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Abstract

Photo-switchable compounds are becoming increasingly popular for a series of biological ap-
plications based on the reversible photo-control of structure and function of biomolecules. Three
applications for the usage of BODTCM and hemithioindigo as photo-reactive compounds are de-
scribed here. The structure of the villin headpiece was modi�ed by replacing a part of the backbone
with hemithioindigo, aiming at induction of the folding process by irradiation with a de�ned wave-
length. The E-isomer of BODTCM was applied as potential inhibitor of the 12/15-lipoxygenase
(12/15-LOX), which is implicated in the pathogenesis of in
ammatory diseases.

A required death domain for the binding of proapoptotic proteins (e.g. Bak) to the hydrophobic
groove of antiapoptotic proteins is the BH3 helix. Inserting hemithioindigo into this short peptide,
stabilization towards proteolytic degradation is achieved.

Such photo-reactive compounds might be developed as potential drugs for a great variety of
diseases.
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1 Introduction

One of the fastest chemical reactions in nature is a photo-induced isomerization of a chromophore [4].
Rhodopsins, which are involved in the conversion of light to chemical energy and phototaxis in bacteria,
or vision in higher organisms, contain retinal as their chromophore. The activation of rhodopsins is
initiated by a photo-induced isomerization of retinal around a speci�c double bond [18].

Nowadays photo-switchable compounds have been employed in various biological functions such
as biocatalysis [1, 42], ion transport [5, 27], cell adhesion [17] and protein folding [2, 3, 7, 30, 31, 36].
Thereby, the biological activity of this compound is altered by light-triggering [40]. Most investigations
concerns chemical modi�cation of nucleotides, peptides, proteins, and lipids employed azobenzenes
as photo-switchable chromophores [1, 2, 3, 5, 7, 21, 27, 30, 31]. Random-chemical substitution to
unde�ned sites of biomolecules was the strategy of the past [40], whereas the novel concepts embark
on the strategy of site speci�c incorporation and conformational transitions of structural elements of
proteins [12, 23]. Therefore, hemithioindigos came into the focus because of their frequent reversibility
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of light-induced isomerization or thermal stability of photochromic states [10, 20, 29, 33, 37, 41]. This
paper demonstrates three different applications of photo-switchable compounds for various biological
problems.

As a first example, the photo-activation of an inhibtor of the 12/15-lipoxygenase (LOX) path-
way [19] was investigated. LOX, a heterogeneous family of lipid peroxidizing enzymes, catalyze the
dioxygenation of polyenoic fatty acids to their corresponding hydroperoxides [6, 16]. The mammalian
LOXs are classified according to the reaction specificity of arachidonic acid oxygenation [6]. The pre-
sented 12/15-lipoxygenase exhibits a dual positional specificity. The molecular oxygen is introduced at
the carbon atoms 12 and 15 of the arachidonic acid backbone [6]. Several inhibitors have been devel-
oped [15, 24] for the biological relevant LOX isomers, but the mechanism of action and the specificity
of the inhibitors still remains unclear. In silico screenings with known LOX inhibitors [32, 35, 39] as
lead compounds revealed a high similarity to a photo-isomerizable compound.

The second application depicts the stabilization of α-helical peptide derived from the proapoptotic
protein Bid [38] using a hemithioindigo photo-switchable compound. Bid belongs to the Bcl-2 protein
family containing pro- and antiapoptotic proteins, which are characterized by up to four conserved
Bcl-2 homology (BH) domains. Antiapoptotic proteins (e.g. Bcl-2, Bcl-XL) offer a high sequence
similarity in the four BH domains (BH1-BH4) whereas the proapoptotic members are divided into the
multidomain proteins (e.g. Bax and Bak, containing BH1-BH3 domains) and the BH3-only proteins
(e.g. Bid and Bad) [34]. The BH1 and BH2 domains can be found in all antiapoptotic, but not
in all proapototic proteins of the Bcl-2 family. Essential residues in these domains are required for
the survival of the death suppressors Bcl-2 and Bcl-XL and for the interaction of these proteins with
death promoters such as Bax and Bak [22]. All proteins of the Bcl-2 family contain the BH3 domain.
This domain is required for the binding of the proapoptotic proteins to the hydrophobic groove of
the antiapoptotic Bcl-2 proteins. Subsequently, the inhibition of these proteins and the triggering of
apoptosis follows. A loss of the BH4 domain can diminish or abrogate the antiapoptotic function and
proteins such as Bcl-2 might be converted into death promoters [9, 22]. Multidomain members affect
predominantly the outer mitochondrial membrane and the endoplasmatic reticulum, which leads to the
promotion or suppression of the threshold for the release of the apoptogenic factors from mitochondrial
stores. BH3-only proteins are proapoptotic and function through interactions with the multidomain
Bcl-2 members [14]. Therefore the BH3 α-helical segment could be used as peptide to manipulate
physiological processes.

