
 

 

 University of Groningen

From natural to artificial channels
Halža, Erik

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Halža, E. (2011). From natural to artificial channels. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/f7015fb1-ee9a-496e-a919-d5e7c6ab5331


   

 
 

From Natural to Artificial Channels 

 
 
 
 
 
 
 
 
 
 
 

Erik Halža 

 
 
 



 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The work described in this thesis was carried out at the Stratingh Institute for 
Chemistry, University of Groningen, The Netherlands. 

 

This work was financially supported by the Zernike Institute for Advanced Materials. 

 

Printed by: Ipskamp Drukkers B. V., Enschede, The Netherlands. 

 

 Cover: Crova’s disc for representation of mathematical figures by point patterns. 
(http://www.mi.sanu.ac.rs/vismath/bridges2005/krawczyk/index.html) 

 

 

 

 



 

 

   

 

 

 

 

 

RIJKSUNIVERSITEIT GRONINGEN 

 

 

 

From Natural to Artificial Channels 
 

 

Proefschrift 

 

 

ter verkrijging van het doctoraat in de  

Wiskunde en Natuurwetenschappen 

aan de Rijksuniversiteit Groningen 

op gezag van de  

Rector Magnificus, dr. E. Sterken,  

in het openbaar te verdedigen op  

vrijdag 24 juni 2011 

om 11.00 uur 

 

door 

 

Erik Halža 

 

 

 

geboren op 3 april 1982 

te Bardejov, Slowakije 



 

 

 

 

 

 

 

   

Promotor :    Prof. dr. B. L. Feringa 

 

Copromotor :   Dr. A. Kocer 

 

Beoordelingscommissie : Prof. dr. J.B.F.N. Engberts 

     Prof. dr. A.J.M. Driessen 

     Prof. dr. J.G. Roelfes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ISBN: 978-90-367-4949-7 (printed version) 

ISBN: 978-90-367-4950-3 (electronic version) 



 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pre mamu a sestru. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   

 

 

 

 

 

Contents 

 

Chapter 1  Introduction: From Natural to Artificial Channels             1 

1.1    Introduction                    2 

1.2    Ion Channels in Biological Systems                4 

1.2.1  Natural channels get artificial                  6 

1.3    How to study ion channels                   8 

1.4    Artificial channels                  11 

1.4.1  Tubular synthetic ion channels in bilayer membranes            12 

1.4.1.1  Tubular ion channels based on octiphenyl -barrel             14 

1.4.1.2  Tubular ion channels based on D, L--amino acids            17 

1.4.2  Calix[n]arenes and cucurbit-based artificial channels            19 

1.4.3  Aggregate ion channels. How simple can a molecule  

be and still form a channel                 21 

1.5    Conclusions                  23 

1.6    Aim and outline of this thesis                23 

1.7    References                  25 

 

Chapter 2  Light-Induced Switching of the Channel Forming Alamethicin  
    Protein                31 

2.1    Introduction                  32 

2.1.1   Photochromic switches                  33 

2.1.2   Peptaibols, pore forming small peptides               35 

2.2    Light switching of the nanopores formed by alamethicin molecules 38 



 

 

 

 

 

 

 

   

2.2.1   Alamethicin modification with azobenzene switch              38 

2.2.2   Fluorescent dequenching experiment and electrophysiological 
measurements.                  41 

2.3    Conclusions                  45 

2.4    Experimental part                  46 

2.4.1   General information                  46 

2.4.2   Synthesis of azobenzene  methylamine               47 

2.4.3   Alamethicin modification with azobenzene switch              47 

2.4.4   Fluorescent dequenching experiment               48 

2.4.5   Planar lipid bilayer experiment                 49 

2.5    References                  50 

 

Chapter 3  The SecYEG Translocation Pore Size Probed by Sizable Rigid  
    Spherical Molecules                 53 

3.1    Introduction                   54 

3.1.1  Sizable rigid spherical molecules                56 

3.2    Synthesis                   57 

3.2.1  Synthesis of sizable rigid spherical molecules              57 

3.2.2  Conjugation of proOmpA with spherical tetraarylmethanes             59 

3.3    Discussion                   61 

3.3.1  Translocation of tetraarylmethane proOmpA conjugates by the 
SecYEG complex                   61 

3.3.2  Translocation arrest by tetraarylmethane-conjugated proOmpA     63 

3.3.3  Translocation by SecYEG pore that is constraint by cross-linked 
lateral gate                   64 

3.4    Discussion and conclusions                 66 

3.5    Experimental part                   68 

3.5.1  General remarks                   68 



 

 

   

 

 

 

 

 

3.5.2  Material and methods                   68 

3.5.3  Tetraarylmethane synthesis                  69 

3.5.4  ProOmpA labeling                   77 

3.5.5  Translocation assay                   78 

3.5.6  Crosslinking of lateral gate                  79 

3.6    References                   80 

 

Chapter 4  Redox- and pH-Induced Switching of the MscL  

    Channel Protein                 83 

4.1    Introduction                   84 

4.1.1   Structure of the MscL channel                 85 

4.1.2   Chemical modification of the proteins               88 

4.2    A reversible three-state switch as a chemical actuator             90 

4.2.1   The bis-thiaxanthylidene switch                90 

4.2.2   Synthesis of a bis-thiaxanthylidene switch               92 

4.2.3   Switching behavior of the bis-thiaxanthylidene switch             93 

4.2.4   Conclusions                   97 

4.3    Spermine as a multicharged chemical modulator              97 

4.3.1   Synthesis of spermine molecule                 98 

4.3.2   MscL activity with multicharged spermine molecule             99 

4.3.3   Conclusions                 102 

4.4    Experimental part                 102 

4.4.1   General remarks                 102 

4.4.2   Synthesis of bis-thiaxanthylidene switch             102 

4.4.3   Synthesis of spermine-MTS               106 

4.4.4   MscL channels isolation and modification             107 

4.4.5   Sample for ESI-MS measurements             107 



 

 

 

 

 

 

 

   

4.4.6   Samples for the SDS-PAGE gel with MTS-PEG-5000           107 

4.4.7   Fluorescence dequenching experiment             108 

4.5    References                 109 

 

Chapter 5  Towards Membrane-Active Aromatic Oligoamide  

    Macrocycles               113 

5.1    Introduction                 114 

5.1.1   Synthetic ion channels                             114 

5.1.2   Aromatic oligomers; a new class of membrane active compounds  116 

5.2    Cyclic oligomers as a new entry into conducting transmembrane 
pores                 117 

5.2.1   Cyclic oligomers based on backbone-rigidified oligomers           117 

5.2.2   Oligoamides based on a carbazole building block            119 

5.2.3   Synthesis of carbazole and phenanthrene building blocks           119 

5.2.4   Synthesis of macrocycle molecules             121 

5.2.5   MALDI-TOF analysis of crude reactions             122 

5.2.6   Electrophysiological measurements             125 

5.2.7   Cryo-TEM studies                 127 

5.2.8   Discussion                 128 

5.3    Experimental part                 129 

5.3.1   General information                 129 

5.3.2   Synthesis of carbazole and phenanthrene precursors           129 

5.3.3   General procedure for macrocycle synthesis            134 

5.3.4   MALDI-TOF mass spectra                135 

5.3.5   Cryo-TEM sample preparation               137 

5.3.6   Planar lipid bilayer measurements              137 

5.4    References                 139 



 

 

   

 

 

 

 

 

 

 

Chapter 6  Pyridyl Diarylethene Switch for Optical Information Storage  
    Systems               143 

6.1    Introduction                 144 

6.1.1   Diarylethenes                 145 

6.2    Optical tuning of the electronic structure of iron(II) complex       147 

6.2.1   Synthesis of diarylethene switch              149 

6.2.2   Synthesis of the iron(II) switch complex             150 

6.2.3   Optical properties                 151 

6.2.4   Magnetic properties                 152 

6.3    Discussion                 154 

6.4    Experimental part                 154 

6.4.1   General information                 154 

6.4.2   Synthesis of the diarylethene switch             154 

6.4.3   Synthesis of Fe(6.5o)4(NCS)2 complex             156 

6.4.4   X-Ray diffraction                 156 

6.4.4.1   X-Ray crystallographic data               157 

6.4.5   UV-Vis spectroscopy                 158 

6.4.6   Magnetic measurements                158 

6.5    References                 159 

 

Samenvatting                163 

Summary                 164 

Zhrnutie                 167 

Acknowledgements               169 

 



 

 

 

 

 

 

 

   

 

 



   

Chapter 1 
Introduction: From Natural to Artificial 
Channels 

 

 

 

 

 

 

 

 In the first chapter of this thesis, an overview is given of the efforts to synthesize 
and mimic natural membrane channels. Natural channel-forming structures and five 
groups of artificial channel-forming compounds are reviewed. Experimental techniques 
employed in the study of synthetic channel activity are discussed briefly as well as conditions 
for formation of channels in membranes. The answer to the question “What is the simplest 
molecule that can form a channel?” will be discussed. Finally, at the end of this chapter an 
outline of this thesis will be provided. 

 

 

 

 

 

 

 

 

 

 



 

 

2 

 

 

 

 

 

 

Chapter 1 

 

1.1  Introduction 

 The cell is the structural and functional unit of all known living organisms.1 
Each cell is able of self-containing and self-maintaining: it can take in nutrients, 
convert these nutrients into energy, carry out specialized functions, and reproduce as 
necessary.  

All cells are surrounded by a closed membrane that defines the cell. Even 
within the cell, membranes play key roles in compartmentalization of biochemical 
products and processes.2 These membranes prevent molecules generated inside the cell 
from leaking out and unwanted molecules from diffusing in; yet they also contain 
transport systems for carrying specific molecules inside and outside of the cell. 

 
 Membranes are dynamic structures in which proteins swim in a lipid sea. The 

lipid components of the membrane form the permeability barrier and transport 
components act as a carrier of molecules in the form of pumps and channels.3 
Membranes are arranged as a bilayer “sandwich” where polar groups of lipids interact 
with the aqueous phase on both sides of the membrane and long alkyl chains form the 
“filling” of the sandwich. The thickness of the membrane is about 40 Å, too small to 
be seen under a microscope.4  

The lipid bilayer of a membrane constitutes a hydrophobic barrier to a polar 
species such as cations and anions.5 Transporting ions through this barrier, ion 
channels and pumps were created during the long time of evolution. Ion pumps and 
ion channels1 fulfill different functions. The ion pumps transport ions against their 

Fig. 1 Structure of the cell with different compartments and the nucleus (left). Cell wall formed by
lipid bilayer containing different proteins (middle). The structure of the MscL channel protein in the
lipid membrane (right). 
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electrochemical gradient by using an energy source such as adenosine triphosphate 
(ATP) hydrolysis or the movement of another ion or substrate molecule. Ion channels, 
by contrast, are passive, simply catalyzing the movement of ions within their 
electrochemical gradient, in many cases at very high ion conduction rates (108 ions per 
second).6 The flow of ions across the cell membrane is essential to many of life’s 
processes. Ion pumps generate gradients across the membrane, which are used as an 
energy source by ion channels and other transport proteins to fulfill different life 
processes.  

 
Biological ion channels and pumps are typically large protein complexes 

consisting of a central channel portion that spans the membrane, and additional 
regions on one or both sides of the membrane that control access to the channel 
region.2 Most transport proteins can transport certain ions across the membrane while 
at the same time excluding others. Ion selectivity can be extremely precise (for instance 
between Na+ and K+) and requires specific binding sites over at least part of protein 
length for the transported ions. These sites allow transport proteins to recognize 
(“feel”) only the right ions. The recognition of the right ions requires dehydration (at 
least partially if not completely), and dehydration cost energy. Binding sites are 
compensating the energetic cost of dehydration by providing favorable compensatory 
interactions with the ion. Selectivity results when this energetic compensation is more 
favorable for one type of ion than for another, relative to the energy of dehydration.6 
For instance, in the bacterial KcsA channel (potassium channel)7 a potassium ion 

Fig. 2. Cartoon of ion transport through a membrane by direct diffusion (top), or catalyzed by ion 
channel (middle). Both processes are driven by the concentration gradient of the transported ion. Ion 
pumps use reaction Gibbs energy changes (e.g. A-B bond breakage) to drive the transport of ions 
against a concentration gradient (bottom). Adopted from ref 2. 
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entering the channel from the top through a selective filter which is formed from 
carbonyl groups of the peptide backbone and a threonine OH group. The 
coordination sphere formed by these groups select potassium ions over sodium ions. 

 

1.2  Ion Channels in Biological Systems 

 Supramolecular chemists have long been inspired by the functional 
sophistication of naturally occurring ion channels and ion pumps and a wide variety of 
biomimetic ion transport systems have been developed to replicate transport functions 
using small molecules and synthetic compounds.8 The effort to design these structures 
came from two directions. One is to understand the function of natural channel 
systems by creating more simple systems and study their properties and the other is 
that natural transporters perform a number of cellular functions and processes that can 
be very useful in a technological and pharmaceutical context. In order to build 
artificial transport systems, it is important to know which structural framework an 
artificial transporter should have. The inspiration for this design can come not only 
from natural ion channels, but also from other classes of membrane-active compounds 
which can create pore-like structures through the membrane. Small molecules such as 
the antibiotics valinomycin and lasalocid A acts as ion carriers and as convergent donors 
for encapsulated ions.8 The membrane-active small peptide such as Gramicidin 
represents another class of compounds that acts as components for ion channels. 
Gramicidin is a 15 -amino acid peptide chain with alternating L- and D- amino 
acids. It forms a β-helical secondary structure with 6.3 residues per turn in one of the 
possible “active” ion channel forming structures (Fig. 3).9 In the bilayer the peptide 
forms a head-to-head dimer of two right-handed single-stranded β-helices.10 The 
resulting structure creates a water-filled tunnel through the membrane that is an 
efficient channel for alkali cations.  
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An interesting example is the group of Peptaibols compounds which are 
naturally occurring antimicrobial short peptides produced by fungi of the genus 
Trichoderma.11 They form helices characterized by an N-terminal acyl group, a C-
terminal 1,2-aminoalcohol, and a high content of the non-proteinogenic -amino acid 
Aib (α-aminoisobutyric acid).12 Long peptaibols such as Alamethicin, once in the 
plasma membrane, are proposed to pack together in parallel around a central ion-
permeable pore, as inferred by the “helix-bundle” or “barrel-stave” models.13,14 For 
more details about alamethicin molecule, see chapter 2 of this thesis.  

The polyene antibiotic Amphotericin also forms channels in ergosterol-
containing bilayer membranes.15 The amphotericin monomer has dual amphiphilic 
character: the mycosamine head group orients the molecule in the bilayer membrane 
with its polar group in contact with the aqueous phase and the polyene tail, on the 
other hand, contact with the lipid hydrophobic region. Several monomers in this 
orientation aggregate to create a water-filled tube lined by the hydroxyl groups on the 

Fig. 3 Structure of Gramicidin: sequence of -amino acids (top, page 4), and head-to-head dimer
of two helices (bottom). 

Fig. 4 An alamethicin helix bundle consisting of 6 helices in a POPC bilayer. Side view (left), top
view (right). Adopted from ref 14. 
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edge of the amphotericin macrocycle. The presence of ergosterol is crucial for 
amphotericin activity. Ergosterol molecules act as “molecular matchers” that link the 
amphotericin monomers together (Fig. 5).16 
 

These examples of natural channel-forming structures show basic design 
criteria for artificial ion channels. First of all, the length of the structure or length of 
aggregates must match the thickness of the lipid bilayer (4 nm for the whole lipid 
bilayer or a length of 3-3.5 nm for the hydrophobic area of lipid bilayer). Secondly, 
the size of the artificial structure must enclose a significant volume for the passage of 
the ions. As a result the active structures have molecular weights of 3-4 kDa. Thirdly, 
the interior of the structure must be hydrophilic. This allows ion passage through the 
channel by ion-transporter interaction (as in the KcsA channel) or by transporter-
solvated ion interaction (as in gramicidin, alamethicin). The fourth condition is that 
artificial systems have to incorporate themselves into the lipid bilayer by hydrophobic 
interactions with the hydrophobic lipid tails.2 
 

1.2.1 Natural channels get artificial 
  

 Ion selectivity of biological ion channels is essential for fulfilling their 
function in cellular regulation and communication.17 This requires the proper 
biological function of ion channels with respect to defined modes of control (gating). 
Channels are gated by a range of stimuli, including ligands, voltage, membrane 
tension, temperature, and even light. By controlling the gating process we can better 
understand the functions of the channels in living cells and if additional artificial 

Fig. 5 Structure of Amphotericin (left), and insertion of Amphotericin into a lipid bilayer together 
with ergosterol molecules (right). 
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control mechanism is added, the channel can respond to more than one stimulus at 
the same time, for instance to a ligand and light.  

 Gramicidin A (gA) with β-helical9 structure represents a suitable lead structure 
for ion-channel engineering.18 Gramicidin A (gA) transports monovalent cations 
according to their dehydration energies (Eisenman I selectivity).19 Permeability of the 
cations is decreasing with increasing dehydration energies. Koert and co-workers 
modified gA with crown ethers which is able to bind alkali-metal cations selectively, 
dependent on their size. Application of the planar lipid bilayer technique to this 
modified gA system showed that conductivities are of the same order of magnitude as 
for native gA. A higher preference for K+ over Cs+ was observed in comparison to the 
relative values for unmodified gA.20 C-terminus modification of gA with a positive 
charge which can act as a stopper in the gA channel can dramatically influence ion 
selectivity as shown by Läuger21, Woolley22 and Koert.23 

 

 
Light-sensitive channels are other attractive candidates for ion-channel 

engineering because optical manipulation offers a high degree of spatial and temporal 
control. Over the last few decades, several channels have been successfully modified to 
be responsive to light, including the nicotinic acetylcholine receptor24, gramicidin A25, 
a voltage-gated potassium channel26, an ionotropic glutamate receptor27, and a 
mechanosensitive channel29. Although many channels have been modified, only a 
limited number of light-responsive switchable molecules have been introduced (Fig. 6, 
for detailed information about each switch molecule and its switching mechanism, see 

Fig. 6 Photoswitches used in light-gated ion channels: azobenzenes (A), spiropyrans (B), retinal (C) 
and fulgides (D). 
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chapter 2 of this thesis). Light-responsive molecules control the gating through a 
different mechanism, including changing the local electric field, moving blockers or 
agonists, or introducing conformational changes deep inside the protein.28  

 An illustrative example is modification of the Mechanosensitive Channel of 
Large Conductance (MscL from Escherichia coli) by attaching synthetic spiropyran 
switch molecule that undergoes light-induced zwitterion formation for reversibly 
opening and closing a 3-nanometer pore.29 Normally the channel opens in response to 
tension, the introduction of polar or charged -amino acids30 or other charged 
compounds31,32 into the 22nd amino acid position of MscL leads to spontaneous 
opening of the channel (for more information about MscL channel and side directed 
mutagenesis, see chapter 4 of this thesis). When the spiropyran molecule was 
introduced and after irradiation with long wavelength ultraviolet (366 nm) light the 
channel opened spontaneously in the absence of external pressure (Fig. 7). 

 
 
1.3  How to study ion channels. 

  
The functional analysis of ion channels requires the recording of single-

channel current in the pico-ampere (pA) range or recording of the changes in the 
fluorescent intensity of a fluorescent dye. Three experimental techniques for the study 
of the ion channel activity are commonly used: fluorescent dequenching assay 

Fig. 7 Schematic diagram of mechanosensitive channel of large conductance modified with a 
spiropyran molecule at the 22nd position of the amino acid chain (white cycle, top, the fifth subunit 
is removed) resulting in opening /closing of the channel. The photochemical reaction of spiropyran as 
a response to UV/Vis irradiation (bottom). 
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(technique), planar lipid bilayer technique (black lipid membrane) and patch clamp 
technique.  While the planar lipid bilayer technique together with the patch clamp 
technique give information about single-channel activity, the fluorescent dequenching 
assay gives information about assemblies of the channels incorporated in the 
liposomes.  

