitchable zinc finger in
structuur,	
  
n	
  hazobenzene
ierdoor	
  DNA-‐binding,	
  
verhindert.	
  
whichethe
does not interfere
with the secondary structure but with DNA‐binding

	
  
	
  
	
  
	
  
	
  

only, as described by Okamoto and co‐workers.15 b) Photoswitchable zinc finger in which the
azobenzene interferes with the secondary structure and therefore with the DNA‐binding (this
work).

Here we describe our effort towards a system in which the photoswitchable unit
interferes with the Zn2+‐mediated formation of the secondary structure and/or induces
distortion of the zinc‐finger, thereby influencing the binding of the zinc finger to DNA.
This design relies on the introduction of an azobenzene switch, (4‐
137
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   into	
   something	
   positive,	
   amazing,	
  
interesting,	
  surprising,	
  something	
  new	
  to	
  discover…or	
  a	
  new	
  project	
  to	
  start!	
  	
  
Dear	
  Wiktor,	
  I	
  have	
  so	
  many	
  things	
  I	
  should	
  thank	
  you	
  for…	
  You	
  helped	
  me	
  to	
  solve	
  all	
  
the	
   issues	
   in	
   the	
   lab	
   and	
   with	
   chemistry	
   every	
   day	
   for	
   4	
   years.	
   What	
   I	
   call	
  
wiktorefficiency,	
  is	
  just	
  generosity	
  towards	
  people	
  and	
  passion	
  for	
  science.	
  What	
  can	
  
you	
  ask	
  more	
  from	
  a	
  supervisor?	
  I	
  really	
  wish	
  you	
  all	
  the	
  best	
  for	
  your	
  career	
  as	
  a	
  prof	
  
and	
  for	
  your	
  life.	
  Thank	
  you.	
  
I	
   would	
   like	
   to	
   thank	
   the	
   members	
   of	
   the	
   reading	
   committee	
   Prof.	
   Minnaard,	
   Prof.	
  
Fraaije,	
   Prof.	
   Hilvert.	
   I	
   would	
   like	
   to	
   thank	
   a	
   few	
   of	
   my	
   past	
   educators,	
   Prof.	
  
Formaggio,	
  Prof.	
  Gobbo	
  and	
  Dr.	
  Cusan.	
  All	
  of	
  them	
  play	
  an	
  important	
  role	
  in	
  this	
  thesis	
  
because	
   they	
   taught	
   me	
   the	
   basics	
   in	
   peptide	
   research	
   as	
   well	
   as	
   giving	
   me	
   wise	
  
advices	
  that	
  led	
  me	
  to	
  Groningen.	
  
Dear	
   Wesley,	
   thanks	
   for	
   all	
   the	
   discussions	
   regarding	
   spectroscopic	
   matters	
   and	
   the	
  
experimental	
   measurements	
   I	
   could	
   perform	
   in	
   your	
   lab.	
   You	
   are	
   always	
   busy,	
   but	
  
always	
  happy	
  (in	
  your	
  way)	
  to	
  help.	
  	
  
Dear	
  Ruud,	
  thank	
  you	
  for	
  discussing	
  patiently	
  my	
  2D-‐NMRs.	
  	
  
Dear	
  Adri,	
  thank	
  you	
  for	
  the	
  advices	
  in	
  organic	
  synthesis	
  you	
  gave	
  me.	
  
I	
  would	
  like	
  to	
  thank	
  all	
  the	
  administrative	
  and	
  technical	
  staff.	
  A	
  special	
  thank	
  goes	
  to	
  
the	
   people	
   who	
   helped	
   me	
   with	
   the	
   experimental	
   analysis.	
   Monique	
   and	
   Theodora,	
  
thanks	
   for	
   your	
   patience	
   with	
   hplc,	
   uplc,	
   mass	
   samples	
   and	
   with	
   the	
   never-‐ending	
  
questions	
  I	
  had.	
  Pieter,	
  I	
  am	
  grateful	
  for	
  the	
  time	
  you	
  spent	
  in	
  front	
  of	
  the	
  NMR	
  with	
  
me.	
   Marc,	
   thanks	
   for	
   measuring	
   my	
   TEM	
   samples	
   and	
   for	
   the	
   fruitful	
   discussions.	
  