The third application aims at the design of photo-switchable mini-proteins, whereas folding of
the protein can be induced by irradiation. Object of investigation was the villin headpiece. Villin
is an F-actin bundling protein [11] whose activity is essential for the formation of microvilli in the
absorbtive epithelia. The so-called villin headpiece domain contains an autonomously and rapidly
folding 35-residue subdomain (H35) at its C-terminus. This subdomain is the shortest autonomously
folded sequence yet characterized that contains only naturally occurring amino acids [26]. It has been
shown that the isolated H35 subdomain retains the conformation found in the intact headpiece [25].
Small proteins which fold rapidly are used as starting point for investigations of the protein folding
process, particularly of the minimal requirements for a folded structure. There is evidence that the
transition between unfolded and folded state of fast folding proteins is not two-state and folding might
be more complex. Induction of folding by a photoswitch would allow the first measurements of folding
kinetics. To realize this for the villin headpiece, we inserted a photoswitch into the main chain of the
H35 subdomain.

2 Method and Results

To find and insert the photo-switchable compounds for the three applications, different strategies have
been applied.
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2.1 Lipoxygenases

Ebselen is a known inhibitor of the 12/15-LOX. An in silico screening was performed with Ebselen
as a lead structure against a selection of photo-isomerizable compounds. The similarity score bases
on the Tanimoto-coefficient, which compares two compounds by their chemical properties. The pres-
ence or absence of common functional groups such as alcohols or ring systems, e.g. pyrimidins, was
investigated. Each substructure element was assigned to one bit of a Boolean array. Bits set in both
structures (BitsAB) and bits, which were only set in one structure (BitsA and BitsB) were taken into
consideration. The value varies between 0 (differentmolecules) and 1 (equalmolecules):

Tanimoto − coefficient(TC) =
BitsAB

BitsA + BitsB − BitsAB
[8].

The calculated 2D similarity of 80% of Ebselenand(2Z)-2-(3-benzylidene)-3-oxo-2,-dihydrobenzo[b]
thiophene-7-carboxylic acid methyl ester (BODTCM) suggests a similar biological activity. Whereas
the E-isomer resembles the structure of Ebselen, the corresponding Z-isomer was structurally different,
suggesting distinct biological activities.
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Figure 1: Structures of Ebselen, a 12/15-LOX inhibitor and the Z-isomer of the photo-switchable
compound (2Z)-2-(3-benzylidene)-3-oxo-2,-dihydrobenzo[b]thiophene-7-carboxylic acid methyl ester
(BODTCM). The calculated Tanimoto-coefficient (TC): Ebselen: 1.0, BODTCM: 0.8.

In further steps, the inhibitory effect of BODTCM was investigated using a kinetic assay. The
fatty acid oxygenation (linoleic acid or arachidonic acid) by native rabbit 12/15 LOX was performed
oxygraphically. After a short pre-incubation (30 s) of the enzyme with the inhibitor, the reaction
was started by addition of a methanolic stock solution of the fatty acid substrate in the dark at
room temperature. The LOX products were analyzed by RP-HPLC [19]. First, the IC50-value of
the synthesized Z-isomer was determined by using the native 12/15-LOX, which was prepared from
rabbit reticulocytes as described before [19]. In Figure 2 the dose response curves for the BODTCM
isomers are given. The synthesized Z-isomer of BODTCM was irradiated with a wavelength of 405 nm,
which leads to the Z- to E-isomerization and offered the isomeric mixture in the photo-stationary state
(pss). The isomer ratio was analyzed by 1H-NMR-spectroscopy and the pure E-isomer was obtained
by preparative RP-HPLC with an isomeric purity of > 95 % [19]. An IC50 value of 0.7 mM exhibits
that the Z-isomer of BODTCM is a rather weak LOX inhibitor, but the results with the E-isomer
showed an improvement of the IC50 value to 21 µM, which is a 33 fold higher inhibitory potency than
that of the Z-isomer and indicates a geometric isomer specificity.
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Figure 2: Dose-response curves for inhibition of native rabbit 12/15-LOX by BODTCM isomers [19].
Pure Z-isomer and pure E-isomer were used. The enzymatic activity was assayed oxygraphically using
pure native 12/15-LOX prepared from rabbit reticulocytes (150 µM linoleic acid as substrate, 81 nM
12/15 LOX). X-axis: inhibitor concentration (C) in µM, y-axis: Residual enzymatic activity (RA) in
%.
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Figure 3: Structure of photo-reactive compound (2Z)-2-(3-benzylidene)-3-oxo-2,3-
dihydrobenzo[b]thiophene-7-carboxylic acid methyl ester (Z-BODTCM) and the E-isomer of
BODTCM. The Z-isomer is only a poor 12/15-LOX inhibitor (IC50 : 700 µM), but photo-activation
that induces Z- to E-isomerization increases the inhibitory potency (E-isomer: IC50 : 21 µM).
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2.2 BH3 Helix