The fluorescent dequenching assay is based on the formation of vesicles (or 
liposomes) prepared by dispersion of lipids in an aqueous buffer solution. Prepared 
spherical closed-shell vesicles typically have diameters of 20 nm to 1 μm.33 The 
interior volume of the vesicles is of the order of femto- to attolitres. Release of this 
small amount of entrapped material into a large external volume can result in only 
relatively small changes, which requires sensitive detection methods.2 Probably the 
most popular detection technique uses fluorescent dyes which are sensitive to changes 
in pH, to specific ions or are self-quenching at certain concentration. An important 
example is the Calcein dye which is often used to study vesicle stability and fusion of 
vesicles. Calcein17 self-quenches at high concentrations (above 100 mM) but is 
fluorescent at low concentration. After encapsulation of calcein, at high concentration, 
in a liposome and removal of the non-encapsulated calcein, the leakage of calcein can 
be monitored by fluorescence spectroscopy (Fig. 8). Background fluorescence (a) at 
the beginning of the experiment is observed due to the fact that some calcein is still 
present outside of the liposome and also entrapped calcein has its background 
fluorescence. If the artificial channel is not present, fluorescence is constant during the 
whole period of the experiment (b). When a channel is introduced (c), an increase in 
fluorescent is observed due to leakage of the fluorescent dye out of the liposome, hence 
quenching occurs.   

Fig. 8 Structure of calcein (left) and a fluorescent dequenching experiment (right). Background 
fluorescence (a) is caused by residual fluorescence of entrapped calcein. Without any channel present
(b) the background fluorescence is constant. If channel is added an increase in fluorescence is 
observed due to the release of calcein and subsequent dequenching effect.  
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This technique is suitable for larger channels with large pore diameters 
because of the size of the dye is quite large (13 x 6 x 5 Å)34 compared to the size of 
single alkali ions (3.8 Å for Na35). 

The planar lipid bilayer technique is used in the study of the ionic 
conductance of a single ion channel, in which a constant transmembrane potential is 
applied and the resulting current changes are monitored as a function of time. A 
typical experimental setup for single–channel recording in a planar lipid bilayer is 
shown in Fig. 9.  

 
A small hole between two compartments is covered with a lipid bilayer since 

the lipid membrane is a good insulator, at this stage low currents are observed upon 
the application of a voltage. When an ion channel is injected into one of the 
compartments and inserts into the lipid bilayer, a change in current is observed in the 
pA range in response to an applied voltage. This process appears as a step-change in 
the conductance of the lipid bilayer, representing a unique signature of the single ion 
channel. When the function of the channel is interrupted, the ionic current drops to 
the original value of the unmodified bilayer. 

 The patch clamp technique is routinely used technique in the studies of 
artificial channels, but numerous other applications are known including the study of 
the activity of channels in living cells. This technique was developed by Neher and 
Sakmann,36 who were awarded the Nobel Prize for medicine in 1991 for this 
invention. By using this technique they demonstrated that ion channels are present in 
muscle fibers of frogs. For the patch clamp experiment a thin glass micropipette with a 

Fig. 9 The black lipid technique. A cuvette (a), with a small hole cut into one face, is immersed in
the electrolyte (b) and the bilayer is formed by painting across the hole. Electrical contact with the
Ag/AgCl reference electrode (e) in the reference electrolyte (d) is via Agar salt bridges (c). Adopted
from ref 2. 
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diameter of thousands of a millimeter is employed and the current flowing through 
the pipette is measured. The pipette is pressed against the membrane and a seal is 
formed which can be monitored by optical microscopy.37 Upon gentle suction inside 
the pipette the seal starts to enter the pipette and forms a so-called gigaohm seal 
(GΩ).38  

 

This refers to the resistance of the seal, which is of the order of gigaohms (GΩ). A 
high resistance is necessary to reduce the background noise in the experiment. When 
the seal is in a fixed position in the pipette, the curvature can be varied by increasing 
or decreasing the suction. Release of the suction leads to flattering of the patch and an 
increase in suction induces curvature (Fig. 10). 
 

1.4. Artificial channels 
 
Inspired and challenged by biological ion channels and pores, synthetic 

chemists were trying to developed synthetic channels and pores to reproduce and 
mimic many of the fundamental functions of natural channels. In the past decades 
many different synthetic approaches were followed and used for the synthesis of 
artificial channels. All these attempts can be divided into several categories. Each 
category will be discussed shortly bellow. 

 
 
 

Fig. 10 Schematic drawing of patch clamp experiment (left) and typical recorded diagram (right).  
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1.4.1. Tubular synthetic ion channels in bilayer membranes. 
 

Single molecular structures were used in the designs of early synthetic ion 
channels and pores39 including crosslinking of barrel-stave supramolecules with 
central40,41,42 or terminal hoops.43,44,45,46,47,48,49 The crosslinking of macrocyclic crown 
ethers44,45,50,51,52,53,54 and  helical THF-peptides 1a (tetrahydrofuran-peptides)55 was 
successfully applied in the formation of active ion channels (Fig. 11).  

The most studied and best characterized synthetic tubular ion channels are 
polyethers, e.g., crown ether. Crown ethers are well known in molecular recognition 
of cations.56 Three different approaches have been developed in the design of cation 
channels based on polyethers: a cylindrical arrangement of crown ethers (Fig. 11, 1), a 
polyether helix (Fig. 12, left, 2) and a bundle of polyether strands (Fig. 13).5  

One of the best characterized cylindrically-arranged crown ethers are a series 
of tris-macrocycles dubbed “hydraphiles” related to the active parent 1 (Fig. 11).57 The 
original design involves co-facial stacking of all three crown ethers and creation of a 
transmembrane tube for cation conduction. However, the second macrocycle orients 
perpendicular to the plane of the other two and serves as ion relay, what is actually 
important in achieving the high activity of the channel.  

 

 The model for the structure 1 is supported by several studies including 
fluorescence quenching for the dansyl derivative (1, R=dansyl) and Hammett analysis 
of donor-acceptor properties of the benzyl derivative (1, R=benzyl) determined by 
23Na NMR linewidth experiment.57 Antibiotic activity of “hydraphiles” with 
appropriate length against gram-positive and gram-negative bacteria was also found.58 

Fig. 11 Structure of tris-macrocycle of crown-ethers (hydraphile 1, left) and arrangement in lipid
bilayer (middle). The structure of building block of the oligo-THF-peptide 1a (right). Adopted
from ref 2. 
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The combination of oligo-leucine with an -helical structure and the crown-
ether modified phenylalanine in a [i, i + 4] fashion, positions crown ether moieties 
directly on top of each other forming desired tubular structure 2 (Fig. 12) which 
shows single channel activity in a planar lipid bilayer measurement.59  

 
Another example is the octiphenyl scaffold modified with crown ethers for an 

active tubular co-facial organized molecule.39 The length of the molecule is controlled 
by the length of the scaffolds; on the other hand the face-to-face positioning of the 
crown-ethers cannot be controlled and depends only on the restricted rotation of the 
octiphenyl scaffold. Variable termini X and Y were placed on the ends of this system 
to form structures 3 – 7 (Fig. 12).  

The vesicle assay (using a HPTS dye (8-hydroxypyrene-1,3,6-trisulfonic acid, 
trisodium salt), Fig. 8) revealed that a molecule 4 with neutral X and Y groups is 
relatively ineffective as ion channel, but the molecules with charged groups (5 and 6, 
Fig. 12) showed channel activity. The push-pull rods 4 and 7 also mediate membrane 
depolarization more efficiently than ionophores 3, 4 and 6.39,60 

Attaching ion-conducting side arms5 to a cyclic core (crown ethers or 
cyclodextrines) is another way to demonstrate how crown ethers can be used in 
artificial channel design. An early example comes from the group of Lehn61, who 
designed tetra-substituted crown 8 (Fig. 13) and a second example is from the Fyles62 
group featuring hexa-substituted crown ether 9 (Fig. 13). These types of compounds 
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Fig. 12 Structure of crow-ether modified oligo--leucine-phenylalanine in [i, i+4] arrangement
(2, left). An octiphenyl skeleton modified with crown ethers and various X and Y groups (3-7,
right). The table shows activity of the octiphenyl structures depending on the X and Y substituents. 
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belong to a large group of supramolecular aggregate based ion channels which will be 
discussed in more detail further on. 

 
1.4.1.1. Tubular ion channels based on octiphenyl β-barrel 

  The octiphenyl scaffolds are central to the formation of another class of 
tubular channels called rigid-rod β-barrels.39 The cylindrical self-assembly of β-barrel 
pore 11 is due to preorganization by the non-planarity of p-octiphenyl staves in the 
octapeptide-p-octiphenyl monomer 10 (Fig. 14).63  
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Fig. 13 Modified crown ethers with various side chains (8, 9) belong to the group of 
supramolecular aggregate based ion channels. 

Fig. 14 Design of peptide modified octiphenyl (10, left). Space arrangement with the diameters. The
size of the structure is 34 Å, diameter between two peptide chains is 5 Å (11, middle). Top view with
-amino acid sequence. Positions 1, 3, 5 are hydrophobic -amino acids and positions 2 and 4 are
hydrophilic -amino acid (right) Adopted from ref 63. 
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The octiphenyl frame contains short chains of peptides forming a β-sheet 
oriented in anti-parallel fashion in a [i, i + 3] position on the octiphenyl. 

The β-sheet orients -amino acids in opposite sides of the sheet (Fig. 14). The 
active channel is formed by four octapeptide-p-octiphenyl monomers 10 stabilized by 
hydrogen bonding between anti-parallel interdigitated -amino acid chains (Fig. 14, 
middle, 11).  

Rational and variable funtionalization of the outer as well as the inner pore 
surface (variations in -amino acid sequence) can lead to different properties of the 
pore. Modification of the length of the peptide chains influences the activity of the 
barrel as well as its physical properties. Five -amino acid residues form longer-lived 
barrels/pores (openings in the range of minutes) and with internal diameters of about 
2.5 nm compared with three -amino acid residues where the openings are in the 
range of seconds to milliseconds. In principle the internal pore design determines the 
nature of the interactions between the synthetic multifunctional pore and the 
molecules that pass through the pore across the bilayer membrane.  

Fig. 15 Top: An octiphenyl core modified with π-stacking naphthalenediimides 14 induces twist in 
the structure. The gap between the two naphthalenediimides is 3.4 Å (12, top). When a donor 
molecule 15 is introduced an open channel forms (13) and an ion current is observed. Bottom: 
Schematic illustration of two naphthalenediimide moieties on top of each other (A) and 
intercalation of a dialkoxynaphthalene guest molecule (15) resulting in formation of an active 
channel (B). Adopted from ref 65. 
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Many different guest molecules were examined and include carbohydrates, 
inositols, nucleotides, fullerenes, calixarenes and pyrenes, macromolecules such as 
polypeptides, polysaccharides, oligonucleotides and B-DNA. This design was used as 
an artificial tongue to sense different molecules in food.64  

A -stack architecture, so fundamental and important for DNA but absent in 
biological and synthetic ion channels, was introduced by simple replacement of the β-
sheet in the rigid-rod β-barrels by π-stacking molecules, such as naphthalenediimide 
14. This leads to a twist in the structure of the p-octiphenyl stave and formation of an 
π-helix (Fig. 15). The distance between two sheets changes from 5 Å to 3.4 Å and the 
length changes from 34 Å to 24 Å (see Fig. 14, structure 10 and Fig. 15, structure 
12).65  The formation of a π-helix like structure has as a consequence that the channel 
becomes inactive. If a small guest (dialkoxynaphthalene, 15) is introduced a charge 
transfer complex is formed, the twisted structure is broken and channel function is 
reestablished (Fig. 15). To ensure that π-stacks will be formed instead of linear self-
assembled polymers, four principles were considered. Positioning of adaptable chiral 
biphenyls with a torsion angle   0 per stave, prevents p-octiphenyl rods from self-
assembling into supramolecular polymers. Amides were placed at both ends of the 
naphthalenediimide stacks oriented parallel to the staves. The resulting hydrogen-
bonded chains will position the π-stack in the barrel-stave arrangement. Internal 
crowding was expected to promote the self-assembly of higher hollow oligomers by 
steric hindrance between bulky groups of naphthalenediimides at the inner surface.  

Fig. 16 A photo-active system based on the octiphenyl naphthalenediimide structure (left) and the
chemical pathways in the liposome experiments (right). Electron gradients formed after irradiation
of the p-octiphenyl rods reduce quinone (Q) into QH2 while consuming protons resulting in an
increase in pH which was detected by pH sensitive fluorescent dye HPTS. Adopted from ref 66. 



 

 

  17 

 

 

 

 

 

Introduction: From Natural to Artificial Channels 
 

This was achieved by attaching alkylammonium tails which were partially 
protonated. Internal charge repulsion promotes the self-assembly as well. Considering 
all these features, a -stack systems like 13 (Fig. 15) can be formed. 

By incorporation of blue and red-fluorescent naphthalene diimides into the p-
octiphenyl rods in lipid vesicles containing quinone (Q) as electron acceptors and 
surrounded by ethylenediaminetetraacetic acid (EDTA) as electron donor, leads to an 
pH increase through quinone reduction upon excitation with light (Fig. 16).  

After 635 nm irradiation of the externally added p-octiphenyl rods, electron 
flow through the phosphatidylcholin (PC) membrane was generated resulting in 
quinone reduction and an increase in the pH inside the vesicle which was detected by 
using a pH-sensitive fluorescent dye HPTS (8-hydroxypyrene-1, 3, 6-trisulfonate). 66 

 
 

1.4.1.2. Tubular ion channels based on D, L--amino acids 
 

 Pioneering work on artificial tubular channel systems maintained by peptide 
hydrogen bonding was performed by Ghadiri and co-workers.67  

Fig. 17 Structures and 3D representation of cyclic -octapeptide (16a, left) and cyclic -decapeptide 
(16b, right). Adopted from ref 67. 
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The system typically contains cyclic - or β- octa- or decapeptide 16a and 
16b with an alternating D- and L--amino acid sequence.68,69 Cyclic peptides were 
designed to adopt flat ring shaped conformations and stacks through extensive 
backbone-backbone hydrogen bonding to form tubular structures (Fig. 17). 

 Compound 16a, where the substituent R is isopropyl and tryptophan, 
exhibited remarkable ion transport activities with single-channel K+ conductance of 56 
pS which was determined in liposome-based proton transport assays and by single 
channel conductance experiment.68 It was demonstrated that octapeptides can 
transport ions selectively, and in the case of decapeptides they can transport small 
molecules such as glucose or glutamic acid. In the case of glutamic acid transportation, 
decapeptides were incorporated into the vesicles. Channel-mediated glutamic acid 
transport from large unilamelar vesicles to the external solvent under isotonic solution 
conditions was monitored by an enzymatic assay operating in the extracellular 
medium (Scheme 1).  

This spectrophotometric assay couples glutamine synthetase activity with the 
reactions catalyzed by pyruvate kinase and lactate dehydrogenase by monitoring 
NADH oxidation at 340 nm.70 

 Compound 16b with different R groups was also examined for antibacterial 
activity against gram-positive and gram-negative bacteria.71 The antimicrobial action is 
rapid, suggesting that the toxicity is related to membrane depolarization rather than by 
a receptor-mediated site of action.  

It is known that this cyclic peptide structure is not electrically conductive.72 
By introducing four cationic 1,4,5,8-naphthalenetetracarboxylic diimides (NDI) to 
the side chains of the octapeptide (16a), redox-triggered self assembly in aqueous 
solution can be achieved.  

The peptide nanotubes (channels) formed by redox reaction of NDI are 
possessing highly delocalized electronic states (Fig. 18).73 The mechanism of the self-
assembly of monomeric units includes the reduction of the NDI moieties by mild 
chemical or electrochemical methods resulting in radical anions that are stable in the 
absence of oxygen.  

COO-+H3N

O-O

Glutamine
Synthetase

NH4
+ + ATP

COO-+H3N

OH2N

+ ADP + Pi

Piruvate
Kinase

H2C COO-

OPO3
- H3C COO-

O
Lactate

Dehydrogenase

+

ATP
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H3C COO-
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+
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Scheme 1 Transport of glutamic acid through cyclic decapeptide in liposome monitored by
enzymatic degradation of glutamic acid and subsequent NADH oxidation measured at 340 nm.    
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Furthermore, it is known that the NDI anion radicals self assemble in aqueous 

solution.74 This leads to the formation of nanotubes which are a few hundreds of 
nanometers long and have diameters of 2 to 3 nm.73 
 

1.4.2. Calix[n]arenes and cucurbit-based artificial channels 
  

 Resorcin[n]arenes (17 and 18, Fig.19), calix[n]arenes (19, Fig.19), and 

Fig.19 Resorcin[n]arenes 17 and 18 with various substituents.  Molecule 19 represents the
building block for all calix[n]arenes. 

Fig. 18 Cyclic octapeptide modified with four 1,4,5,8-naphthalenetetracarboxylic diimides
undergoes redox-triggered self assembly in aqueous solution to form conducting peptide nanotubes.
Adopted from ref 73. 
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cucurbits (cucurbit[n]uril, 22, Fig. 21) represent a relatively new, but rapidly growing 
class of artificial channel-forming molecules. Resorcin[n]arenes (17, 18) form ohmic 
cation channels in lipid bilayer. The aggregate channel structure rather than tubular 
structure was proposed as an active form because these molecules form by themselves 
the restrictive portal for guest molecules.2 

 Calixarenes (Fig.19, 19) are based on cyclic structures of diaryl methanes in 
1,3-alt conformation decorated with various substituents (alkyl chains, sterols, 
alkylamides). The number of repeat units can vary from 4 to 6 (Fig.19). Depending 
on the substituent R1 the properties can vary as well. The molecule 20 (Fig. 20, left) 
forms aggregate ion channels in lipid membranes and exhibits no ion selectivity. On 
the contrary, the molecule 21b (1,3-alt-calix[4]arene tetraamide,75 paco-form, Fig.19, 
right) can transport Cl- very efficiently through lipid membranes. If the R1 substituent 
is t-Bu (21a, paco-form) the channel is inactive.76  
 

 
 Similar results but lower activities were observed for a cone analogue of 

compound 21b (Fig. 20).77 Simply by modulating the R1 substituent in 21, different 
activities of the artificial channel can be observed. Two molecules 20 which creates a 
2.6 nm long nanotube and 1.6 nm wide, can act as a host and forms a supramolecular 
pseudorotaxane complex with 4.4’-bipyridinium (viologen) through efficient self-
assembly in solution.78 

 Cucurbit[n]urils 22 (CB[n], Fig. 21) are a class of macrocycles based on 
methyl-bridged glycoluril (acetyleneurea) polymers, where “n” can vary between 5 and 
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Fig. 20 Left: Three examples of calix[n]arene molecules. The structure of the molecule 20 exhibits
channel activity with an aggregate channel structure. Right: Two examples of 1,3-alt-calix[4]arene
tetraamide (paco-form). Molecule 21b exhibits anion selectivity for Cl- ions. 
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10, and even dimers n=10/n=5 can be observed.79 The cucurbit family acts mostly as 
host-guest complexes comparable with cyclodextrines80 and crown-ethers.80 They also 
show chiral recognition, a property readily achieved with chiral cyclodextrines.81  

Kim and co-workers have found a method to functionalize cucurbits82 and 
created artificial channel systems with excellent ion selectivities. Cucurbit 23 (Fig. 21, 
right) showed proton selectivity in liposome experiments using the internal pH 
sensitive fluorescent 8-hydroxypyrene-1, 3, 6-trisulfonate (HPTS) dye. However, 
when acetylcholine was added which is known to form a stable host-guest complex 
with cucurbit[6], the fluorescence quenching was completely blocked. This result 
supports the theory that 23 is involved in proton transport across the membrane.83 
 

1.4.3. Aggregate ion channels. How simple can a molecule be and still form a 
channel. 

 
 Aggregate ion channels are based on the principles and behavior of the natural 

channel forming amphotericin. The active channel combines antibiotic amphotericin 
and sterols arranged in two half-channel sections in the two bilayer leaflets.2  

This type of complex hierarchical self-assembly is challenging. The promising 
approach involves “bolaamphiphiles”, or two-headed amphiphiles, which form head to 
head structures. Molecules 8 and 9 (Fig. 13) are simple examples of this class of 
compounds. The central crown-ether in these structures is in this case not the ion 
recognizing unit of the molecule; it serves only to hold the structure together and has a 
limited functional role.2 Simplified molecules 25 and 26 (Fig. 22) were prepared and 
showed more reliable channel formation than molecule 8.84, 85 

Fig. 21 Left: General structure of cucurbit[n]urils (22). Middle: Three examples of cucurbit [5,
6, 7] uril (top and side view). Right: Functionalized cucurbits with long alkyl chains (23, 24).
Adopted from ref 79. 
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Fig. 22 Compounds 25 and 26 (left) which aggregate to form ion channels (right). Adopted from 
ref 2. 
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 An important question is if, an even simpler molecule can form an active and 

functional artificial channel? Molecule 27 (Fig. 23) forms rosette-like structures (for 
detailed information about rosette structures in lipid bilayers, see chapter 5 of this 
thesis) in lipid bilayers with a hydrophilic interior and a hydrophobic exterior. The 
tube formed by these rosettes is stabilized by hydrogen bonds in the plane of the 
rosette.86, 87 

 Isophthalic acid analogue 28 (Fig. 23) also forms channel-like structures in 
PC/PS/cholesterol (phosphatidylcholin/phosphatidylserin/cholesterol) membranes.  