Alicja,	
  thanks	
  for	
  teaching	
  me	
  all	
  that	
  I	
  know	
  about	
  maldi.	
  
Dr.	
  Wu,	
  thanks	
  for	
  our	
  fruitful	
  collaborations.	
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Dear	
   Tineke,	
   every	
   technical	
   or	
   administrative	
   problem	
   in	
   your	
   hands	
   becomes	
   an	
  
insignificant	
  matter,	
  a	
  joke.	
  You	
  have	
  special	
  powers,	
  I	
  think.	
  Thanks	
  for	
  your	
  support	
  
for	
  this	
  thesis.	
  
Dear	
   Miriam,	
   the	
   good	
   friend	
   always	
   busy	
   with	
   helping	
   everybody…	
   I	
   miss	
   your	
  
positivity	
   so	
   much!	
   Cara	
   Fra,	
   grazie	
   di	
   aver	
   condiviso	
   tanti	
   momenti	
   insieme,	
   caffe,	
  
feste	
  e	
  grazie	
  di	
  aver	
  controllato	
  i	
  mie	
  campioni	
  nel	
  tuo	
  building,	
  di	
  aver	
  prenotato	
  o	
  
acceso	
  le	
  macchine	
  per	
  me…	
  Dear	
  Celine,	
  Mathieu,	
  Felix,	
  Julia,	
  Krzys,	
  thanks	
  for	
  all	
  the	
  
moments	
   out	
   of	
   the	
   chemistry	
   environment!!!	
   Dear	
   Raquel,	
   thanks	
   for	
   all	
   the	
   chats	
  
and	
  the	
  funny	
  moments!	
  
Nop	
   and	
   Lorina,	
   you	
   helped	
   me	
   so	
   much	
   with	
   the	
   chemistry	
   and	
   analysis	
   problems,	
  
when	
  I	
  started	
  my	
  PhD.	
  I	
  really	
  learned	
  a	
  lot	
  from	
  you!	
  
Dear	
   Mickel,	
   Michael,	
   Kaja,	
   Anja,	
   I	
   would	
   like	
   to	
   thank	
   you	
   for	
   the	
   good	
   moments	
   and	
  
the	
  good	
  coffee	
  discussions!	
  Mickel,	
  thanks	
  for	
  your	
  Dutch	
  knowledge!	
  
Dear	
   Wim,	
   which	
   kind	
   of	
   PhD	
   would	
   I	
   have	
   had	
   without	
   you?	
   So	
   boring!	
   Please,	
  
remember	
  that	
  is	
  you	
  who	
  drive	
  people	
  insane	
  with	
  your	
  provocative	
  actions	
  and	
  not	
  
the	
  other	
  way	
  around.	
  Somehow,	
  and	
  luckily,	
  you	
  became	
  a	
  really	
  good	
  friend	
  of	
  mine	
  
(and	
   you	
   know	
   is	
   not	
   easy!).	
   Thanks	
   for	
   all	
   the	
   chats,	
   for	
   the	
   help,	
   for	
   the	
   gossips,	
  
thanks	
  for	
  being	
  Wim	
  Velema!	
  	
  
Dear	
   DJ,	
   at	
   the	
   beginning	
   you	
   were	
   like	
   a	
   little	
   stone	
   entered	
   in	
   my	
   shoe	
   (Italian	
  
expression):	
   always	
   there	
   and	
   so	
   annoying!	
   But	
   you	
   trained	
   me	
   with	
   your	
   jokes	
   and	
  
you	
   helped	
   me	
   when	
   I	
   needed.	
   I	
   feel	
   that	
   now	
   we	
   are	
   peaceful	
   friends	
   and	
   I	
   can	
  
almost	
  always	
  appreciate	
  your	
  jokes!	
  