The BH3 domain of the proapoptotic Bid is required for the binding to the hydrophobic groove of the
antiapoptotic family members. As peptides are proteolytically degraded in cells, a BH3 helix with an
inserted stabilizing hemithioindigo photo-switchable compound (Figure 4) was designed. The aim is
the design of a peptide-like compound which mimics the function of a proapototic protein. It is known
that a particular helix of the BH3 domain of Bid is responsible for binding to antiapoptotic Bcl-2
family members. The original sequence of the peptide was altered at two positions. Glutamine at
position 94 was changed to diaminopropionic acid (DAP) and serine at position 98 was replaced with
aspartic acid. The sequence alterations are necessary for the binding to the hemithioindigo compound.
A peptide bond was formed between the carboxyl group and amino group of hemithioindigo and DAP
or aspartic acid and hemithioindigo. In order to retain the binding properties, positions 94 and 98 were
chosen for attaching the photoswitch because they are situated on that side of the helix opposite to
the binding region. Moreover, these residues have an appropriate spatial distance to be able to attach
hemithioindigo. DAP and aspartic acid were chosen as they provide the necessary chemical properties
for the synthesis, and moreover are not too flexible, in order to achieve the desired stabilization effect.

Initial modeling was carried out with the protein visualization and modeling software Discovery
Studio from Accelrys r First, the side chains at positions 94 and 98 were altered. Then they were
connected to the photoswitch. Finally the structure was relaxed using the cleaning function of the
software.

Figure 4: Structure of α-helical BH3 peptide with inserted hemithioindigo photo-switchable (Z-isomer)
compound. Sequence alterations: Q94DAP and S98D.

The insertion of the photo-isomerizable compound stabilizes the BH3 helix towards proteolyti-
cal degradation, but by inducing a Z- to E-isomerization through irradiation, the helix should be
destabilized and the amount of apoptotic cells should decrease.

As a first step, an apoptosis assay with the BH3 helix containing the inserted photo-switchable
compound and without it was carried out in a T-cell lymphoma cell line (Jurkat A3) with increased
concentrations of the peptide (0.5 – 50 µM). After an incubation time of 20 h, an annexin-V-FITC /
PI double staining was performed. Annexin V binds to phosphatidyl serine externalized to the outer
leaflet of the plasma membrane bilayer during initial stages of apoptosis. To measure cell staining
by annexin V the substance was labeled with FITC (fluorescein isothiocyanate). Simultaneously the
cells were stained with PI. By the double staining the test discriminates between intact (FITC−/PI−),
apoptotic (FITC+/PI−) and necrotic cells (FITC+/PI+). After harvesting and washing with PBS,
cells were resuspended in 100 µl annexin V binding buffer (containing 10 mM HEPES/NaOH, pH
7.4, 140 mM NaCl, 2.5 mM CaCl2). Subsequently, cells were incubated with 5 µl of FITC-conjugated
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annexin V for 20 min at room temperature. After annexin-V-FITC staining, 400 µl of annexin V
binding buffer containing PI (2.5 µg/ml) were added and the cells were analyzed by flow cytometry
within 1 hour after staining.

First results indicate, that at a concentration of 50 µM the amount of apoptotic cells is only 18.4 %
by using the helix without the stabilizing hemithioindigo compound, whereas the amount of apoptotic
cells increases up to 45 % when the BH3 helix with the inserted photo-isomerizable compound is used
(Figure 5).