Fig. 23  Simple organic molecules which form artificial ion channels in lipid bilayers. Molecules
29 and 30 form a neutral ion pair in the membrane and this leads to the channel formation
(bottom). Adopted from ref 89. 
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 Surprisingly an even simpler system is able to form channels. The comprise 
ion pair of cationic and anionic amphiphiles 29 and 30 (Fig. 23) is such a system.88, 89 
The tetra-alkylammonium compound 29 and the carboxylate form of 30 form a 
neutral ion pair in the membrane and this leads to an ion-channel active assembly. 
The channel openings have uniform characteristics and, in all functional respects, 
appear to be like the channels formed by more complex structures.39 

 Further examples of artificial channels are those based on commercial 
surfactants,90 metal-organic scaffolds,91 polymers which induce pore formation in lipid 
bilayers,92 porphyrines93 and even systems based on metal organic polyhedras.94 
 
1.5. Conclusions 

 
Membrane transport is prerequisite for all living organisms. Channels and 

pores were formed during the evolution to fulfill this requirement. Reaching the 
complexity of the biological channels and pores is still difficult. On the other hand, 
functionality achieved by synthetic channels and pores can be compared to the natural 
ones. A number of successful artificial systems were reviewed in this chapter, but many 
opportunities do still exist. The development of new antimicrobial agents against 
increasing resistance of many bacteria to classical antibiotics stimulates the 
development of new membrane-active compounds as well as the development of new 
and innovative drug delivery systems. Treatment of human diseases like cystic fibrosis 
with synthetic chlorine channels95 is another example of the application of synthetic 
channels and this holds also for the implementation of the artificial channels and pores 
into sensing devices.96 

 
1.6. Aim and outline of this thesis 

 
The aim of this thesis is to prepare artificial channels and pores by modifying 

natural channels with organic molecules or by synthesizing new channels and pores 
from organic starting materials. 

In Chapter 2, the modification of a naturally-occurring channel-forming 
alamethicin molecule with azobenzene switches will be discussed as well as the 
properties of newly prepared artificial channels. 

In Chapter 3, the functional size of the SecYEG translocation pore will be 
studied by attaching rigid spherical tetra-arylmethanes into Outer membrane protein A. 

In Chapter 4, Mechanosensitive Channel of Large Conductance (MscL), a 
membrane protein channel that responds to increasing tension in the membrane by 
opening to form a pore with a 3 nm in diameter has been modified with a redox 
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thiaxanthylidene switch to become responsive to changes in redox potential. The same 
channel will be modified with multicharged spermine molecule to become responsive 
to a pH change of its environment. 

In Chapter 5, the synthesis of an artificial channel from carbazole and 
phenanthrene building blocks will be described as well as the properties of the new 
molecule and the channel formation in lipid bilayers. 

And finally in Chapter 6, the synthesis of pyridyl-containing diarylethene 
switch will be described as well as the magnetic properties of the newly prepared iron 
(II) complex with this switch. 
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Chapter 2 
Light-Induced Switching of the Channel 
Forming Alamethicin Protein 

 

 

 

 

 

 

In this chapter, modification of the naturally occurring, pore-forming Alamethicin 
protein molecule with an azobenzene switch molecule is described. Its photochemical and 
electrophysiological properties are investigated and discussed. The glutamic acid residue at 
the 18 position of alamethicin was modified with an amino group containing azobenzene 
unit. After the modification, the bilayer insertion ability of alamethicin and switching 
properties of the azobenzene switch were preserved, while on the other hand, both the 
channel insertion probability and conductance of the channel increased dramatically after 
irradiation with UV light. 
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2.1. Introduction 
 

Control of protein function by external triggers is an important aspect of 
modern biochemistry and related sciences. In the past decades, a number of 
techniques were developed1 based on incorporation of exogenous ligands which 
contributed to the opening of the field of synthetic biology. Techniques of synthetic 
biology are often used in protein screening to identify which proteins regulate which 
process (processes) and in understanding the functioning of proteins. Besides, this 
approach helps to identify small molecules which might have a biological (medical) 
value.1 This technique also frequently results in proteins with completely new 
properties. 

The exogenous ligands are attached specifically to the proteins by covalent 
bonds (carbon-carbon or carbon-sulfur) and their function can be controlled by 
various triggers, including chemical, electrical and magnetic addressable groups. The 
induced changes in the ligand properties cause changes in the function of the protein, 
thereby providing insights into the function of the protein.  

Light, as an alternative external trigger, offers a non-invasive and non-
destructive way to control the ligand function by being easily tuned by the wavelength 
of the light.  Several of these light-controlled molecular systems have been developed 
in the past decades and have been successfully applied in biological systems.2 For 
instance, light can be used as non-invasive external trigger to initiate drug release from 
smart delivery systems.3 

Here, the methods of synthetic biology will be used to solve an important 
problem in drug delivery. In order to deliver a toxic drug specifically into the diseased 
area of the body it must be enclosed into a specific carrier. Release of the drug from 
the carrier is usually promoted by integrated compounds that create defects in the 
carrier on demand. In the past, microbial channels/pores were used as alternatives to 
integrated compounds in the controlled drug release from delivery systems. However, 
they may cause immune response in the human body. The use of more simple system, 
like natural pore-forming antibiotic compounds, may overcome this problem. 

In the present study, naturally occurring pore forming, α-helical antimicrobial 
peptaibols,4, 5 in particular alamethicin are modified with photochromic molecules 
(chromophores) in order to prepare a new light-controlled drug delivery system. 
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Light-Induced Switching of the Channel Forming Alamethicin Protein
 

2.1.1. Photochromic switches. 
 
Photochromic molecules should offer a high degree of control and 

compatibility with biological systems. The modes of photo-control are mostly 
determined by the nature of the molecules and include large changes in geometry or in 
dipole moment. For a bistable optical switch a high degree of photoisomerization 
between two isomers is highly warranted and the photostationary state (PSS) should 
be higher than 90%. A fast switching process in the order of milliseconds or seconds is 
an advantage, but this highly depends on the application of the system. Because 
biological systems are sensitive to UV light, a fast switching process, high extinction 
coefficient with high quantum yield and a specific (non-destructive wavelength) of the 
switching process are major advantages and offer nondestructive ways of protein 
manipulation. Last but not least the parameters of the unmodified chromophore 
should always be evaluated within the biological context because incorporation of 
organic molecules as switch molecules into the protein can change properties of the 
switch. 

Photochromic systems are classified into two main types on the basis of the 
thermal stability of the photochemically generated isomer, i.e. T-type and P-type. If a 
thermally unstable isomer is formed after irradiation, a thermal back reaction takes 
place and this isomerization process is denoted T-type (thermally reversible type). 
Azobenzenes, spiropyrans and hemithioindigo molecules belong to this group (Scheme 
1a, b, c).  

P-type (photochemically reversible type) switches are defined as switches 
which are converted photochemically back into the original state but are thermally 
stable. Furylfulgides6 and diarylethenes7 are two groups of the molecules which belong 
to this category (Scheme 1d, e).  

Azobenzenes (Scheme 1a) are the most commonly used photoswitches 
employed in protein modification. They undergo trans-cis isomerization about the 
nitrogen-nitrogen double bond under irradiation with different wavelengths of light.8 
Trans to cis photoisomerization occurs under UV irradiation (360 -380 nm) and back 
isomerization from cis to trans is accomplished by irradiation with visible light (>460 
nm). Photoisomerization from trans to cis have excellent photoconversion (PSS 
<95%), while conversion from cis to trans is generally less effective (PSS <80%). If the 
cis isomer is left in the dark, it undergoes thermal isomerization back to its original 
trans form.9 The rate of the thermal step varies and depends on the substitution of 
phenyl rings and also on the environment of the azobenzene switch (medium effect). 
Suppression or acceleration of the thermal step was observed in different cases and is 
highly dependent on secondary interactions with the protein.10 Photoisomerization 
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also brings significant differences in the structure and dipole moment of the molecule. 
The cis isomer is about 5 Å shorter than the trans isomer and the change of the dipole 
moment during isomerization from trans to cis is about 3 Debye.8 

The spiropyran-merocyanine photochromic molecule (Scheme 1b) is another 
frequently used T-type photo switch. It is characterized by smaller conformational 
changes, but large dipole moment changes (~10 – 15 D).11 The switching process is 
based on the electrocyclic opening of the pyran ring. 12 Due to the subsequent 
rearomatization of the phenyl ring, a charge is formed at the indoline nitrogen and 
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Scheme 1 Examples of photochromic compounds of the T-type a) azobenzenes, b) spiropyrans and 
c) hemithioindigo and  the P-type d) furylfulgides and e) diarylethenes (T-thermoreversible, P-
photoreversible). 
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phenolic oxygen atom. The closed, colorless form is converted into the colored open 
form upon UV irradiation (360 - 370 nm). Visible light (>460 nm) illumination 
produces the close form again. The thermal step is very fast, but it highly depends on 
the nature of the substituent. The behavior of these switches (charge formation) was 
used to disrupt hydrophobic contact within or between proteins.3, 13 

The final example of a T-type photo switch is the hemithioindigo switch 
(Scheme 1c). The photoisomerization is based on the isomerization around a carbon-
carbon double bond. Two different visible light wavelengths are used for cis-trans and 
trans-cis isomerization. In the case of cis to trans isomerization, shorter visible light 
(406 nm) is used and photoconversion result in a PSS of about 80-90%. Trans to cis 
isomerization requires longer wavelength (>475 nm) and conversion is less efficient 
(PSS ~ 80%). Thermal isomerization back to trans is also very slow and is in the order 
of hours.14 The similarity in behavior between the hemithioindigo switch and the 
azobenzene switch holds great potential and hemithioindigo can be used as an 
azobenzene alternative.15 

 Furylfulgides6 (Scheme 1d) belongs into P-type of switches and switching process 
is characterized as a photo-induced electrocyclic ring opening and closing between the 
colorless and colored form, respectively. The ring closing action is produced by UV 
light irradiation and the closed form is thermally stable. Ring opening action can be 
done only with visible light. Both processes are characterized by high yields or even 
quantitative ring opening and ring closing photochemical conversions.16   

 Diarylethene switches (Scheme 1e) belong to the same P-type family and will be 
discussed further in Chapter 6. 

2.1.2. Peptaibols, pore forming small peptides 

Peptaibols are polypeptides (from 5 to 20 -amino acids) rich in non-
proteinogenic Aib (-aminoisobutyric acid, -methylalanine) -amino acids, showing 
pore formation in bilayer and biological activities, including antibacterial, antifungal 
and antiviral activities.5 Acetylation of the N-terminus and the presence of amino 
alcohol (phenylalaninol, valinol, leucinol) on C-terminus is predominant for these 
compounds. The name “Peptaibols” compounds originates from the structural 
characteristics: peptide, Aib, and amino alcohol. The helical motif, including -helix, 
310-helix and a -bend ribbon spiral are the preferred conformations.5 
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The most studied peptaibol is Alamethicin. The structure comprises a linear, 
20 -amino acid sequence (Fig.1) which is characterized by a N-acetylated terminus 
and phenylalaninol terminated C-terminus. The decade of research starting in 1967 
covers attempts to determine the sequence of the alamethicin peptide. Meyer and 
Reusser17 were the first who isolated and discovered an alamethicin from the culture of 
the fungus Trichoderma viride in 1967. The original name “alamethicin” comes from 
the characteristic building block, 2-aminoisobutyric acid (Aib, also methylalanine) and 
the ending “-icin” refers to its antimicrobial, antifungal properties.21 Because of the 
unique composition of peptaibols (N-acetylated terminus and amino alcohol C-
terminus), a cyclic structure was proposed as an active form based on a negative 
ninhydrin test of a free amino group. Subsequent studies also confirmed the cyclic 
structure of alamethicin, but with lower content of the Aib -amino acid. 18,19 
Resistance to a number of proteases was observed, which was explained as a steric 
influence of the Aib residue on the folding of the peptide in the active center of the 
enzymes.  

The breakthrough in the alamethicin research came in 1975 when Jung and 
co-workers analyzed in detail the structure of alamethicin20 and recognized 
phenylalaninol as the aromatic part of the molecule. The previously determined cyclic 
structure was corrected and an α-helical structure was proposed.21 These observations 

Fig.1 The amino acid sequence of Alamethicin peptide. The N-terminus of 2-aminoisobuturic acid
is acetylated and the C-terminus contains phenylalaninol. Sequence: Ac-Aib-Pro-Aib-Ala-Aib-
Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phl 
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were further confirmed by structural and conformational analysis with different 
techniques including X-Ray diffraction22, NMR23, CD, Raman, Fourier-transform 
infrared spectroscopy (FT-IR).20, 24 Computer modeling was performed on the 
alamethicin molecule as well, including distance geometry (DG), simulated annealing 
(SA) and molecular dynamics (MD).25 

 All analyses suggested an -helical conformation, but not along the whole 
length of the polypeptide chain. CD and FT-IR measurement together with computer 
simulations imply small heterogenity at the C-terminus of the peptide. It was found 
that the C-terminus is more flexible than other parts of the molecule and can adopt an 
extended -strand conformation23a or 310 -helix.25c On the other hand, the presence of 
proline26 (known as a -helix disruptor) does have only a minor influence on the -
helical structure of the N-terminus.22 Proline introduces also small bents between two 
parts of the helix, (Fig. 2A) which appears to be important for the insertion of the 
peptide into the lipid bilayer.27 By now, we know that alamethicin in not one 
molecular structure, but different species varying in the -amino acid sequence. Most 
common is alamethicin F30/F50.21, 28 

 Alamethicin peptaibol with its helical structure forms voltage-gated pores in a 
lipid bilayer29 with a barrel-stave-like mechanism (for more details see chapter 5). The 
highly amphipathic character (a hydrophobic exterior which is in contact with lipids 
and, a hydrophilic interior which forms water filled pore) of the helix allows the 
formation of helical bundles with a different number of subunits,30 but 6 and 8 helices 
appeared to be the most stable conformations (Fig. 2B). 27, 31 Because the alamethicin 

Fig. 2 A: Two helices of the Alamethicin molecule. Black regions represent proline moieties which 
introduce a kink in the -helical structure of the protein. B: 6 alamethicin subunits forming a pore 
(top view). Black areas in each circle represent hydrophilic -amino acids forming a water filled 
pore. White parts of the circle represent hydrophobic areas of the alamethicin, which are interacting
with the lipid bilayer. C: N-terminal insertion of the alamethicin molecule. 
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molecule has an overall dipole moment distributed along the axes of the helix, N-
terminal insertion was suggested leaving the C-terminal part with proline on the edge 
of the bilayer. After a voltage is applied, the C-terminus reorients itself and the whole 
helix is fully inserted (Fig. 2C).30 

 In this work, in order to use ultimately alamethicin in drug delivery systems we 
aim to convert this pore into a remote-controlled valve such that it will be closed in 
one form and it will be open after illumination with light, thereby allowing the 
passage of molecules (Fig. 3B). 

2.2. Light switching of the nanopores formed by Alamethicin molecules. 

2.2.1. Alamethicin modification with an azobenzene switch 

In this work, azobenzene photochromic molecules were chosen for light-
controlled opening and closing of the pore entrance formed by alamethicin. The 18-
glutamic acid (18-Glu) on the C-terminal part of the sequence of alamethicin (Fig. 
3B) was chosen for covalently attaching the azobenzene molecule.  

The 18-Glu is positioned inside the hydrophilic area of the pore which places 
the azobenzene molecule directly into the active pore site and prevents its interaction 

Fig. 3 A: Schematic representation of alamethicin molecule arrangement in a lipid bilayer and
azobenzene molecule attached into Glu-18 -aminoacid (black bars, top view). B: Switching of the
azobenzene molecule inside the pore. After irradiation with UV light, the trans-isomer (open pore)
of azobenzene is switched into the cis-isomer (close pore).The reverse reaction to the original trans
state is performed by irradiation with visible light or by heat (only two of the six helices are shown,
side view). 
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with the lipid bilayer. Cis-trans isomerization of the azobenzene molecule is expected 
to be accompanied by large conformational changes which would allow us to control 
opening and closing of the alamethicin pore entrance on demand and as a result it will 
operate as a light-controlled artificial pore (Fig. 3A). 

Simple, commercially available, p-phenylazoaniline 2.1 (Scheme 2A) was 
chosen initially as an azobenzene switch for testing the reactivity and properties of the 
system. Unfortunately, we were not able to attach this simple azobenzene molecule to 
the carboxylic acid residue of 18-Glu in the -amino acid sequence (MS analysis 
didn’t confirm the expected molecular weight). Different reaction conditions were 
tested, but no desired product was obtained. One extra CH2 group between the 
azobenzene molecule and the amino group was introduced in order to increase the 
reactivity of the amino group. The desired compound 2.4 (Scheme 2B) was prepared 
from commercially available acid 2.2 through benzamide intermediate 2.3 which was 
reduced by LiAlH4 in dry ether under reflux condition. The switching properties were 
tested in an aqueous buffer solution (10 mM potassium phosphate buffer, 150 mM 
NaCl, pH=7) and the measurements confirmed that the newly prepared azobenzene 
molecule 2.4 still acts as a switch (Fig. 4, left).  

 

The UV-Vis spectra of 2.4 showed that after irradiation with 365 nm UV 
light the strong absorption at 320 nm was decreased and shifted towards lower 
wavelength (290 nm) and also a new band of low intensity appeared at 425 nm. When 
visible irradiation was used (>400nm, cut off filter) appearance of a strong band at 320 
nm was measured (Fig. 4, left) and the original spectrum of trans-azobenzene 2.4 was 

Scheme 2 A: p-phenylazoaniline 2.1. B: Synthetic route to obtain (E)-(4-
(phenyldiazenyl)phenyl)methanamine (2.4) from carboxylic acid 2.2. 
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restored. All these observations are in agreement with the general behavior of 
azobenzene switches.32 

 

After the successful synthesis of the new azobenzene molecule 2.4, it was 
incorporated into the alamethicin 18-Glu carboxylic acid. A classical peptide synthesis 
procedure using HOBt and HBTU in dry DMF yielded 70% of desired azobenzene-
modified alamethicin after purification by precipitation with diethyl ether. The 
protein was also further purified by the HPLC technique to obtain pure alamethicin 
modified with 2.4 for analytical measurements (for characterization, see the 
experimental part). In order to confirm the switching of azobenzene 2.4 after 
attachment to the -helix, UV-Vis measurements were carry out in buffer solution 
(Fig. 4, right, 10 mM potassium phosphate, 150 mM NaCl, pH=7). A similar 
photochemical behavior of the modified peptide as for the free switch 2.4 was 
observed. 

In order to further investigate whether the switching process has any 
interference with the -helical conformation of the alamethicin, CD (circular 
dichroism) spectra were measured. Free alamethicin molecule was taken as a standard 
and the alamethicin molecule modified with switch 2.4 was measured before and after 
irradiation with 365 nm UV light (Fig. 5). 
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Fig. 4 Left: UV-Vis absorption spectra of 2.4 azobenzene switch (), after irradiation with 365
nm UV light (---) and after irradiation with visible light (….) in buffer solution. Right: UV-Vis 
absorption spectra of alamethicin modified with switch 2.4 (---) and after irradiation with 365 nm 
UV light (…). Absorption spectra of pure alamethicin () in buffer solution (10 mM potassium 
phosphate, 150 mM NaCl, pH=7). 
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The pure alamethicin molecule showed the characteristics of proteins with an 
-helical structure.33 Also the CD spectra of the modified alamethicin with switch 2.4 
showed characteristics of -helical structure (Fig. 5). The increase in the intensity of 
alamethicin-2.4 after irradiation with UV light at 195 nm (Fig. 5, dotted line) may be 
explained by interaction of the   * transitions33 of the peptide bond of the protein 
with the switching process of the azobenzene moiety from the trans to the cis 
conformation.  