My	
   dear	
   Gosina,	
   oh	
   my	
   dear	
   Gosina.	
   Do	
   you	
   know	
   how	
   much	
   I	
   learned	
   from	
   you?	
   I	
  
actually	
  didn’t	
  feel	
  like	
  a	
  supervisor	
  at	
  all	
  or	
  maybe	
  it	
  is	
  when	
  I	
  stopped	
  feeling	
  as	
  your	
  
supervisor	
   that	
   our	
   friendship	
   started.	
   You	
   shared	
   everything	
   with	
   me,	
   frustration	
  
regarding	
   the	
   peptide-‐motor	
   projects	
   and	
   life	
   in	
   the	
   office…	
   your	
   positivity	
   and	
   joy	
   for	
  
life	
   have	
   been	
   essential.	
   I	
   am	
   totally	
   sure	
   that	
   with	
   your	
   enthusiasm	
   you	
   will	
   make	
  
everything	
  possible!	
  
Cara	
  Matea,	
  my	
  lovely	
  Matea…	
  you	
  are	
  the	
  most	
  energetic	
  person	
  I	
  have	
  ever	
  met	
  and	
  
you	
   are	
   always	
   full	
   of	
   new	
   ideas,	
   new	
   projects	
   for	
   a	
   day	
   or	
   for	
   your	
   life	
   (and	
   the	
   life	
   of	
  
your	
   friends	
   as	
   well)…	
   I	
   don’t	
   have	
   any	
   doubt	
   that	
   one	
   of	
   them	
   will	
   become	
   real.	
  
Thanks	
  for	
  all	
  our	
  chemistry	
  discussions	
  and	
  especially	
  for	
  the	
  non-‐chemical	
  ones	
  we	
  
had.	
  
Cara	
   Tizi,	
   la	
   migliore	
   amica-‐gattara	
   che	
   abbia	
   incontrato	
   a	
   Gro.	
   I	
   nostri	
   caffe	
   sono	
   stati	
  
i	
  momenti	
  di	
  crisi	
  e	
  di	
  sclero	
  totale.	
  Superati	
  o	
  no,	
  ci	
  siamo	
  anche	
  divertite	
  tanto…	
  Se	
  
c’è	
  una	
  persona	
  che	
  ha	
  le	
  idee	
  chiare	
  sul	
  futuro,	
  si	
  chiama	
  Tiziana	
  Masini.	
   Vedrai	
  che	
  il	
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mondo	
   ci	
   farà	
   sempre	
   schifo	
   ma	
   tu	
   sei	
   una	
   di	
   quelle	
   che	
   avrà	
   fatto	
   tutto	
   quello	
   che	
  
poteva	
  per	
  farlo	
  migliore.	
  Grazie	
  del	
  sostegno,	
  soprattutto	
  post-‐dottorato!	
  
Grazie	
  all’artista	
  di	
  famiglia	
  per	
  la	
  copertina	
  straordinaria!	
  	
  
Un	
  grazie	
  va	
  alla	
  Moka,	
  l’amica	
  silenziosa	
  che	
  mi	
  fa	
  guardare	
  il	
  mondo	
  con	
  filosofia…	
  
Cari	
   la	
   mia	
   mamma	
   e	
   il	
   mio	
   papà,	
  non	
   c’è	
   sostegno	
   più	
   vero	
   e	
   sincero	
   di	
   quello	
   vostro	
  
nonostante	
  la	
  lontananza.	
  Davvero	
  grazie!	
  	
  
Care	
  le	
  mie	
  nonne,	
  le	
  mie	
  supporters	
  più	
  accanite,	
  vi	
  porto	
  nel	
  cuore.	
  	
  	
  
Caro	
  Seb,	
  siamo	
  diversi	
  uniti	
  dall’unica	
  cosa	
  che	
  ci	
  ha	
  fatti	
  incontrare,	
  la	
  chimica,	
  e	
  per	
  
fortuna	
   siamo	
   riusciti	
   a	
   lasciarla	
   fuori	
   casa.	
   Sono	
   così	
   contenta	
   di	
   aver	
   vissuto	
   a	
  
Groningen	
  con	
  te	
  e	
  di	
  essere	
  arrivata	
  a	
  Lione.	
  Non	
  c’è	
  sensazione	
  migliore	
  che	
  essere	
  
in	
  coppia	
  ad	
  affrontare	
  la	
  vita!	
  Merci	
  pour	
  tout…	
  
Claudia	
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