Annexin/PI Double Staining BH3 Helix mit Schalter

0%

20%

40%

60%

80%

100%

Control BH3 0.5 BH3 2.5 BH3 5 BH3 25 BH3 50

Concentration [µM]

C
e
ll

s
 [

%
] Necrotic

Apoptotic

Viable

Annexin/PI Double Staining BH3 Helix

0%

20%

40%

60%

80%

100%

Control BH3 0.5 BH3 2.5 BH3 5 BH3 25 BH3 50

Concentration [µM]

C
e
ll

s
 [

%
] Necrotic

Apoptotic

Viable

C
e

ll
s

%
C

e
ll
s

%

0

0

20

40

60

80

100

20

40

60

80

100

BH3 helix with hemithioindigo

BH3 helix without hemithioindigo

Control 0.5          2.5           5           25           50

BH3

Concentration [µM]

Control 0.5          2.5           5           25           50

BH3

Concentration F[µM]

Necrotic cells

Apoptotic cells

Viable cells

Annexin/PI Double Staining BH3 Helix mit Schalter

0%

20%

40%

60%

80%

100%

Control BH3 0.5 BH3 2.5 BH3 5 BH3 25 BH3 50

Concentration [µM]

C
e
ll

s
 [

%
] Necrotic

Apoptotic

Viable

Annexin/PI Double Staining BH3 Helix

0%

20%

40%

60%

80%

100%

Control BH3 0.5 BH3 2.5 BH3 5 BH3 25 BH3 50

Concentration [µM]

C
e
ll

s
 [

%
] Necrotic

Apoptotic

Viable

C
e

ll
s

%
C

e
ll
s

%

0

0

20

40

60

80

100

20

40

60

80

100

20

40

60

80

100

20

40

60

80

100

BH3 helix with hemithioindigo

BH3 helix without hemithioindigo

Control 0.5          2.5           5           25           50

BH3

Concentration

Control 0.5          2.5           5           25           50

BH3

Concentration

Necrotic cells

Apoptotic cells

Viable cells

Figure 5: Jurkat A3 cells were cultured in medium or with the BH3 helix with or without the inserted
photo-switchable compound (0.5, 2.5, 5, 25 or 50 µM). After 20h cell death was measured at the single-
cell level by labeling cells with annexin-V-FITC and counterstaining with propidium iodide (PI). The
bar chart describes the percentual distribution of necrotic, apoptotic and viable cells after treatment
with the BH3 helix.

2.3 Villin Headpiece

In order to be able to induce folding of the H35 subdomain of the villin headpiece by irradiation,
a possibility was searched to replace parts of its main-chain by a photoswitch without changing the
overall structure of the subdomain. For this purpose, the software SuperMimic was used [13]. Given
the 3D structure of a protein, it enables automatic searches for positions suitable for insertion of a
given small molecule.

The small molecule is represented by several conformers, which are spatially superposed with the
protein [28]. In this way, the whole protein can successively be searched for positions fitting the small
molecule. Searches were performed with hemithioindigo and azobenzol. A possibility to replace three
residues (Gly52-Thr54) of the first loop with hemithioindigo has been found (Figure 6).
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Figure 6: Screenshot of the program SuperMimic. The upper part shows the library containing dif-
ferent variants of hemithioindigo. In the lower part the graphical user interface presents the searching
results for the villin headpiece.

Figure 7: Villin headpiece with hemithioindigo fitted to the loop residues 52-54. During the synthesis,
hemithioindigo was integrated into the protein main chain replacing these residues.
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The original and the protein with inserted hemithioindigo were synthesized (Figure 7). To assess
whether the proteins adopt an ordered structure, further experiments are in progress.

3 Discussion

Photo-switchable compounds comprise novel opportunities to evoke or influence biological effects or
processes, because of their controllable activation at a defined spot by irradiation. Less side-effects
and less stress of the whole organism could be achieved by specific therapies, e.g. chemotherapy.
Furthermore, investigations of basic processes such as the protein folding process could be possible via
the design of artificial proteins. We refer to a variety of utilizations: e.g.

1. The photo-switchable compound is used as an inhibitor for proteins.

2. The photo-switchable compound binds to amino acid side chains of a peptide chain, triggering
the effect of a modulator.

3. The photo-switchable compound is inserted into the peptide backbone.

First experimental results show that photo-switchable compounds are suitable as ligands for pro-
teins and the binding affinity can be influenced by photo-isomerization. BODTCM was used as a
photo-sensitive compound for the inhibition of 12/15-LOX. The E-isomer of BODTCM exhibits an
IC50 value in the lower micromolar range, whereas the Z-isomer was virtually inactive, which indicates
a strong isomer specificity of inhibition.

Further investigations described in this paper concern the modification of peptides by insertion of
photo-switchable compounds are a first step towards the design of switchable peptides. Preliminary
results for the BH3 helix imply a stabilization of the helical structure and a decreased susceptibility
to degradation by proteases. This leads to an increasing amount of apoptotic cells.

Continuative experiments show that it is in principle possible to design whole artificial proteins by
directed insertion of photo-switchable compounds that adopt a native protein structure.

In general, photo-reactive compounds are promising candidates for application on diseases where
strictly tissue-specific effects are desired as in inflammatory or neoplastic affection of the skin.
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