These observations showed that labeling of the alamethicin protein at the 18-
Glu position of the sequence with azobenzene 2.4 molecule doesn’t have an effect on 
the switching properties of the azobenzene moiety and it does not influence the -
helical conformation of the protein. 

 

2.2.2. Fluorescent dequenching experiment and electrophysiological 
measurements. 

The alamethicin molecule is forming helical bundles (6 or 8 subunits)27, 31  in 
a lipid bilayer thereby creating small pores (Fig. 2B).34 To test the activity of 
alamethicin-modified with the covalently attached azobenzene switch, a fluorescent 
dequenching essay (for more details see Chapter 1) was used as a simple and fast 
method for activity measurements. Liposomes (DOPC, 20mg/ml) filled with a self-
quenching fluorescent dye calcein (200 mM), were prepared and release of dye after 
incorporation of the alamethicin molecule in the bilayer was followed as an increase in 
fluorescence with time.  
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Fig. 5 CD spectra of the free alamethicin molecule (, 25.5 M) and alamethicin modified with
2.4 before (---, 50 M) and after (…) irradiation with 365 nm UV light. 
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First, the activity of the wild type Alamethicin (wt-alamethicin, isolated from 
Trichoderma viride) was tested to proof that indeed pores are formed and activity can 
be observed (Fig. 6). Two different concentrations of wt-alamethicin were tested (for 
detail information about experimental procedure see experimental part) and both 
confirm that wt-alamethicin is active (forming pores) and release of calcein can be 
observed.  

 

To investigate the activity of switch-2.4 modified alamethicin and to establish 
if two forms of the switch (cis-trans) have a different influence on the activity of 
alamethicin, two sets of fluorescent dequenching assays were performed.  

First, the effect of the alamethicin molecule modified with switch 2.4 on 
calcein release from liposomes was measured, then the buffer solution containing 
alamethicin-2.4 was irradiated with 365 nm UV light and the activity was measured 
again (Fig. 7, left). In the second set of experiments, the alamethicin-2.4 molecule was 
first irradiated with 365 nm light in the buffer solution and the activity was tested. 
Subsequently it was irradiated with visible light (> 400 nm light, cut off filter) and the 
calcein release was measured (Fig. 7, right). In the second experiment no significant 
leakage of calcein dye from the liposomes was observed which may suggest that the 
modified alamethicin molecule is not active (is not able to form pores anymore) or is 
not able to insert into the membrane. 
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Fig. 6 Calcein efflux essay with wild type alamethicin molecule. Two different concentrations of
alamethicin were measured: 1.17 g/ml () and 0.6 g/ml (---) in10 mM potassium phosphate
buffer, 150 mmol NaCl, pH=7.  
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In order to explore this observation further and also follow the effect of the 
switch on the protein at the single molecular level, electrophysiological measurements 
were performed. Here, the amount of ions flowing through different forms (cis or 
trans azobenzene molecule) of the alamethicin-2.4 pore was measured. The black lipid 
membrane technique (for more details see Chapter 1) was chosen as a fast and simple 
method to perform this experiment. Two compartments of the instrument were filled 
with aqueous Tris-buffer (pH=7) containing 1.5M NaCl and alamethicin molecule 
was added into the cis-site under continuous stirring. Voltage was applied and 
differences in ionic current were followed in time. Current-voltage characteristics (IV 
curve) of wt-alamethicin and alamethicin modified with molecule 2.4 molecules were 
measured (Fig. 8).  

The I-V curve of wt-alamethicin (Fig. 8, left, black squares) showed a strong 
voltage dependence (no current at negative voltages observed), which is related to the 
mechanism of the channel insertion (the dipole moment of the alamethicin molecule 
is distributed along the polypeptide axis hence the applied voltage helps to insert the 
α-helix into the membrane with the N-terminus).35 When the alamethicin-2.4 hybrid 
molecule was tested, the same behavior as for wt-alamethicin was observed (Fig. 8, left, 
white cycles), which support the CD and fluorescent dequenching assay experiments 
that modification with azobenzene switch 2.4 didn’t have an significant influence on 
the structure and functionality of the channel. 
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Fig. 7 Left: Calcein dequenching assay with alamethicin modified with 2.4 (0.42g/ml) before
irradiation with 365 nm light () and after irradiation (---). Right: Calcein dequenching assay of
alamethicin modified with 2.4 (0.3g/ml) after irradiation with 365 nm light () and after
irradiation with visible light (>400 nm, ---). 
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After these observations, alamethicin-2.4 inserted in the membrane was 
irradiated with 365 nm light to follow the conformational changes in real time and see 
the effect of the switching of the azobenzene switch. A jump in current was observed 
(Fig. 8, left, stars) even at low voltages. In addition, the previously observed high 
voltage dependence was lost (Fig. 8, left, stars and also Fig. 9B, channel activity 
observed at negative voltage) and also the single channel conductance of alamethicin-
2.4 increased from 0.6 nS (for wt-alamethicin and alamethicin-2.4 before irradiation) 
to 4.5 nS. A large increase in current at small voltages (1-5 mV, Fig. 8, right, and 
rectangle represents the enlarged area between 0 to 12 mV) was also accompanied with 
an increase in open channel probability which means, that more pores were opened at 
a particular voltage. 

 

The results suggests that the azobenzene switch during trans-cis isomerization 
which is accompanied by a large dipole-moment change, might have an influence on 
the dipole moment of alamethicin α-helix and therefore the insertion ability (open 
channel probability) of the alamethicin-2.4. The influence of the azobenzene molecule 
on alamethicin might also cause the development of negative resistance (Fig. 8, left) of 
alamethicin. A similar behavior was observed for alamethicin dimers under voltage 
clamp conditions.36 

 

Fig. 8 Left: Current-voltage characteristics of wt-alamethicin (black squares), alamethicin-2.4
before irradiation (white circles) and alamethicin-2.4 after irradiation with 365 nm UV light in
the membrane (stars). Right: Open channel probability of wt-alamethicin (white circles),
alamethicin-2.4 before irradiation with UV light (white triangles) and alamethicin-2.4 after
irradiation with 365 nm UV light (black squares). Inserted graph is the enlarged area between 0 till
12 mV) 
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2.3. Conclusions 

Alamethicin is a small, channel forming, naturally occurring antimicrobial 
peptide belonging to the class of peptaibols. Modification of the alamethicin with an 
azobenzene switch was performed in order to control the channel activity and 
formation of the functional artificial system for controlled release of drugs.  An 
azobenzene switch with an amino group was attached into the glutamic acid residue 
situated at the 18th position of the peptide sequence. The fluorescent dequenching 
assay showed no significant differences between alamethicin-2.4 before irradiation and 
alamethicin-2.4 after irradiation with UV light. However, a second irradiation with 
UV light and following irradiation with visible light showed loss of function of the 
modified alamethicin (Fig. 7, right). On the other hand, electrophysiological 

Fig. 9: Recording of the activity of the alamethicin molecules by planar lipid bilayer technique. A:
Activity of the alamethicin-2.4 molecule before irradiation with 365 nm UV light (voltages
between 0 and 40 mV were applied in 10 mV intervals). B: Activity of alamethicin-2.4 molecule
after irradiation with 365 nm UV light. Positive (from 1 to 6 mV) and negative (from -10 to -20
mV) voltages were applied. 
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measurements showed a dramatic increase in conductance and open channel 
probability of alamethicin modified with the azobenzene switch after irradiation with 
UV light, which suggests that a conformational change together with a dipole moment 
change of azobenzene molecule has a large influence on the insertion probability of the 
peptide into the membrane and accompanied by an increase in current and open 
channel probabilities. 

2.4. Experimental part 

2.4.1. General information 

Unless stated otherwise, starting materials were commercially available and 
were used without further purification.  Diethyl ether and THF were distilled over 
Na. All lipids were received from Avanti Polar Lipids Inc. 1H NMR spectra were 
recorded on a Varian VXR-300 spectrometer (at 300 MHz), Varian Mercury Plus 
spectrometer (at 400 MHz). 13C NMR spectra were recorded on a Varian VXR-300 
spectrometer (at 75.4 MHz) or Varian Mercury Plus spectrometer (at 100.6 MHz). 
The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q 
(quartet) m (multiplet) and b (broad). Chemical shifts are reported in  units (ppm) 
relative to tetramethylsilane using residual solvent peaks as a reference. Coupling 
constants J are reported in Hz. Mass spectra were obtained using a Jeol JMS-600 
spectrometer using EI or CI ionization techniques or by LTQ Orbitrap XL (ESI +). 
Maldi-TOF spectra were recorded on a Voyager-DE Pro spectrometer. UV-Vis spectra 
were recorded on a Jasco V-630 spectrophotometer and CD spectra were obtained 
with Jasco J-815CD spectrometer. Fluorescent emission spectra were recorded using a 
Jasco FP-6200. RP-HPLC separations were performed on Shimadzu LC-10AD 
instrument. Aqueous buffer solution, 10 mM KPi (Potassium phosphate buffer), was 
prepared by mixing appropriate amounts of KH2PO4 and K2HPO4 to reach the 
appropriate pH. The Warner Instruments planar lipid bilayer workstation was used 
for electrophysiology measurements. Data were amplified (BC-535D Bilayer 
Amplifier; Warner Instruments, Hamden, CT), digitized (DigiData 1440A; Axon 
Instruments, Foster City, CA), and stored on a computer using the Axoscope program 
(version 9.0; Axon Instruments, Foster City, CA). Data analysis was performed using 
pClamp suite software (version 10.2; Axon Instruments, Foster City, CA). 
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2.4.2. Synthesis of azobenzene methylamine. 

(E)-4-(phenyldiazenyl)benzamide (2.3). 4-(Phenylazo)benzoic acid 2.2 (330 mg, 
1.46 mmol) was heated at reflux with thionyl chloride (260 l, 
3.54 mmol) under a nitrogen atmosphere for 5h. The excess of 
thionyl chloride was removed under reduce pressure and the 
crude product was co-evaporated with toluene (10 ml) twice. 

The residue was dissolved in 1,4-dioxane (10 ml) and 25% aqueous ammonia (2.2 ml) 
was added dropwise while cooled to 0oC. The reaction mixture was stirred for another 
15 min at room temperature, poured onto ice/water, neutralized with dilute aq. 
hydrochloric acid and the solid residue was washed with water. Pure product 5.3 (210 
mg, 65 %) was obtained as orange crystals after crystallization from ethanol. 
1H NMR (CDCl3):  8.14 (d, J=8.8 Hz, 2H), 7.95 (d, J=8.4 Hz, 2H), 7.93 (m, 3H), 
7.61 (dd, J1= 2Hz, J2= 5.2Hz, 2H). 
13C NMR (CDCl3):  167.13, 152.71, 133.34, 131.07, 130.03, 123.26, 122.99. 

MS (APCI): calcd. for C13H11N3O, 225.09, found 226.3 (M+H) 

(E)-(4-(phenyldiazenyl)phenyl)methanamine (2.4). (E)-4-
(phenyldiazenyl)benzamide 2.3 (900 mg, 3.99 mmol) was dissolved in dry Et2O and 

the mixture was cooled to 0oC. LiAlH4 (8 ml, 8 mmol, 1M 
solution in THF) was added dropwise over 10 min and the 
resulting solution was heated at reflux overnight. Solid sodium 

sulfate decahydrate (5 g) was added slowly, the solution was filtered and the solvents 
were evaporated. Pure product 5.4 (154 mg, 20 %) was obtained as an orange powder 
after purification by flash column chromatography on silica using CHCl3/MeOH as 
an eluent. 
1H NMR (CDCl3):  7.92 – 7.90 (m. 4H), 7.54 - 7.45 (m, 5H), 4.78 (s, 2H). 
13C NMR (CDCl3):  152.61, 151.57, 146.39, 130.85, 129.05, 127.66, 123.07, 
122.73, 46.18. 

MS (ESI): calcd. For C13H13N3, 211.11, found 213.0 (M+H) and 235.0 (M+Na). 

2.4.3. Alamethicin modification with azobenzene 2.4. 

Wild type Alamethicin (10 mg, 5 mmol, Fermentek) was dissolved in dry DMF (5 
ml), HOBt (2.7 mg, 20 mmol), HBTU (7.2 mg, 19 mmol, O-Benzotriazole-
N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate), DIEA (6.7μl, 39 mmol, 
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N,N-Diisopropylethylamine) and azobenzene switch 2.4 (3.2 mg, 15 mmol) were 
added at once. The reaction mixture was stirred overnight, the solvent was evaporated 
under reduce pressure (0.1 Torr, under 70 0C) and the residue was suspended in Et2O 
(10 ml). The precipitate formed was separated from the ether solution by 
centrifugation at low speed (3000 rpm). This procedure was repeated three times. 
Pure sample for analytical measurement was observed after RP-HPLC purification on 
XBridgeTM Phenyl (C-18 column, 3.5μm particle size, 3.0 x 150 mm) applying 
water/acetonitrile buffer (0.05% trifluoroacetic acid) gradient: 05/95 to 4.5 min, to 
50/50 at 5.5 min, to 100/0 at 35 min, to 05/95 at 50 min. Flow: 0.5 ml/min. (wild-
type alamethicin, 19.3 min., alamethicin-2.4, 9.52 min.). MS (Maldi-TOF) 
calculated for C105H161N25O24 2157.5635, found 2157.5667. 

 

2.4.4. Fluorescent dequenching experiment37 

For the calcein dequenching assay, liposomes were prepared as described 
previously in the literature.3 Briefly, liposomes at a final concentration of 4 mg/ml 
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) were prepared by rehydration of a 
dried lipid film with 100 mM calcein-NaOH in 10 mM potassium phosphate, pH 
7.0. The vesicles were then subjected to five cycles of flash freezing in liquid nitrogen 
and rapid thawing at 50°C. Subsequently, the liposomes were sonicated (5×10 sec. 
pulses at 75% amplitude with a Sonics Vibra Cell VCX 130 sonicator) to obtain 
unilamellar vesicles. The liposomes were separated from the non-encapsulated dye by 
size exclusion chromatography (Sephadex G-75, GE Healthcare). The column was 
equilibrated and run with 10 mM potassium phosphate, pH 7.0, containing 150 mM 
sodium chloride.3 A 20 μl sample of liposomes (~0.8 mg/ml lipid), obtained as 
described above, was placed in 3 ml of 10 mM potassium phosphate, pH 7.0, 
containing 150 mM sodium chloride, which yielded a final concentration of 6.6 μM 
of lipid in the cuvette. The membrane permeabilizing activity of the peptide was 
followed by measuring the increase in fluorescence (calcein dequenching), upon the 
addition of 0.2 μmol of the peptide. Fluorescence emission was monitored at 520 ± 5 
nm (excitation at 485 ± 2 nm) in a Cary Eclipse Fluorescence Spectrophotometer 
(Varian Inc.). The release of the calcein was calculated as a percentage of the total 
amount present in the liposomes: % release = (I−I0 / I100−I0) × 100, where I is the 
measured fluorescence intensity at a given time, I0 is the initial background 
fluorescence intensity and I100 is the fluorescence intensity upon complete lysis of the 
liposomes, which was elicited by adding 0.03% (v/v) of Triton X-100." 
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2.4.5. Planar lipid bilayer experiment38 

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) lipid at 20 mg/ml in 
chloroform was dried under a stream of nitrogen for 15 min. The lipid was then 
dissolved in n-decane at 20 mg/ml and was used to precoat a 150 μm hole in the side 
of a Delrin® cup (Warner Instruments, Hamden, CT) upon which a planar lipid 
bilayer membrane was formed at room temperature within a chamber having 4 ml of 
10 mM Tris buffer and 1.5 M NaCl of both sides. Formation of membrane was 
monitored by measuring membrane capacitance.38 The alamethicin molecules in 
methanol (3mg/ml) were added to the cis side of the chamber and the solution was 
stirred. A holding potential of +50 mV was applied and the channel responses were 
recorded. Channel activity was measured with respect to the trans (ground) side. Salt 
bridges (2% agarose and 3M KCl) were used to transfer the signal. 
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Probed by Sizable Rigid Spherical 
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 In this chapter a study is described to probe the access to the functional size of the 
SecYEG pore by attaching rigid spherical tetraarylmethane derivatives into Outer 
membrane protein A (proOmpA) at a unique cysteine position. SecYEG allowed the 
unrestricted passage of proOmpA conjugates carrying tetraarylmethanes with diameters up 
to 18 Å, while a 29 Å sized molecule blocked the translocation channel.* 

 

 

 

 

 

 

 

 

 

 

* This chapter has been published in part in: Bonardi F., Halža E., Walko M., du Plessis F., 
Nouwen N., Feringa B. L., Driessen A. J. N., Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 7775 
– 7780. 



 

 

54 

 

 

 

 

 

   

Chapter 3 

 

3.1   Introduction 

In Escherichia coli, about 30% of the proteins synthesized in the cell 
accomplish their function outside the cytoplasm. Consequently, these proteins need to 
be translocated across or inserted into the inner membrane. The main system involved 
in protein translocation and membrane protein insertion is the Sec translocase with, as 
central component, a membrane-embedded protein-conducting pore, the SecYEG 
complex (also termed translocon).1 

 

 Most membrane proteins are targeted to SecYEG as ribosome-bound nascent 
chains involving the signal recognition particle (SRP) and the SRP receptor (FtsY). 
The ribosome subsequently docks onto the SecYEG complex, and while chain 
elongation continues, the newly synthesized membrane protein is threaded into the 
membrane. The majority of the secretory proteins (preproteins) are targeted to the 
membrane in a posttranslational fashion. This involves the molecular chaperone SecB 
which transfers the preprotein to the SecYEG-bound motor protein SecA. SecA 
utilizes cycles of ATP binding and hydrolysis to pass the preprotein in a stepwise 
fashion through the translocon.2  

Fig. 1 A schematic representation of the bacterial pre-protein translocase subunits. The translocase
consists of the SecYEG pre-protein-conducting channel and the ATPase motor SecA. Secretory pre-
proteins (black line) are synthesized with amino-terminal signal peptides and are targeted to the
translocase either by the ribosome-bound signal-recognition particle (SRP) or as soon as they emerge
from the ribosome exit tunnel. Adopted from ref 1. 
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 The SecYEG is the integral membrane heterotrimeric complex3 and 
constitutes the translocation pore. SecY forms the core of this pore. Based on the X-ray 
structure of the homologous SecYE complex from the archaeon Methanococcus 
jannaschii4, SecY consists of 10 transmembrane segments (TMs) that are organized as 
two halves: the N-terminal TMs 1-5 and the C-terminal TMs 6-10. The two halves 
are hinged by a loop that connects TMs 5 and 6 giving the overall structure a 
clamshell-like conformation.5 

 The clamshell encompasses a central pore-like structure with a funnel-like 
appearance with in the middle a hydrophobic constriction. At the periplasmic face of 
the membrane this pore is closed by a re-entrance loop (‘plug’) that connects TMs 1 
with TMs 2. It has been proposed that the inserting signal sequence of the preprotein 
inserts at a lipid-exposed lateral gate between TM2 and TM7 whereupon the clamshell 
is opened through a widening of the central constriction and a displacement of the 
‘plug’. The SecYE complex of M. jannaschii has been crystallized in an idle state in 
the absence of the SecA motor domain or the ribosome, and is considered as a resting 
state, in which the pore is tightly sealed by the central constriction comprising six 
hydrophobic residues and the plug domain.6 The structure of a SecA-SecYEG complex 
of Thermotoga maritima suggests a pre-open state of the channel with a major 
movement of the lateral gate helices TM7, TM8 and TM5, and a partial displacement 

Fig. 2 Structure of SecYEG, the protein-conducting channel of the Sec translocase. a: Membrane
cross section. b: A cytosolic view of the structure of the M.jannaschii SecYE. The protein-
conducting channel consists of three subunits: the SecY (Sec61) that is embraced by the SecE
(Sec61) subunit and the peripheral bound SecG (Sec61) protein. Adopted from ref 1. 
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of the plug leaving a narrow gap in the lateral gate of 5 Å.7 A recent crosslinking 
analysis of the lateral gate region suggested that the lateral gate needs to open up to at 
least 8 Å in order to support protein translocation.8 In membranes, SecYEG forms 
higher-order oligomers, most notably dimers.9,10 Oligomerization is promoted by SecA 
and by the ribosome. A cryo-electronmicroscopy structure of the ribosome-bound E. 
coli SecYEG complex with an inserting membrane protein suggests that SecYEG binds 
the ribosome as a dimer with only one of the pores accommodating the translocating 
polypeptide chain.11 A crosslinking analysis of a SecA-associated preprotein 
translocation intermediate indicates an association with only one of the two SecYEG 
monomers.12 Thus far, it is unknown if this dimeric state represents a functional or a 
structural unit. In this respect, a recent cry-electron microscopic analysis of the 
homologous mammalian and yeast Sec61p complex indicates the presence of a single 
pore bound to the ribosome.13 A central unresolved question concerns the functional 
width of the translocation pore. Molecular dynamics has been employed to study the 
plasticity of the pore formed by a SecYEG monomer.14,15,16 By pushing virtual soft 
balls through a single SecY pore, a maximal functional size of the pore of 16 Å has 
been suggested without the need for lateral gate opening.16 On the other hand, 
experimental studies with microsomes harboring the eukaryotic Sec61 complex 
indicate a pore diameter of 40-60 Å in the active state.17 The SecYEG complex seems 
rather promiscuous as it can translocate preproteins that are chemically cross-linked to 
non-polypeptide constituents. 18, 19 

  

3.1.1. Sizable rigid spherical molecules 

To determinate the size limit of SecYEG protein pore, organic compounds 
with defined structures and properties were synthesized (Fig. 3). The presence of sp3-
hybridized carbon atom gives these structures three dimensional character, bulkiness 
and essential rigid character. Every molecule also carries a maleimide group which 
allows to covalently attaching bulky molecules to a ProOmpA precursor protein 
through a unique cysteine moiety in order to create a protein-organic compound 
conjugate.  The size of the molecules was adjusted by an increasing number of phenyl 
rings at the sp3-hybridized carbon atom starting with 5.4 Å to 10.4 Å (the distance 
from sp3-carbon to the top carbon of phenyl ring, Fig. 3). Hydrophobicity and 
hydrophilicity of the molecules was modulated by methoxy (3.4c, hydrophilic) and 
isopropyl (3.4d, hydrophobic) groups (Scheme 1). In the case of the biggest molecule 
3.10, two methoxy group-containing molecules 3.2e  were tethered together and 
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attached through amide bonds onto 5-aminoisophthalic acid 3.7 to form a large 29 Å 
in size molecule (Fig. 3). 

 

3.2. Synthesis 

3.2.1. Synthesis of sizable rigid spherical molecules 

The synthesis of tetraarylmethanes was in all cases based on the reaction of 
bromo substituted phenyls or biphenyl molecules in high-yield steps that involved 
lithiation followed by nucleophilic addition of the resulting intermediate 
phenyllithium or biphenyllithium to diethyl carbonate.20 The alcohols 3.1 (a, b, c, d, 
e) were further converted into aniline derivatives 3.2 (a, b, c, d, e) by a known 
electrophilic alkylation procedure in acetic acid (Scheme 1).21 Introduction of 
maleimide groups was performed in two different ways. Aniline derivatives 3.2a and 
3.2b were reacted with maleic anhydride in THF to form intermediates 3.3a, b. 

Fig. 3 Overview of the structures of the different tetraarylmethanes used to label proOmpA S254C.
3.2a (8.5 Å), 3.2b (15Å), 3.2c (hydrophilic, 18 Å), 3.2d (hydrophobic, 18 Å) and 3.10 (29 Å). 
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Subsequent cyclization reaction in the presence of sodium acetate yielded the desired 
maleimide derivatives 3.4a, b (Scheme 2A). 

 

 Maleimide derivatives 3.4c, d were prepared in a different way. 
Maleimidoacetic acid 3.5 was converted into acylchloride 3.6 by reaction with thionyl 

Scheme 2  Synthetic strategy to obtain maleimide derivatives 3.4 from aniline derivatives 3.2. A: 
Reaction of aniline derivatives with maleic anhydride in THF gave intermediate 3.3 which after a 
cyclization reaction in the presence of sodium acetate gave maleimide 3.4. B:  Reaction of aniline 
derivatives with acyl chloride of maleimidoacetic acid results in the formation of the desired
product 3.4.  
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Scheme 1 Synthetic pathway for the preparation of tetraarylmethanes (triarylmethyl derivatives) of
aniline. Bromo- substituted phenyls (biphenyls) are converted into lithium salts, which subsequently
react with diethyl carbonate. An electrophilic reaction with aniline hydrochloride results in
formation of aniline derivatives.  
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chloride. Subsequent reaction with aniline derivatives 3.2c, d in the presence of Et3N 
as a base gave maleimide compounds 3.4c, d (Scheme 2B).  

The biggest molecule 3.10 with an overall diameter of 29 Å was prepared by 
combination of two aniline derivatives 3.2e with diacylchloride of isophtalic acid 
derivative 3.9, prepared from diacid 3.8, in the presence of Et3N in dry 
dichloromethane (Scheme 3). The structure of the final molecule was confirmed by 
NMR measurements and by ESI mass spectrometry. 

  

3.2.2. Conjugation of proOmpA with spherical tetraarylmethanes. 

The tetraarylmethanes maleimide derivates were conjugated to a unique 
cysteine of the precursor protein proOmpA (S245C). A position in the main chain 
was chosen rather than at the C-terminal end of proOmpA to assure that the organic 
molecule passes the pore in combination with the polypeptide chain. Since these 
organic compounds are not readily soluble in water, the compounds were dissolved in 
an appropriate organic solvent and subsequently added to proOmpA that was 
denatured in urea. After labeling, the derivatized proOmpA was precipitated with 
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trichloroacetic acid, washed with acetone and dissolved in an urea buffer. To 
determine the extent of labeling, conjugated proteins were reduced with TCEP (tris(2-
chloroethyl)phosphite) and labeled with fluorescein-5-maleimide. The fluorescence 
intensity of the conjugate and subsequently the fluorescein-5-maleimide labeled 
proOmpA was compared with that of proOmpA labeled with fluorescein-5-maleimide 
only (Fig. 4).  

 

The 3.4c, 3.4d and 3.10 derivatives were hardly labeled with fluoresceine-5-
maleimide indicating that conjugation of proOmpA (S245C) with these compounds 
was almost 100%. With 3.4a and 3.4b conjugated proOmpA a ~10% labeling with 
fluoresceine-5-maleimide was observed (Fig. 4). However, control experiments with 
the cysteine-less proOmpA indicated a 5% of nonspecific labeling with fluorescein-
maleimide. Taking this into account we concluded that for all tetraarylmethane 
maleimide derivatives the degree of labeling of proOmpA (S245C) is ≥ 95%. Except 
for the largest 3.10, labeling of proOmpA (S245C) with the other tetraarylmethane 
maleimide derivatives did not result in a significant change in the mobility of 
proOmpA on SDS-PAGE. This is likely due to the small molecular size of the 

Fig. 4 Labeling of proOmpA S245C with tetraarylmethanes derivatives. ProOmpA S245C was
incubated with different tetraarylmethanes derivatives. After 2h at room temperature non-reacted
tetraarylmethane was removed by TCA precipitation as several washes of the protein pellet with
acetone and subsequently the proOmpA tetraarylmethane conjugate was dissolved in 50 mM
Tris/HCl pH 8,0 and 8M urea. To determine the labeling efficiency a small fraction of the
proOmpA tetraarylmethane conjugate was incubated with fluorescein maleimide for 2h at room
temperature thereafter the sample was analyzed by SDS-PAGE and in gel UV fluorescence. 
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conjugates (400 – 800 Da) and because the derivatization does not affect the overall 
charge of proOmpA. 

3.3. Discussion 

3.3.1. Translocation of tetraarylmethane proOmpA conjugates by the SecYEG 
complex. 

The proOmpA conjugates labeled with the different tetraarylmethanes were 
assayed for translocation using inner membrane vesicles (IMVs) of E. coli strain 
UH203 containing overexpressed levels of SecYEG. Translocation assays were 
performed in the presence and absence of the ionophores nigericin and valinomycin to 
assess the role of the proton motive force (PMF). 

 

Under the conditions used unlabeled proOmpA translocated efficiently into 
the IMVs (Fig. 5A, WT) and translocation was 2 to 2.5 fold stimulated by the PMF 

Fig. 5 Translocation of proOmpA tetraarylmethanes dependent on a PMF. The different
proOmpA conjugates were diluted into translocation buffer containing SecA (20g/ml), SecB
(32g/ml), ATP (1 mM) and 10 g IMVs. To dissipate the PMF nigericin and valinomycin (1
M final concentration) were added to the reaction mixture. A: Translocation of the wild type
proOmpA and the different proOmpA conjugates in the presence (left) and absence (right) of PMF.
B: Translocation of 3.10–proOmpA in the presence and absence of the PMF. C: Plot of the
translocation rate versus the molecular size of the tetraarylmethane conjugates to proOmpA S245C,
(close dots: +PMF; open dots: - PMF). 
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(Fig. 5A, -PMF vs. +PMF open and filled dots, respectively). In the presence of a PMF 
the proOmpA tetraarylmethane conjugates translocated into UH203 IMVs as 
efficiently as unlabeled proOmpA as shown for proOmpA-3.4d (Fig. 5A, +PMF filled 
dots), except for the 3.10-labeled proOmpA that was not translocated (Fig. 5). In 
contrast to the unlabeled proOmpA, translocation of the proOmpA tetraarylmethane 
conjugates was strictly dependent on the presence of a PMF (Fig. 5A, -PMF vs. 
+PMF).  

The translocation of 3.10-labeled proOmpA was not restored by the PMF 
(Fig. 5B). The precursor-stimulated SecA translocation ATPase activity was similar for 
the unlabeled and tetraarylmethane conjugates of proOmpA. When the translocation 
rates of the various proOmpA tetraarylmethane conjugates in the presence of the PMF 
were plotted against the molecular size of the conjugate, there is a drop in 
translocation with sizes above 18 Å (Fig. 5C). 

  

 Previous studies have shown that the PMF-dependent translocation of wild 
type proOmpA is suppressed in the PrlA4 mutant strain.22 The PrlA4 SecY protein 
contains two mutations, F286Y and I408N, where the latter is responsible for the 
suppressor effect.23 To determine if the strong PMF-dependent translocation of 
proOmpA tetraarylmethane conjugates is suppressed by the PrlA4 strain we analyzed 
the translocation of proOmpA conjugated with the tetraarylmethane 3.4d. Whereas 
translocation of 3.4d-proOmpA into wild type IMVs is strongly dependent on the 
PMF (Fig. 6A), this PMF dependence is completely relieved with PrlA4 IMVs (Fig. 

Fig. 6 The SecY PrlA4 mutation relieves the strong PMF-dependent translocation of 3.4d-
proOmpA. Translocation reactions were performed in the presence (black dots) and absence (white
dots) of a PMF A: with wild-type IMVs and B: IMVs derived from the PrlA4 mutant. 
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6B). As shown before for unconjugated proOmpA24, translocation of 2.4d-proOmpA 
into PrlA4 IMVs is more efficient as compared to translocation into wild type IMVs. 

3.3.2. Translocation arrest by tetraarylmethane-conjugated proOmpA.  

To determine if the tetraarylmethane conjugate arrests translocation because 
of blocking the translocation pore, we performed a translocation reaction using 
saturated solutions of proOmpA, 3.4d-proOmpA, 3.10 or proOmpA-DHFR. 
Addition of methotrexate and NADPH to the latter fusion construct leads to tight 
folding of the DHFR domain and results in an arrest in translocation of proOmpA-
DHFR.25  

 

After translocation of the different proteins, IMVs were recovered by 
centrifugation through a sucrose cushion and used in a second translocation reaction 

Fig. 7 Translocation of 2.10-proOmpA blocks the SecYEG pore. A: IMVs containing 
overexpressed levels of SecYEG were used for a translocation reaction in the absence of proOmpA
(lane 1), in the presence of wild type proOmpA (lane 2), in the presence of 2.4d-proOmpA (lane 
3) and in the presence of proOmpA-DHFR kept in its folded state by the addition of 1 mM 
NADPH and 50 M methotrexate (lane 4). B: Translocation reaction in the absence of proOmpA 
(lane 1), in the presence of wild type proOmpA (lane 2), and in the presence of 2.10-proOmpA 
(lane 3). C: Translocation of 2.4d-proOmpA. 
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using fluorescein-labeled proOmpA (FL-proOmpA) as substrate. When the first 
translocation reaction was performed in the absence of a preprotein, FL-proOmpA 
was readily translocated into the IMVs (Fig. 7A, lane 1). In contrast, IMVs used to 
translocate proOmpA-DHFR in the first translocation reaction were unable to 
translocate FL-proOmpA (Fig. 7, lane 4). 

IMVs used in a translocation reaction with wild-type proOmpA or 3.4d-
proOmpA showed similar levels of FL-proOmpA translocation that were comparable 
with that of IMVs incubated without a preprotein (Fig. 7A, lanes 2 and 3). In 
contrast, when first 3.10-proOmpA was translocated into the IMVs, translocation of 
FL-proOmpA in a second round of translocation was completely blocked (Fig. 7B, 
lane 2). These results indicate that in the presence of a PMF, the largest molecule 
tested, i.e., 3.10-proOmpA causes a block of the translocation pore suggesting that 
this bulky tetraarylmethane no longer translocates across the membrane. 

As translocation of the proOmpA tetraarylmethane derivatives depends 
strongly on the PMF we investigated this requirement in further detail. To this end, 
3.4d-proOmpA was translocated into IMVs both in the presence and in the absence 
of a PMF. A collapse of the PMF was induced by the addition of the ionophores 
valinomycin and nigericin. After the translocation reaction, reactions performed in the 
presence of a PMF were supplemented with valinomycin/nigericin and IMVs were 
recovered as described above. The re-isolated IMVs were used in a second 
translocation reaction using FL-proOmpA as substrate. Both IMVs used to translocate 
3.4d-proOmpA in the absence and presence of a PMF showed FL-proOmpA 
translocation (Fig. 7C, lane 3 and 4) with an efficiency comparable to IMVs that had 
not been incubated with proOmpA (Fig. 7C, lane 2). This result demonstrates that 
even in the absence of a PMF, when translocation is slow (Fig. 5A), the smaller 
conjugates do not block the SecY pore (Fig. 7C). 

3.3.3. Translocation by a SecYEG pore that is constraint by a cross-linked 
 lateral gate.  

Tetraarylmethanes are relatively hydrophobic molecules. Therefore, the 
possibility exists that a large part of these molecules cross the membrane by sliding 
along the interface of the pore and the lipid bilayer, possibly at the lateral opening in 
the proposed pore. To address this possibility, two strategies were adopted: first, we 
synthesized a tetraarylmethane in which the hydrophobic isopropyl groups (3.4d, Fig. 
3) were replaced by more hydrophilic methoxy groups (3.4c, Fig. 3). In this way, the 



 

 

  65 

 

 

 

 

 

The SecYEG Translocation Pore Size Probed by Sizable Rigid Spherical Molecules
 

outer shell of the molecule is more hydrophilic in nature and the overall 
hydrophobicity is too much reduced thereby minimizing unwanted interactions with 
the lipid phase. Like the other conjugates, 3.4c-proOmpA was efficiently translocated 
into the IMVs in the presence of a PMF (Fig. 5A; 3.4c and Fig. 5C). This indicates 
that the observed translocation characteristics of the proOmpA tetraarylmethane 
conjugates is due to the size of the tetraarylmethane and unrelated to their 
hydrophobicity. Second, a double cysteine SecY mutant (F286C and S87C) was used 
in which the lateral gate of the translocon at the interface of TM2 and TM7 can be 
closed by thiol-reactive cross linkers with different spacer lengths,8 thereby forcing the 
passage of the tetraarylmethane through the membrane via the hydrophilic pore. As 
described previously8, IMVs containing SecY(S87C/F286C)EG were treated with 
tetrathionate (NaTT, 2Å, Fig. 8C) leading to oxidative formation of a disulfide cross 
link, or with the crosslinkers bis-maleimidoethane (BMOE, 8Å, Fig. 8C), respectively.  

 

To determine the extent of crosslinking, the IMVs were treated with OmpT, 
an outer membrane protease that specifically cleaves SecY at the double arginine motif 
in the C4 loop. OmpT digestion of SecY that is not treated with NaTT or BMOE 
resulted in the formation of a typical 22 kDa N-terminal SecY fragment that can be 
visualized by SDS-PAGE and staining with Coomassie brilliant blue R250 (Fig. 8A, 

Fig. 8 3.4d-proOmpA is translocated by SecY with a lateral gate that is constrained by a 8.6 Å
cross linker. A: OmpT assay performed on IMVs containing the cysteine-less and SecY
(F286C/S87C)EG complex incubated with different chemical cross linkers. In the presence of
sodium tetrathionate (lane 4), or bis-maleimidoethane (lane 5), the OmpT-treated SecY migrates
as the uncleaved protein (lane 2). In the presence of TCEP, SecY is cleaved (lane 3). B:
Translocation of FL-proOmpA (left panel) and 3.4d-proOmpA (right panel).C: The structure of
tetrathionate (left) and bis-maleimidoethane (right). 
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lane 3). In contrast, when SecY S87C/F286C EG IMVs were treated with NaTT or 
BMOE, SecY was cleaved by OmpT but the N- and C-terminal fragments of SecY 
remain conjoined and migrate on SDS-PAGE as a full length SecY protein with a 
more fuzzy appearance as compared to non-digested SecY (Fig. 8A, lanes 4-6). As 
virtually no 22-kDa fragment was detected we conclude that the crosslinking of the 
two cysteins in SecY was very efficient. Next, the different cross-linked IMVs were 
tested for translocation of the conjugated preprotein that still translocates, 3.4d-
proOmpA. Translocation of this conjugate was as efficient as that of FL-proOmpA 
when reduced SecY (S87C/F286C) EG IMVs were used (Fig. 8B, lanes 2 and 6). In 
contrast, in IMVs treated with NaTT, translocation of both FL-proOmpA and 3.4d-
proOmpA was drastically reduced (compare lane 3 vs. 2 and lane 7 vs. 6) to the levels 
observed with wild-type IMVs.8 BMOE treated IMVs, however, showed for both 
preproteins translocation efficiency comparable with that of non-treated IMVs 
(compare lane 4 vs. 2 and lane 8 vs. 6). This indicates that translocation of the 3.4d is 
not hindered by a cross-linker that fixes the lateral gate formed by TM2 and TM7. 
Moreover, this result suggests that the tetraarylmethane is translocated via a single pore 
and that it does not cross the membrane at the interface of the pore and the lipid 
bilayer that could be formed by the proposed lateral gate. 

3.4. Discussion and Conclusions 

In this study we investigated the diameter of the active SecYEG pore. For this 
purpose, different tetraarylmethanes were synthesized (Fig. 3) and via a maleimide 
group were covalently linked to a unique cysteine residue at position 245 of the 
preprotein proOmpA. The synthesized tetraarylmethanes have spherical dimensions 
ranging from 8.5 Å up to 29 Å (Fig. 3). Due to their rigid structure they can be used 
as molecular rulers to access the size of the functional translocation pore. All 
synthesized tetraarylmethanes conjugated to proOmpA were readily translocated into 
E. coli IMVs except for the largest molecule 3.10 (Fig. 3) that has a molecular 
dimension of about 29 Å. Notably, translocation of the smaller tetraarylmethanes 
occurred in an almost strict PMF-dependent manner. When the size of the unfolded 
polypeptide is taken into account, assuming an extended conformation of 4 - 6 Å, the 
overall diameter of the translocation pore must be at least about 22 - 24 Å. 
Surprisingly, this exceeds the expected size for a monomeric pore without a lateral gate 
opening as determined by molecular dynamics simulations. To test if these molecules 
indeed pass through a single pore and/or whether lateral gate opening is required, we 
employed a SecY mutant in which the lateral gate opening was controlled through the 
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use of a site-specific crosslink between TM2 and TM7 that together form the lateral 
exit site.8 Herein, two unique cysteins were introduced in the lateral gate. These were 
chemically cross-linked by oxidation or by the use of the chemical cross linker BMOE 
that separates the thiols by about 8 Å. When the lateral gate was constrained by 
oxidation, translocation of both wild-type proOmpA and the tetraarylmethane 
conjugates was blocked. However, when the lateral gate was cross-linked with BMOE, 
translocation occurred unabated. In addition, the large proOmpA-3.10 blocked the 
pore for subsequent rounds of translocation, whereas the smaller proOmpA-3.4d did 
not. Therefore, we conclude that the translocation pore can accommodate relatively 
large structures, which indicates more complex pore geometry than previously 
suggested by molecular dynamics simulations.16 To exclude the possibility that the 
hydrophobic nature of the tetraarylmethanes influences the translocation of the 
conjugates, we decreased the hydrophobicity of the tetraarylmethane (3.4d) by 
substituting each aromatic unit with a methoxy group (3.4c). The translocation 
kinetics of this proOmpA derivative was nearly indistinguishable from that of the 
other tetraarylmethanes indicating that hydrophobicity is not a major factor (Fig. 5B). 
As translocation of the proOmpA derivatives was also undisturbed with a SecYEG 
complex containing a fixed lateral gate, an interface translocation model of the 
tetraarylmethane molecules can be ruled out. Rather, the space provided by the 
opened lateral gate may contribute to the size of the active pore. The experimentally 
determined pore size of 22 - 24 Å will be closed to the maximal pore diameter, as a 
further expansion of the tetraarylmethane sphere to 29 Å arrested translocation. This 
experimentally determined size is substantially smaller than the previously size of  
about 40 - 60 Å based on fluorescent quenching techniques.17 In this respect, the 
recent structure of SecYEG from Thermotoga maritima with SecA bound in an 
intermediate state of ATP-hydrolysis shows in comparison to the M. jannaschii 
SecYE structure, a partial opening of the lateral gate region around TM2 and 
TM7/87 which points at a more complex pore geometry possibly including an opened 
lateral gate as an extension of the central pore. Another remarkable feature of the 
translocation of proOmpA derivatized with tetraarylmethanes is the much stronger 
PMF-dependence than of wild type proOmpA. Our data support the hypothesis that 
the PMF modulates the opening or even the width of the pore during translocation.22, 

26 To further investigate the strong PMF dependent translocation of proOmpA 
tetraarylmethane derivatives, translocation of proOmpA-3.4d was investigated with 
IMVs containing the PrlA4 mutant of SecY. The SecYEG pore of this mutant is 
thought to be in a relaxed state, probably because of a destabilization of the closed 
state.27 In IMVs containing the Prl4 mutant, translocation of proOmpA-3.4d is 
indeed independent of the PMF. Also, the translocation kinetics of proOmpA-3.4d 
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into PrlA4 IMVs is increased as compared to wild type IMVs as shown previously for 
wild-type preproteins. Summarizing, our data suggest a high plasticity of the SecYEG 
translocation pore that can accommodate large non-polypeptide moieties. 
Importantly, the data suggest that the lateral gate opening contributes to the 
functional pore size. The data further suggests that the PMF modulates the width of 
the translocation pore extending it to sizes beyond those predicted by molecular 
dynamics simulations for a central monomeric pore.  

 

3.5. Experimental part 

3.5.1. General remarks 

Unless stated otherwise, starting materials for synthesis were commercially 
available and were used without further purification. For general experimental 
information, see general remarks in the experimental section of Chapter 2. 

 

3.5.2. Material and methods 

SecA28 and SecB29 were purified as described. Inner membrane vesicles (IMVs) 
with overexpressed levels of SecYEG were obtained from E. coli strain UH203 
transformed with pET610.30 IMVs containing overexpressed levels of 
SecY(F286C/S87C) were obtained from E. coli strain SF100 transformed with pFE-
SecY16 plasmid.8 OmpT was expressed from plasmid pND9 in strain SF100 and 
expressed under its own temperature sensitive promoter.31 The proOmpA cysteine 
mutant S245C was constructed with the QuickChange site-directed mutagenesis kit 
(Stratagene, La Jolla, CA) using pET2345 containing the cysteine-less proOmpA as a 
template.32 Primers used introduced in addition a silent MluI cutting site for cloning 
purposes: S245C forward primer: ccgaccgcat cggttgtgac gcgtacaacc agggtctg; S245C 
reverse primer: cagaccctgg ttgtacgcgt cacaaccgat gcggtcgg. The introduced mutations 
were confirmed by sequencing. ProOmpA(S245C) was purified as described 
previously33 and further referred to as proOmpA. 
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3.5.3. Tetraarylmethane synthesis 

 (Z)-3-(4-Trityl-phenylcarbamoyl)-acrylic acid (3.3a). To the free amine 3.2a (1.0 
g, 3 mmol) in THF (6 ml), maleic anhydride (292 mg, 3 
mmol) in THF (1 ml) was added and the mixture was stirred 
for 4 h at room temperature. The solid product was isolated by 
filtration, washed with THF (2 x 2 ml) and dried in vacuum to 
give 3.3a (1.12 g, 86%) as a white powder. 

1H NMR (300 MHz, DMSO-d6): δ 6.29 (d, J = 12.1 Hz, 1H), 6.47 (d, J = 12.1 Hz, 
1H), 7.07-7.23 (m, 11H), 7.27-7.33 (m, 6H), 7.54 (d, J = 8.4 Hz, 2H), 10.43 (s, 
1H), 13.11 (bs, 1H) 
13C NMR (75.4 MHz, DMSO-d6): δ 64.09, 118.80, 125.97, 127.74, 130.45, 
130.87, 131.72, 135.15, 136.34, 141.83, 146.44, 163.24, 166.82. 

MS (EI): 433 [M+]; HRMS calcd. for C29H23NO3 433.1678, found 433.1676 

1-(4-Trityl-phenyl)-pyrrole-2,5-dione (3.4a). Maleamic acid 3.3a (1.0 g, 2.3 
mmol) and anhydrous sodium acetate (164 mg, 2 mmol) were 
suspended in acetic anhydride (3 ml) and heated at 90°C. After 2 h 
the reaction mixture was cooled to room temperature, poured into 
water (15 ml) and extracted with dichloromethane (3 x 20 ml). The 
combined organic extracts were washed with saturated aq. 

NaHCO3 (2 x 20 ml) and water (20 ml), dried over Na2SO4 and the solvents were 
evaporated. Crystallization from hot toluene gave 3.4a (896 mg, 94%) as a white 
solid. 
1H NMR (400 MHz, CDCl3) δ 6.83 (s, 2H), 7.17-7.28 (m, 17H), 7.31-7.34 (m, 
2H) 
13C NMR (100.6 MHz, CDCl3) δ 64.90, 124.78, 126.19, 127.72, 129.10, 131.23, 
131.95, 134.34, 146.50, 146.60, 169.68. 

MS (EI): 415 [M+]; HRMS calcd. for C29H21NO2 415.1572, found 415.1568 

tris-Biphenyl-4yl-methanol (3.1b). 4-Bromobiphenyl (4.66 g, 20 mmol) was 
dissolved in diethyl ether (100 ml) and n-BuLi was slowly added 
(11.3 ml of 1.6M solution in hexane, 18 mmol). After stirring for 

1 h at room temperature diethyl carbonate (0.727 ml, 6 mmol) was added and stirring 
was continued for 1 h. The reaction mixture was then poured into water (100 ml), the 
organic layer separated and the aqueous layer extracted with diethyl ether (2 x 100 
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ml). The combined organic extracts were dried over Na2SO4 and the solvents 
evaporated. Purification by chromatography (silicagel, n-hexane: toluene / 1:1, then 
pure toluene) yielded 3.1b (2.79 g, 95%) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 2.92 (s, 1H), 7.35 (t, J = 7.3 Hz, 3H), 7.42-7.45 (m, 
12H), 7.57-7.62 (m, 12H) 
13C NMR (100.6 MHz, CDCl3) δ 81.88, 126.92, 127.26, 127.55, 128.54, 128.97, 
140.31, 140.74, 145.94. 

MS (EI): 488 [M+]; HRMS calc. for C37H28O 488.2140, found 488.2129 

4-(tris-Biphenyl-4yl-methyl)-phenylamine (3.2b). Alcohol 3.1b (2.76 g, 5.65 
mmol) and aniline hydrochloride (1.46g, 11.3 mmol) were 
heated at reflux for 3 h in a mixture of acetic acid (10 ml) and 
toluene (10 ml). Then the reaction mixture was poured into 
water (100 ml) and extracted with chloroform (3 x 20 ml). The 

combined organic layers were transferred into a flask containing saturated aq. 
NaHCO3 (100 ml) and vigorously stirred for 30 min. The organic layer was then 
separated and the aqueous layer was extracted with chloroform (20 ml). The 
combined organic extracts were dried over Na2SO4 and the solvents evaporated. 
Purification by chromatography (silicagel, n-hexane: ethyl acetate / 5:1, then 3:1) 
yielded 3.2b (2.50 g, 79%) as a white solid. 
1H NMR (400 MHz, CDCl3): δ 4.09 (s, 2H), 6.68 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 
8.5 Hz, 2H), 7.33 (t, J = 7.7 Hz, 3H), 7.37 (d, J = 8.4 Hz, 6H), 7.44 (t, J = 7.7 Hz, 
6H), 7.53 (d, J = 8.4 Hz, 6H), 7.62 (d, J = 7.7 Hz, 6H), 
13C NMR (100.6 MHz, CDCl3): δ 63.78, 114.82, 126.22, 127.09, 127.30, 128.86, 
131.61, 132.21, 137.49, 138.57, 140.76, 143.58, 146.37. 

MS (EI): 563 [M+]; HRMS calc. for C43H33N 563.2613, found 563.2619 

(Z)-3-[4-(tris-Biphenyl-4yl-methyl)-phenylcarbamoyl]-acrylic acid (3.3b). To the 
free amine 3.2b(1.127 g, 2 mmol) in CHCl3 (15 ml) was 
added maleic anhydride (196 mg, 2 mmol) in THF (1 ml) 
and the mixture was stirred for 48 h at room temperature. 
The solid product was isolated by filtration, washed with 
THF (2 x 2 ml) and dried in vacuum to give 3.3b (830 

mg, 65%) as a white powder. 

3

NH2

3

NH
O OH

O



 

 

  71 

 

 

 

 

 

The SecYEG Translocation Pore Size Probed by Sizable Rigid Spherical Molecules
 

1H NMR (400 MHz, DMSO-d6): δ 6.30 (d, J = 12.1 Hz, 1H), 6.49 (d, J = 12.1 Hz, 
1H), 7.24 (d, J = 8.4 Hz, 2H), 7.32-7.37 (m, 9H), 7.45 (t, J = 7.7 Hz, 6H), 7.61 (d, J 
= 8.4 Hz, 2H), 7.64-7.69 (m, 12H), 10.47 (s, 1H), 13.11 (bs, 1H) 
13C NMR (75.4 MHz, DMSO-d6): δ 63.49, 119.03, 126.11, 126.57, 127.47, 
128.95, 130.29, 130.86, 130.97, 131.79, 136.50, 137.67, 139.45, 141.65, 145.60, 
163.29, 166.82. 

MS (EI): 661 [M+]; HRMS calc. for C47H35NO3 661.2617 found 661.2632 

1-[4-(tris-Biphenyl-4yl-methyl)-phenyl]-pyrrole-2,5-dione (3.4b). Maleamic acid 
3.3b (643 mg, 1 mmol) and anhydrous sodium acetate (40 
mg, 0.5 mmol) were suspended in acetic anhydride (2 ml) and 
heated at 90°C. After 4 h the reaction mixture was cooled to 
room temperature, poured into water (15 ml) and extracted 

with dichloromethane (3 x 20 ml). The combined organic extracts were washed with 
saturated aq. NaHCO3 (2 x 20 ml) and water (20 ml), dried over Na2SO4 and the 
solvents evaporated. Purification by chromatography (silicagel, hexane: chloroform / 
1:1) yielded 3.4b (80 mg, 13%) as a white solid. 
1H NMR (400 MHz, CDCl3): δ 6.86 (s, 2H), 7.30-7.48 (m, 19H), 7.55 (d, J = 8.4 
Hz, 6H), 7.62 (d, J = 8.1 Hz, 6H) 
13C NMR (100.6 MHz, CDCl3): δ 64.28, 124.95, 126.44, 127.11, 127.36, 128.86, 
129.24, 131.58, 131.91, 134.34, 138.90, 140.61, 145.53, 146.48, 169.68. 

MS (EI):643 [M+]; HRMS calc. for C47H33NO2 643.2511 found 643.2503 

tris(4'-Methoxybiphenyl-4-yl)methanol (3.1c). Dry diethyl ether (10 ml) was 
added to a solution of 4-bromo-4'-methoxybiphenyl (1.0 g, 
3.8 mmol) in dry THF (10 ml), the mixture was cooled to -75 

oC, and n-BuLi (2.8 ml, 4.56 mmol, 1.6 M in n-hexane) was added drop wise over 20 
min. The mixture was stirred 30 min. Diethyl carbonate (0.11 ml, 0.95 mmol) in 
THF (2 ml) was added slowly and the resulting mixture was stirred at -75oC for 
another 1h. The mixture was allowed to warm to 0oC (ice bath) and stirred overnight. 
The mixture was quenched with methanol (0.6 ml) and the solvent was removed 
under vacuum. The residue was extracted with ethyl acetate, washed with water, dried 
over MgSO4 and concentrated. The product 3.1c (250 mg, 34%) was obtained as a 
white solid after purification by column chromatography on silica (hexane/EtOAc, 
9:1).  
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1H NMR (CDCl3) δ 7.55 (d, J= 4.4 Hz, 6H), 7.54 (d, J= 3.6 Hz, 6H), 7.4 (d, J= 10.8 
Hz, 6H), 6.98 (d, J= 12Hz, 6H), 3.85 (s, 9H). 
13C NMR (CDCl3) δ 159.41, 145.49, 139.89, 133.35, 128.58, 128.32, 126.46, 
114.45, 94.94, 55.56. 

HRMS (EI) calcd. for C40H34O4 578.7023 found 578.6997 

4-(tris(4'-Methoxybiphenyl-4-yl) methyl) aniline (3.2c). Acetic acid (1 ml), 3.1c 
(250 mg, 0.43 mmol), and aniline hydrochloride (111 mg, 
0.86 mmol) were dissolved in toluene (10 ml), and the 
mixture was heated at reflux for 3h. Water was added, the 
organic layer was separated and the aqueous layer was 

extracted with CHCl3 (3 x 20 ml). The organic layers were collected and saturated, aq. 
NaHCO3 was added and this two layer system was stirred for 30 min. The organic 
layer was separated and the aqueous layer was extracted with chloroform (2 x 10 ml). 
The chloroform solution was dried over MgSO4 and the solvent evaporated under 
vacuum. The product 3.2c (50 mg, 20%) was obtained as a white solid after 
purification by column chromatography on silica (hexane/EtOAc, 9/1). 
1H NMR (CDCl3): 7.54 (d, J= 4.4 Hz, 6H), 7.46 (d, J= 3.6 Hz, 6H), 7.33 (d, J= 10.8 
Hz, 6H), 7.08 (d, J= 8Hz, 2H), 6.96 (d, J= 12Hz, 6H), 6.62 (d, J= 8Hz, 2H), 3.85 (s, 
9H), 3.62 (s, 2H, NH2). 
13C NMR (CDCl3): 159.0, 146.0, 142.1, 138.0, 137.3, 133.4, 132.1, 131.7, 128.1, 
125.8, 120.0, 114.2, 63.5, 54.8. 

MS (EI): 652.9 (M+) HRMS calcd. for C46H39NO3 653.8133 found 653.8141 

2-(2, 5-Dioxo-2, 5-dihydro-1H-pyrrol-1-yl)-N-(4-(tris (4'-methoxybiphenyl-4-
yl)methyl) phenyl) acetamide (3.4c). A mixture of (2,5-dioxo-2, 5-dihydro-pyrrol-
1-yl)-acetic acid 3.5 (12 mg, 0.076 mmol) and SOCl2 (0.2 ml) was heated at reflux for 

0.5 h. The excess of SOCl2 was removed by 
evaporation under vacuum.The residue was dissolved 
in toluene (2 ml) and removed under vacuum. The 
final product was dissolved in CH2Cl2 (1ml), 3.2c 

(50 mg, 0.076 mmol) and Et3N (12 μl, 0.084 mmol) dissolved in CH2Cl2 (1 ml). The 
reaction mixture was stirred overnight, diluted with ethyl acetate and washed with aq. 
HCl, aq. NaHCO3 and water. The organic layer was dried over MgSO4 and the 
solvent was removed under reduce pressure. The residue was purified by column 
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chromatography on silica (n-hexane/ethyl acetate, 7/3) to give 3.4c (30 mg, 50 %) as 
a white solid. 
1H NMR (CDCl3): δ 7.58 (d, J= 8Hz, 2H), 7.53 (d, J= 4.4Hz, 6H), 7.46 (d, J= 
3.6Hz, 6H), 7.39 (d, J= 8Hz, 2H), 7.31 (d, J= 10.8Hz, 6H), 6.96 (d, J= 12Hz, 6H), 
6.77 (s, 2H), 4.31 (s, 2H), 3.82 (s, 9H), 1.60 (s, 1H, NH2) 
13C NMR (CDCl3): δ 172.3, 170.3, 159.30, 145.31, 138.41, 135.11, 133.29, 
131.93, 131.59, 129.22, 128.18, 125.95, 120.11, 119.31, 114.41, 110.13, 63.36, 
41.52. 

HRMS calcd. for C52H42N2O6 790.9045 found 790.9089 

tris-(4'-isoPropyl-biphenyl-4-yl)-methanol (3.1d).  1.) Tris-(4'-bromo-biphenyl-4-
yl)-methanol: Diethyl ether (24 ml) was added to a solution of 
4.4`-dibromo-biphenyl (3.12 g, 10 mmol) in dry under 

nitrogen atmosphere THF (24 ml), the mixture was cooled to -75 oC, and n-BuLi (7.5 
ml, 12 mmol, 1.6M in n-hexane) was added drop wise over 20 min. The mixture was 
stirred for 30 min. and diethyl carbonate (0.3 ml, 2.5 mmol) in THF (2 ml) was 
added slowly. The mixture was allowed to warm to 0 oC (ice bath) and was stirred for 
3h. The mixture was quenched with methanol (2 ml) and the solvent was removed 
under vacuum. The residue was extracted with ethyl acetate, and the extract was 
washed with water, dried (MgSO4) and concentrated. The residue was purified by 
column chromatography on silica (CHCl3/n-hexane, 9:1). The product 3.1d (991 mg, 
47%) was isolated as a white solid and used immediately in the next reaction. 
1H NMR (CDCl3) δ 7.59 (d, J= 8.5 Hz, 6H), 7.56 (d, J= 8.5 Hz, 6H), 7.48 (d, J= 8.5 
Hz, 6H), 7.46 (d, J= 8.5 Hz, 6H), 2.88 (s, 1H). 
13C NMR (CDCl3) δ 146.19, 139.63, 139.29, 132.88, 128.87, 128.65, 126.83, 
121.96, 84.59 

HRMS calcd. for C37H25Br3O 725.3112 found 725.3134  

2.) tris-(4'-isoPropyl-biphenyl-4-yl)-methanol: The Grignard reagent was prepared from 
2-bromopropane (0.96 ml) and Mg (313 mg) in Et2O (50 ml) at reflux under N2. 
Alcohol 3.1d (750 mg, 1.03 mmol) and PdCl2(dppf) (34 mg, 0.0414 mmol) were 
placed into a dry flask under N2 and Et2O (50 ml) and THF (20 ml) were added and 
the reaction mixture was cooled at -78oC. The Grignard reagent was added slowly 
during 15 min. The reaction mixture was stirred another 10 min., at -78oC and 
subsequently at room temperature overnight. Next 5% aq. HCl (50 ml) was added 
and the reaction mixture was extracted with Et2O (30 ml). The combined organic 
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layers were dried (MgSO4) and the solvent was evaporated under vacuum. The residue 
was purified by column chromatography on silica (n-hexane/ethyl acetate, 9:1) to give 
product 3.1d (305 mg, 90.5 %) as white solid.  
1H NMR (CDCl3) δ 7.59 (d, J= 8.5 Hz, 6H), 7.56 (d, J= 8.5 Hz, 6H), 7.48 (d, J= 8.5 
Hz, 6H), 7.46 (d, J= 8.5 Hz, 6H), 3.0 (m, 3H), 2.01 (s, 1H), 1.36 (d, J= 6.8 Hz, 
18H). 
13C NMR (CDCl3) δ 148.32 145.75, 140.31, 138.37, 128.53, 127.23, 127.10, 
126.95, 126.79, 82.11, 33.86, 24.24 

MS (EI): 614.1 (M+) calcd. for C46H46O 614.8656 found 614.8649 

4-[Tris-(4'-isopropyl-biphenyl-4-yl)-methyl]-phenylamine (3.2d). A solution of 
acetic acid (6 ml), 3.1d (300 mg, 0.488 mmol), and aniline 
hydrochloride (126 mg, 0.98 mmol) in toluene (3 ml) was 
stirred at 100 oC for 24 h. The solvent was evaporated 
under vacuum, and then methanol (6 ml) and aq. HCl 

(2M, 2ml) were added. The resulting slurry was heated at reflux for 24 h and the 
solvent was evaporated under vacuum. The residue was dissolved in chloroform and 
washed with aq. NaHCO3. The chloroform solution was dried (MgSO4) and 
concentrated under vacuum. The residue was purified by column chromatography on 
silica (CHCl3/n-hexane, 9:1) to give product 3.2d (305 mg, 90.5 %) as a pale solid.  
1H NMR (CDCl3) δ 7.57 (d, J= 8.6 Hz, 6H), 7.5 (m, 12H), 7.37 (d, J= 8.6 Hz, 6H), 
7.10 (d, J= 8.5 Hz, 2H), 6.67 (d, J= 8.6 Hz, 2H), 3.52 (s, 2H), 3.0 (m, 3H), 1.36 (d, 
J= 6.8 Hz, 18H). 
13C NMR (CDCl3) δ 148.77, 148.07, 142.79, 139.43, 138.59, 138.43, 132.31, 
131.69, 129.03, 127.11, 127.04, 114.58, 87.61, 33.86, 24.26. 

HRMS calcd. for C52H51N 689.9731 found 689.9775 

2-(2, 5-Dioxo-2, 5-dihydro-pyrrol-1-yl)-N-{4-[tris-(4'-isopropyl-biphenyl-4-
yl)methyl]-phenyl}-acetamide (3.4d).  A mixture of (2,5-dioxo-2, 5-dihydro-pyrrol-

1-yl)-acetic acid (61.7 mg, 0.39 mmol) and SOCl2 
(1.2 ml) was heated at reflux for 0.5 h. The excess of 
SOCl2 was removed by evaporation under reduce 
pressure. The residue was dissolved in toluene (2 ml) 

and the solvent evaporated again. Finally the product was dissolved in CH2Cl2 and 
3.2d (250 mg, 0.36 mmol) and Et3N (0.055 ml, 0.39 mmol in CH2Cl2, 2 ml) were 
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added. The reaction mixture was stirred overnight, diluted with ethyl acetate and 
washed with aq. HCl, aq. NaHCO3 and water. The organic layer was dried (MgSO4) 
and the solvent was removed under vacuum. The residue was purified by column 
chromatography on silica (n-hexane/ethyl acetate, 1:1) to give 3.4d (126 mg, 42.2 %) 
as a white solid.  
1H NMR (CDCl3) δ 7.8 (s, 1H, NH), 7.5 (m, 12H), 7.4 (d, J= 4.2 Hz, 2H), 7.37 
(m, 8H), 7.24 (d, J= 8.5 Hz, 2H), 6.69 (s, 2H), 4.3 (s, 2H), 3.0 (m, 3H), 1.36 (d, J= 
6.8 Hz, 18H) 
13C NMR (CDCl3) δ 170.3, 164.1, 148.16, 145.59, 138.83, 138.27, 134.77, 132.0, 
131.6, 129.04, 128.11, 127.11, 127.05, 126.27, 119.3, 64.1, 41.53, 35.52, 34.02, 
24.22 

MS (Maldi-Tof): 849.7057 (M+Na) 

5-(2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetamido)isophthalic acid (3.8).  
A mixture of (2,5-dioxo-2, 5-dihydro-pyrrol-1-yl)-acetic acid 
(200 mg, 1.29 mmol) and SOCl2 (4 ml) was heated at reflux 
for 1 h. The excess of SOCl2 was removed by evaporation under 

vacuum. The residue was then dissolved in toluene (2 ml) and the solvent was 
evaporated. The final product was dissolved in dioxane and added dropwise at 0oC to 
a solution of 5-aminoisophthalic acid (233 mg, 1.29 mmol)  in dioxane.  The reaction 
mixture was stirred for 2h, poured into the water, extracted with EtOAc (3 x 50 ml), 
the combined organic layers were dried (MgSO4) and the solvent was evaporated 
under reduce pressure. Product 3.8 (350 mg, 99%) was obtained as a yellow powder 
and was used without further purification in the next reaction. 
1H NMR (DMSO) δ 10.64 (s, 2H, 2 x COOH), 8.37 (d, J=1.6 Hz, 2H), 8.16 (d, 
J=2 Hz, 1H), 7.11 (d, J=2 Hz, 2H), 4.29 (s, 2H),  
13C NMR (DMSO) δ 170.64, 166.32, 165.52, 139.07, 134.99, 131.85, 124.91, 
123.56, 66.35 

5-(2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetamido)isophthaloyl dichloride 
(3.9).  Crude product 3.8 (26 mg, 0.07 mmol) was dissolved in SOCl2 (0.5 ml) and 

heated at reflux under N2 atmosphere for 2h. Excess of SOCl2 

was removed under reduce pressure. The residue was dissolved 
in toluene (2 ml) and the solvent was evaporated under vacuum. 
The final product was immediately used for next reaction 

without purification.  
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 4-(Tris(3'-methoxybiphenyl-4-yl)methyl)aniline (3.2e). Preparation of alcohol 
3.1e: the 4'-bromo-3-methoxy-biphenyl (2.3 g, 8.7 mmol) 
was dissolved in dry diethyl ether (50 ml) under an 
atmosphere of N2 cooled to -78oC and n-BuLi (5.2 ml, 8.3 
mmol) was added dropwise over 20 min. The reaction 

mixture was stirred for another 1h. Diethyl carbonate (0.32 ml, 2.6 mmol) diluted in 
dry diethylether (10 ml) was added at once and the resulting mixture was stirred at -
78oC for 3h. The mixture was allowed to warm to room temperature, water was added 
and product was extracted with EtOAc (3x50 ml). The combined organic layers were 
dried over MgSO4 and the solvent was evaporated under vacuum. The product 3.2e 
(1.22 g, 73%) was obtained as a white powder after purification by column 
chromatography on silica (hexane/EtOAc, 75:25) and used immediately in the next 
reaction. 
1H NMR (CDCl3) δ 7.6 (d, J=10.4 Hz, 6H), 7.47 (d, J=8.8 Hz, 6H), 7.36 (t, J= 8 
Hz, 3H), 7.2 (d, J= 7.6 Hz, 3H), 7.15 (s, 3H), 6.9 (dd, J1=8 Hz, J2=2.4 Hz, 3H), 3.87 
(s, 9H) 
13C NMR (CDCl3) δ 160.16, 146.14, 142.36, 140.29, 130.02, 128.55, 127.04, 
119.85, 113.05, 81.91, 55.53 

MS (EI): 578 [M+], C40H34O4 (578.70) 

Formation of amine 3.2e: Acetic acid (3.6 ml) was added to the solution of tris(3’-
methoxybiphenyl-4-yl)methanol (300 mg, 0.52 mmol) and aniline hydrochloride 
(135 mg, 1.03 mmol) in toluene. The reaction mixture was refluxed overnight, poured 
into water and extracted with chloroform (2 x 30 ml). The combined chloroform 
layers were stirred with saturated aq. solution of NaHCO3 for 30 min. The organic 
layer was separated and the aqueous layer was extracted with chloroform (2 x 20 ml). 
The combined organic layers were dried over MgSO4 and solvent was evaporated 
under vacuum. Product 3.2e (90 mg, 27%) was obtained as a white powder after 
purification by column chromatography on silica (hexane/EtOAc, 5:5).  
1H NMR (CDCl3) δ 7.52 (d, J=8.4 Hz, 6H), 7.34 (m, 9H), 7.21 (d, J=8 Hz, 3H), 
7.14 (s, 3H), 7.09 (d, J=8.8 Hz, 2H), 8.76 (d, J=8.4 Hz, 3H), 6.64 (d, J=8.8 Hz, 2H), 
3.86 (s, 9H) 
13C NMR (CDCl3) δ 160.13, 155.64, 146.66, 144.50, 142.41, 138.53, 132.26, 
131.66, 129.94, 126.36, 124.80, 119.73, 114.51, 112.92, 112.81, 55.51 
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MS (EI): 653 [M+], C46H39NO3 (653.81). 

5-(2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetamido)-N1,N3-bis(4-(tris(3'-
methoxybiphenyl-4-yl)methyl)phenyl)isophthalamide (3.10). Crude diacyl 

dichloride 3.9 (29 mg, 0.08 mmol) from previous 
reaction was dissolved in dry CH2Cl2 (5 ml) and 
cooled at 0oC.  Amine 3.2e (100 mg, 0.153 mmol) 
and Et3N (47 μl, 0.168 mmol) were dissolved in dry 
CH2Cl2 and were added dropwise into the solution of 
diacyl dichloride 3.2e in dry CH2Cl2 at 0oC. 
Reaction mixture was allowed to room temperature 

overnight, diluted with EtOAc and washed with diluted HCl, saturated aq. NaHCO3 
and water. Organic layer was dried over Na2SO4 and solvents were evaporated under 
reduce pressure. Pure product 3.10 (71 mg, 60%) was obtained as a brownish powder 
after purification by column chromatography on silica (hexane/EtOAc, 5:5).  
1H NMR (CDCl3) δ 7.41 (m, 24H), 7.26 (m, 18H), 7.06 (m, 12H). 6.81 (m, 8H), 
6.77 (s, 2H), 4.31 (s, 2H), 4.75 (s, 18H) 
13C NMR (CDCl3) δ 170.61, 166.5, 165.3, 160.1, 146.05, 142.17, 138.68, 135.8, 
131.49, 129.97, 126.57, 125.5, 119.7, 113.03, 112.74, 64.2, 55.44, 34.21 

MS (ESI): calcd. for C106H84N4O11, 1589.82, found 1608.1 (M+18). HRMS (ESI): 
calcd. for C106H84N4O11Na, 1612.60624, found 1612.61703. 

 

3.5.4. ProOmpA labeling34 

ProOmpA (3 mg/ml) in 8 M urea and 50 mM Tris/HCl, pH 7 was treated 
with 1 mM tris-(2-carboxyethyl) phosphine (TCEP) for 30 min at room temperature. 
For the labeling, the tetraarylmethane derivatives were dissolved in different organic 
solvents (3.4a: methanol; 3.4b: chloroform/methanol (1:3, v/v); 3.4d: ethyl acetate; 
3.4c and 3.10: dimethylformamide) and then added to purified proOmpA ( 2 mg/ml 
in 8 M urea, 50 mM Tris/HCl, pH 7) at a final concentration of: a) 4 mM 3.4a; b) 4 
mM 3.4b; c) 4.5 mM 3.4d; and d) 8.3 mM 3.4c or 3.10. The suspensions were 
incubated for 2h (a and b) or overnight (c and d) at room temperature under constant 
stirring. To increase the efficiency of the reaction, after the first hour of incubation, an 
aliquot of the fresh solutions of the compounds was added to the suspensions. 
ProOmpA was recovered from the suspension by 10 % TCA precipitation for 30 min, 
at 4 oC, followed by several washes of the protein pellet with ice-cold acetone. This 
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effectively removed non-reacted compounds. Samples were dried for 10 min, at 37oC 
and resuspended in 8 M urea, 50 mM Tris/HCl, pH 7. To verify the labeling 
efficiency, a second labeling step was performed with fluoresceine-5-maleimide. 
Isolated proOmpA conjugates were treated with 1 mM TCEP for 30 min. at room 
temperature and subsequently incubated with 2 mM fluorescein-5-maleimide (FL) for 
1h at room temperature.32 Samples were analyzed on a 12% SDS-PAGE gel and 
fluorescence was detected at 520 nm and compared with a 10% standard of FL-
labeled proOmpA using the Lumi-Imager F1TM Workstation (Roche Molecular 
Biochemicals). 

 

3.5.5. Translocation assays 

In vitro translocation reactions (50 l) were performed at 37 oC as previously 
described35 using 20 g/ml of SecA, 32 g/ml of SecB, 1 g of urea-denaturated 
proOmpA with or without the various labeled organic compounds or when indicated 
proOmpA-DHFR25, 10 mM phosphocreatine and 50 mM creatine kinase in a buffer 
consisting of 50 mM Tris/HCl, pH 7, 30 mM KCl, 0.5 mM bovine serum albumin 
(BSA), 10 mM DTT and 5 mM MgCl2. E. coli UH203 (ompA-) or SE6004 (prlA4) 
IMVs were added to a final concentration of 0.2 mg/ml. Reactions were started by the 
addition of 2 mM ATP and terminated at various time intervals by chilling on ice. 
Samples were treated with proteinase K (1 mg/ml) for 30 min on ice, precipitated with 
10% (w/v) TCA, washed with ice cold acetone and analyzed by 12% SDS-PAGE and 
immunoblotting using a polyclonal antibody against OmpA. Immunoblots were 
developed using the chemiluminescent substrate disodium 4-chloro-3-(methoxyspiro 
{1,2-dioxetane-3,2´-(5'-chloro)tricyclo [3.3.1.13,7]decan}-1-4-yl)phenyl phosphate 
(CDP star, Roche Molecular Biochemicals). When indicated, the PMF was collapsed 
by the addition of nigericin and valinomycin at a final concentration of 2 μM. When 
indicated, IMVs (from a 50 μl reaction) were recollected by centrifugation through a 
0.8 M sucrose solution (15 minutes 75,000 rpm TLA110 rotor, 4 oC). The pelleted 
IMVs were resuspended in 50 μl of translocation buffer, and used in a second 
translocation reaction with fluorescein labeled proOmpA as substrate. Translocation 
reactions were analyzed by 12% SDS-PAGE gels and in gel fluorescence (excitation 
520 nm) using the Lumi-Imager F1TM Workstation (Roche Molecular Biochemicals). 
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3.5.6. Crosslinking of lateral gate 

IMVs containing SecY (S87C/F286C)EG were isolated as previously 
described.8 IMVs (1 mg of protein/ml) were incubated for 30 min, at 37oC with 
Na2S2O8 or BMOE at a final concentration of 1 mM and 300 μM, respectively. In 
order to test the efficiency of the crosslinking IMVs were treated with 1 mg/ml OmpT 
in 50 mM Tris/HCl pH 7, 0.1 % Triton X100 for 30 min, at 37oC. Samples were 
analyzed by SDS-PAGE gel (12% acrylamide) and Coomassie brilliant blue staining. 
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Chapter 4 
Redox- and pH-Induced Switching of the 
MscL Channel Protein (multicharged 
chemical actuators) 

 

 

 

 

 

 

 In this chapter, the synthesis of new types of multicharged chemical modulators for 
the MscL channel protein and their use for controlling the channel protein activity is 
described. A bis-thiaxanthylidene switch, which can be controlled by light or 
electrochemically, was attached to the MscL protein and the change in activity was followed 
by fluorescence spectroscopy. Alternatively, a spermine molecule, which contains three 
positive charges, was tested as a pH-responsive unit in the MscL protein and showed 
different activities as a function of pH. 

 

 

 

 

 

 

 



 

 

84 

 

 

 

 

 

   

Chapter 4 

 

4.1   Introduction 

A cell, the basic building block of all living organisms, is in principle a 
compartment filled with water and other molecules isolated from the external 
environment by the membrane.1 

The membrane is formed by a lipid bilayer which is acting as a barrier for 
certain molecules while allowing the passage of other molecules. Water and nonpolar 
molecules like cholesterol derivatives can move across a membrane easily. But for ions 
and ionic molecules the membrane is highly impermeable.  

For the passage of ionic compounds channels and pumps were developed 
during evolution. Channels allow ion transport in a thermodynamically downhill 
direction, where pumps transport ions and molecules in thermodynamically uphill 
direction by consumption of Gibbs energy using ATP (ATP hydrolysis) or by light 
adsorption.2 The details of ion passage through membranes and different types of 
natural and artificial channels have been discussed in the first chapter.  

An important aspect of every life form is the maintenance of cell turgor which 
provides a mechanical force for expansion of the cell envelope.3 If the cell is facing an 
osmotic stress, two possible situations can happen. If a decreasing activity of water 
outside of the cell appears (osmotic upshift), water molecules are flowing out of the 
cell cytoplasm and plasmolysis is observed. On the other hand, increasing water 
activity outside the cell (osmotic downshift) allows water molecules to enter the 
cytoplasm through the lipid bilayer and the cell turgor is rising. In this situation, if 
there is no dedicated mechanism available, the cell will lyse. To compensate osmotic 
downshift, mechanosensitive channels are present in the lipid membrane. They 
directly respond to osmotic changes by sensing mechanical forces on the membrane 
and opening a pore to release the inner pressure.  

Three major proteins contributing to the turgor control in Escherichia coli 
were identified.4 These are MscL (Mechanosensitive Channel of Large Conductance), 
MscS (Mechanosensitive Channel of Small Conductance) and MscM 
(Mechanosensitive Channel of Mini Conductance) channels. But other ion channels 
associated with mechanosensation were identified in almost all living species and are 
closely bound to mechanosensory transduction in vertebrate auditory hair cells, in the 
“sensing” of an aortic pressure5, in the basis for touch, proprioception as well as 
detection of wind and gravity by plants. In spite of the large diversity and ubiquitous 
presence of mechanosensitive channels in all living organisms only very little is known 
about their mechanism of gating and their role in physiology.  
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Manipulation of the function of the protein with small molecules is a unique 
tool to explore biological systems beyond the limits of genetics. Modulation of the 
MscL channel protein function with externally controlled small molecules6 can lead to 
the development of functional drug delivery system where the release of the drug can 
be controlled on demand. 

Here, the mechanosensitive channel of large conductance will be modified at 
specific position with light- or with pH-responsive molecules in order to create a 
remotely controlled valve for drug delivery systems. 

 
3.1.1 Structure of the MscL channel 
 

 If we compare knowledge about voltage-gated or ligand-gated channels with 
mechanosensitive channels, there is very little known about the structure and function 
of the mechanosensitive channels.  

The first gene encoding a mechanosensitive channel was cloned in 1994 by 
Sukharev et al.4a Subsequent studies of the E.coli MscL channel, based on sequence 
analysis, proposed a homo-oligomeric structure with 136 -amino acids and with a 
monomer mass of about 15kDa. Cross-linking analysis and electron microscopy 
suggested a hexameric structure.7 Both NH2- and COOH-termini are located at the 
cytoplasm side of the cell as alkali phosphatase fusion constructs suggested7 and 
hydropathy analysis suggested the presence of two transmembrane helices.7a  

Fig. 1 The structure of the MscL channel isolated from Mycobacterium tuberculosis revealed by X-
ray structure analysis8, 9 A. The structure of one MscL subunit with TM1 and TM2 membrane-
spanning helices. B. The MscL pentamer viewed from side. C. The top view from periplasmic.
Leu17 and Val21 are in the constriction area of the channel and are shown in black.  
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Great improvement came with the X-ray structure analysis of one of the MscL 
homologs from Mycobacterium tuberculosis.8 In order to obtain decent crystals with 
good diffraction quality for X-ray analysis, thousands of crystallization conditions and 
many MscL homologs were tested. Organic molecules and heavy metals were also 
tested as additives to improve the diffraction quality. Finally a crystal structure (Fig. 
1)9 with 3.5Å resolution revealed a homopentameric organization of the channel with 
two transmembrane helices TM1 and TM2 per subunit connected with an 
extracellular loop and a third one located in the cytoplasm (S3). 
 The M. tuberculosis MscL channel is 85 Å in length and two domains, a 
transmembrane and a cytoplasmic domain of 50 Å and 35 Å, respectively, are present. 
Mostly hydrophobic -amino acid residues Leu 19 – Gly 26 on each TM1 subunit 
form the main restricted area (M1 gate) of the channel. The interior of the channel 
has a funnel-like structure without any ionic filter presence which explains the lack of 
selectivity. On the bottom of the TM1 helices, a cluster of charged -amino acids is 
located and this feature suggests a possible ligand binding side.8 The hydrophobic 
TM2 domains face the lipid membrane.  

Many studies were performed to understand the mechanism of the MscL 
opening, but even until now no clear mechanism was identified. The energy required 
for non-selective, 3 nm wide pore with 3 nS conductance can be gained partially by an 
increase in the dimension in the plane of the membrane10 and partially from 
hydrophobic mismatch that occur when the membrane is stretched thinner than the 
channel.11  

Two mechanisms were proposed based on molecular modeling, side directed 
or random mutagenesis and also on experimental data from disulfide crosslinking.12, 13, 

14 A barrel-like structure (10-helix barrel-stave) was proposed based on modification of 
glycine at the 22nd position of the channel12, 13 with all 19 different -amino acid. 

 This model proposes that the TM1 helix is not interacting with contiguous 
helix and C and N termini of next helices that are far away (Fig. 2). TM1 helices are 
turning and moving out of the centre of the pore till they are almost parallel with the 
TM2 helices. Together they form a wall with a barrel-like structure.  

A second model is based on a TM1 and TM2 disulfide–crosslinking study.14 
Open channels were isolated from osmotically shocked cells where a disulfide bridge 
between C 20 and C 36 on adjacent TM1 helices was created. It is proposed that 
TM1 and TM2 helices rotate out of the centre of the pore creating an iris-like 
structure while the channel becomes more flat (Fig. 2). Water starts to enter the pore 
and the pore reaches a short-lived intermediate open state (subconductive states15). 
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Next a secondary gate formed by the N-terminus S1 helices is opening by pulling 
TM1 and TM2 helices away and the channel fully opens.16  

 
Random or site-directed mutagenesis identified mutants with gain-of-function 

(GOF, gating at low or no tension) or loss-of-function (LOF, gating at higher tension 
or lose of gating) phenotypes.17 Most of these mutations were found between residues 
13 and 30 and especially mutations of valine and three glycines situated on the same 
side of TM1 helix17c were shown to be critical. Among this group, numerous 
mutations were made on the 22nd position of the polypeptide sequence which 
corresponds with a Gly residue highly conserved among bacteria. Gly22 is also present 
in the constriction area of the pore. Side-directed mutagenesis on the 22nd position was 
performed and all 19 common -amino acids were tested. If hydrophobic residues 
replaced Gly22 only an increase in threshold pressure was observed. On the other hand, 
hydrophilic residues decreased the threshold pressure.12 In some cases the channel 
opens spontaneously without external pressure. By destabilization of the hydrophobic 
interior of the pore spontaneous opening could be observed and those phenomena are 
not related with the bulkiness of the substituent but with hydrophobic/hydrophilic 
character of residues. Related to that, covalently attaching charged molecules to the 
cysteine residues in Gly22Cys (G22C) mutant had also a dramatic effect on the 
opening behavior of the channel. If methanethiosulfonate (MTSET, one positive 
charge) was attached to cysteine, spontaneous opening was observed.12 The same 
behavior was detected in the case of negatively-charged molecules after binding to the 
cysteine residue.18 Polar groups but not charged ones (-OH) lower the threshold 
tension by 50%.12  

Fig. 2 Two possible pathways for MscL pore formation. The channel in its close form (middle).
10-Helix barrel-stave structure (left) and 5-tilted helixes pore (right). Adopted from ref 14. 
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 Still a number of questions remain. Previous studies6, 19 resulted in the 
introduction of only one charge per subunit which leads to spontaneous opening of 
the MscL channel. Would it be possible to introduce more than one charge per one 
TM1 subunit and by this modification lower the threshold for channel opening? 
Would it be possible to control this opening by an external stimulus? An answer to 
these questions is the subject of the investigations described in this chapter. 
 
4.1.2. Chemical modification of the proteins 
  

 Site-selective modification is a very powerful way for the modulation of 
protein functions.20 In nature it is done by multiple post-translational modifications of 
the protein. Unfortunately, only few possible ways for post-translation modification in 
nature are available.21 By a genetic manipulation one is able to introduce only 20 
genetically encoded -amino acids or few nonproteogenic -amino acid derivatives22 
but it is also reaching its boundaries. To overcome this problem, chemical 
modification was introduced as a promising and almost unlimited way of protein 
modification. To this end, a number of different approaches were developed in the 
past decades.23 The free amino group of lysine and arginine were very early targets for 
chemical modification as well as the free carboxyl group of aspartic and glutamic acid. 
This approach was widely used in the introduction of polyethylene glycol (PEG) into 
protein to increase the stability and immunogenicity.24 Unfortunately, this method 
lacks the desired selectivity because of the high abundance of free amino and carboxyl 
groups in the proteins. However, combination of site-directed mutagenesis and 
chemical modification allows us to combine the high specificity of mutagenesis and 
the diversity of structures of chemical modification. By site-directed mutagenesis, 
natural or non-natural -amino acids are introduced as unique binding sites and by 
chemical modification these binding sites are specifically modified with molecules that 
have the desired properties. Site-specific modification is defined as a “process which 
yields a stoichiometrically altered protein with quantitative and covalent derivatization 
of a single, unique -amino acid residue without either modification of any other -
amino acid residue or conformational change in the protein”.25 This condition actually 
requires the presence of only one reactive site in the protein or a very specific and 
reactive site in the protein which can be selectively modified. Histidine26 and cysteine27 
are most common examples of specific reactive sites in the protein.  
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 Cysteine with high nucleophilic properties is the most attractive target now.27 
The thiol moiety of the cysteine is the most nucleophilic part in the protein which 
allows highly specific modification of the protein without any other side reaction on 
other nucleophilic residues in the -amino acid sequence. Also, cysteine has a very low 
abundance in the protein chain and disulfide bond bridge formation makes cysteine 
very attractive target for modification. A number of distinct methods for cysteine 
variations were developed in the past decades (Fig. 3). Most commonly used are 
maleimides 4.1 (vinyl sulfones, 4.2), methanethiosulfonates 4.3 and -haloacetates 
(-haloamides, 4.4). 

  

 Maleimides 4.1 are used to a large extend in cysteine modification for their 
good stability and specificity and the desired substituent can be easily introduced at 
the nitrogen atom. Nucleophilic addition of the thiol group from cysteine to the 
double bond of maleimides (Michael acceptor) is a fast reaction28 (within a few 
minutes) and can be monitored by following the decrease of the absorption maximum 
of maleimides moieties around 300 nm with UV/Vis spectroscopy.29 Different 
functional groups have been introduced into the protein by this method.30 Vinyl 
sulfones31 4.2 as Michael acceptors are also used in protein modification, but less 
frequently as maleimides. Conjugation of enzymes to an ubiquitin-like protein was 
successfully effected by this method.32 
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Fig. 3 Reagent used for the chemical modification of cysteine in a protein. Maleimides and vinyl
sulfones (4.1 and 4.2), methanethiosulfonates (4.3) and -haloacetates (-haloamides, 4.4). 
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 Methanethiosulfonate 4.3 derivatives are a different class of molecules based 
on the formation of a disulfide bond with the thiol group of a cysteine residue. The 
reaction is very selective, fast and quantitative. The reaction is reversible by using 
reductive condition, like DTT (dithiothreitol).33 The reagents are easy to prepare by 
reaction of bromo derivatives of the compound with the sodium salt of 
methanethiosulfonate. Unfortunately, the higher reactivity compared with maleimides 
makes these molecules less stable. The disulfide bond can be also formed by other 
methods like air oxidation in the presence of a thiol under basic condition or by 
disulfide exchange. However, long reaction times and limited control over product 
distribution makes these methods less useful. These methods were effectively used in 
conjugation of small molecules. 34,35  

 In biological systems the presence of a disulfide bond can sometimes be 
undesirable because of the reducing environment in the cell and enzymatic 
degradation of such a bond. Harpp and Gleason were the first to develop a new 
method for transformation of a disulfide bond into a thioether moiety by using 
hexamethylphosphonium triamides.36 Davis and co-workers modified the Harpp and 
Gleason method and applied it to form protein bioconjugates with a variety of 
sugars.37 

  Esters and amides of haloacetic acids 4.4 (Fig. 3) are another class of 
frequently used molecules for selective cysteine modification.38 These molecules were 
used as early as 1935, and the first reaction was performed on keratin to study cysteine 
behavior.39 Replacement of sulphur from cysteine moiety by halogen via an SN2 
mechanism offers a method for the creation of a sulphur carbon bond. The reactivity 
highly depends on the nature of the halogen. Iodides and bromides are commonly 
used and differ only slightly in reactivity. On the other hand chlorides are the least 
reactive and are used only sporadically.40 Various spin41 and fluorescent42 labels and a 
biotin probe43 were incorporated into the protein by this method. 

 Methanethiosulfonate derivatives will be used in our current study to attach 
molecules into the specific G22C position of the MscL protein. 
 

4.2. A reversible three-state switch as a chemical actuator. 
4.2.1. The bis-thiaxanthylidene switch 

 
Channels in nature are gated by different stimuli (ligands, voltage, membrane 

tension, temperature).1 External control of the function of the channels in the cell is a 
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major challenge for modern biochemistry. Combination of the properties such as 
reversibility, tunability, target specificity and sensitivity to external stimuli are all 
desired at the same time. Some examples of externally gated channels, based on light as 
an external trigger, were reported in the literature in the past decades.44 But all these 
examples were characterized by applying only one external trigger in time to control 
the function of biological channels. Combination of more than one external stimulus 
(pH – light, light – voltage) seems more appealing. 

A promising example, resulting in the combination of two external stimuli, is 
provided by reversible switch. Overcrowded alkenes45 offer such a possibility. A three-
state luminescence switch 4.5a (Scheme 1) based on bis-thiaxanthylidene can be 
modulated reversibly by light (first stimulus) and chemically, thermally or 
electrochemically (second stimulus).46  

 
The stable anti-folded state (due to overcrowding of the upper and lower 

aromatic rings) of the switch 4.5a is quantitatively converted into the syn-folded form 
4.5b by irradiation with light (UV, exc. = 365 nm). If no other stimulus is applied, the 
syn-folded 4.5b form thermally relaxes to the original anti-folded state, completely 
(within a few minutes47). On the other hand, oxidation (Ep,a 1.10V) of the syn-folded 
form 4.5b provides double cationic species 4.52+ with an orthogonal configuration 
(this form can be created by irreversible oxidation, Ep,a  1.21V of 4.5a as well). The 
oxidation reaction of syn-folded form 4.5b into 4.52+ can be performed 
electrochemically, but the most interesting point involves the possibility to accomplish 
this reaction chemically. The presence of the trifluoroacetic acid in the reaction 

Scheme 1 Changes in the conformational and electronic structure of the bis-thiaxanthylidene 
between 4.5a and 4.5b states. Formation of the dicationic species 4.52+ from 4.5b is followed by a 
change to the orthogonal conformation. Adopted from ref 46. 
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mixture allows oxidation of the syn-folded form 4.5b into the cationic form 4.52+ 
(Scheme 1). Another advantage of this system is the formation of two charges per 
molecule after photochemical and electrochemical transformation. The double 
cationic form 4.12+ can be easily transformed into the original form 4.5a by 
electrochemical reduction of 4.52+ followed by thermal relaxation of the preformed 
4.5b species (Scheme 1).46 

All these changes can be followed by UV/Vis spectroscopy, because every form 
has a distinct UV-Vis absorption and emission spectrum. The anti-folded form 4.5a 
shows blue fluorescence, which after irradiation with UV light becomes non-
fluorescent. After oxidation, cationic species 4.52+ is formed and a red-fluorescence can 
be observed. The separated events of light-induced conformational change and 
chemically-induced charge formation bring a large advantage in addressability of such 
a system. One event can’t be finished without another to produce the cationic form of 
the switch. A major advantage of the formation of cationic species is the possibility to 
attach this molecule to an MscL channel protein and in this way control of the 
function of the protein by external stimuli can be achieved. 

In the present study an MscL channel protein will be modified with a bis-
thiaxanthylidene label (switch) in order to gain control over its activity. Towards this 
goal a bis-thiaxanthylidene switch was made, which contains a unique 
methanethiosulfonate group in order to specifically attach the switch to the cysteine 
residue of MscL protein situated at the 22nd position of the MscL -amino acid 
sequence. 

 
4.2.2. Synthesis of a bis-thiaxanthylidene switch 

 
The synthesis of overcrowded alkenes,48 a class of compounds to which bis-

thiaxanthylidene switch 4.13 belongs, is based on a known thioketone-diazo coupling 
method for the formation of the central double bond (Scheme 2).49 Methoxy-
substituted thioketone 4.10a (lower half) was prepared from ketone 4.9a by reaction 
with P2S5. Ketone 4.9a can be easily prepared by condensation of thiosalicilic acid 4.6 
(2-mercaptobenzoic acid) and p-iodoanisole 4.7 in the presence of copper as a catalyst 
in DMF and subsequent cyclization reaction of 4.8 in concentrated sulfuric acid. 

 
The diazo compound was formed in situ by oxidation of a hydrazone (lower 

half) 4.11 with MnO2 in dry diethyl ether. The diazo compound was immediately 
used in the next step, a Barton-Kellogg reaction49 with a previously prepared 
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thioketone 4.10a. Episulfide 4.12 formed in this reaction was then desulfurized with 
triphenylphosphine in p-xylene affording the bis-thiaxanthylidene switch 4.13 in 34 
% overall yield starting from p-iodoanisole (Scheme 2, for detailed information about 

synthesis and characterization of molecules; see the experimental part).  
  

 To be able to attach the newly prepared switch to the MscL protein in a 
specific manner, a small alkyl chain with a MTS group (methylthiosulfonate) had to 
be attached to the switch. Deprotection of the methoxy group of the switch 4.13 with 
borontribromide gave hydroxy-switch 4.14. Formation of the bromoalkyl-switch 4.15 
was performed by reaction of the hydroxy group with 1,3-dibromopropane under 
basic conditions. The last step required the introduction of an MTS group which was 
accomplished by reaction of the bromo derivative of the switch 4.15 with sodium 
methanethiosulfonate, providing target molecule 4.16. The structure was confirmed 
by NMR and mass spectrometry analysis (calculated mass 546.0608, found 560.1620 
(+Na)). 
 
4.2.3. Switching behavior of the bis-thiaxanthylidene switch 

 
To investigate whether the bis-thiaxanthylidene unit is still switching after the 

attachment of a alkyl chain with a reactive MTS group, UV-Vis measurements were 

Scheme 2 Synthesis of bis-thiaxanthylidene switch 4.16 starting with the reaction of 2-
mercaptobenzoic acid 4.6 and p-iodoanisole 4.7. 
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performed in aqueous phosphate buffer solution (10 mM NaPi, 150 mM NaCl, 1 
mM EDTA, pH=6). It was crucial to investigate the switching behavior of the bis-
thiaxanthylidene switch in a buffer, because the activity of the MscL channel after 
labeling will be measured under controlled conditions in the same aqueous buffer (see 
experimental part).  

 
 In the original buffer solution, the presence of 1mM EDTA 

(ethylenediaminetetraacetic acid) was required. During the first set of measurements 
with switch 4.16, irradiation with UV light (365 nm) in the presence of trifluoroacetic 
acid as the oxidizing agent50 should result in the formation of cationic species 
characterized by the appearance of an absorbance band around 280 nm46, but even 
longer periods of irradiation (more than 15 min.), or higher concentration of acid, 
were used the absorbance band around 280 nm was not detectable (Fig. 4). 
  It is known that EDTA is acting as a reducing agent by preventing an 
electron-hole recombination process51 and subsequently prohibits the formation of 
cationic species. Ascorbic acid has the same effect as a reducing agent. After this 
investigation, EDTA was removed from the buffer and the measurements were 
performed again.  

 The UV-Vis spectra of the switch 4.16 in phosphate buffer without EDTA 
present shows three maxima at 250, 270 and 370 nm (Fig. 5, left, full line). After 
irradiation with 365 nm UV light (10 min.), two absorption maxima at 370 and 250 
nm disappeared and a band at 270 nm slightly increased. This observation is in full 
agreement with a previously studied similar system in our group (Scheme 1).46 On the 
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Fig. 4 The photochemical behavior of the switch 4.16 in the presence of 1mM EDTA and after
irradiation with 365 nm light. Switch 4.16 in anti-folded form (), after 5 min of irradiation (-
--) and after 45 min. of irradiation () in buffer solution (10 mM phosphate buffer, 150 mM
NaCl and 1mM EDTA, pH=6). 
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other hand, if trifluoroacetic acid (TFA) is present as an oxidation reagent in the 
irradiated sample (10 min irradiation time), formation of the double-cationic species 
can be observed.52 Formation of a strong absorption band at 282 nm and a slight 
increase of the absorbance at 540 nm (Fig. 5, right, dashed line) indicated the 
formation of a double-cationic species. This observation is in an agreement with 
previous studies (Scheme 1).46 Further irradiation didn’t result in an increase of the 
absorption intensity at 282 nm. 

 After examination of the switching behavior in phosphate buffer solution and 
confirming that the molecule can indeed be switched between different states, bis-
thiaxanthylidene 4.16 was attached to the MscL channel at the specific 22nd (G22C) 
position of the protein -amino acid sequence (see experimental part). ESI-MS 
measurements confirmed full conversion of G22C MscL (Mw. of 15697) into the 
switch modified protein (Mw. of 16175) after 12h of incubation at 4oC. The newly 
prepared MscL channel protein was incorporated into liposomes (azolectine, 20 
mg/ml, in ratio 1:120) and the activity was determined by a fluorescence dequenching 
efflux assay (see chapter 1) in a sodium phosphate buffer containing as much TFA as 
was needed to form the cationic species but enough to keep the solution buffered at 
pH=6. 
 The first experiments were performed in a short a period of time (20 min) in 
a buffer solution at constant pH=6. From experiments with switch 4.16 in buffer and 
in the presence of TFA and upon UV irradiation, we observed that after 10 min the 
cationic species is formed (Fig. 5, right). Unfortunately, no calcein release through the 
MscL channel protein was observed for proteoliposomes at this time scale. Because five 
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Fig. 5 The photochemical behavior of the switch 4.16a (59.5x10-6 mol/dm3) in phosphate buffer
(10 mM NaPi, 150 mM NaCl, pH=6). Left: formation of syn-folded form 4.16b (---) from
4.16a () after irradiation with 365 nm UV light (10 min). Right: creation of cationic species
4.162+ (---) from 4.16a () after irradiation with 365 nm UV light (20 min.) in the presence of
trifluoroacetic acid (44.8x10-3 mol/dm3). The mechanism is drawn in Scheme 1. 
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switch molecules 4.16 are situated in the constriction area of the MscL channel, 
different behavior can be expected, hence we decided to perform a calcein efflux assay 
overnight (Fig. 6).  

 
 Liposomes without incorporated protein and proteoliposomes (liposomes 
with incorporated protein) without TFA present and no UV irradiation were used as a 
negative control. The activity of proteoliposomes without TFA and UV irradiation 
(Fig. 6, black triangles) was as expected very low and only leakage of the calcein can be 
observed during the whole period of the measurement. On the other hand, fast release 
of calcein from the liposomes in the presence of TFA and upon UV irradiation was 
found (Fig. 6, stars) which can suggest the disrupting effect of trifluoroacetic acid 
(TFA) on the liposomes. The same behavior was observed for proteoliposomes (Fig. 6, 
squares). Also a quenching effect of the calcein dye was found at the end of the 
measurement where final values of fluorescence are lower (Fig. 6, squares, last sets of 
data at 1000 min) than starting values on the beginning of the measurement (the pH 
values stays constant at pH=6 during whole period of experiment). 
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Fig. 6 Activity of MscL-G22C modified with compound 3.15 in a fluorescence dequenching assay
following the release of the fluorescent calcein dye. The black triangle represents release of the
calcein from proteoliposomes (liposomes + protein) without TFA after UV irradiation. Stars
represent release of the calcein from liposomes in the presence of TFA after UV irradiation. Squares
represent calcein release of proteoliposomes in the presence of TFA after UV light. 
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4.2.4. Conclusions 
 

 The bis-thiaxanthylidene switch can form cationic species 4.162+ in a buffer 
solution (10 mM NaPi, 150 mM NaCl, pH=6, Fig. 5, right), but no activity of the 
MscL channel was observed in a fluorescence dequenching assay. It is known that the 
presence of a strong acid like TFA in buffer can disturb the lipid bilayer of the 
liposomes, and accordingly no activity of the MscL channel could be observed. A low 
pH of the buffer (pH=6 or lower) due to the presence of TFA is also not bio-
compatible. Conditions used for switching of the bis-thiaxanthylidene unit were not 
suitable for detection of the activity of the MscL channel. Also recent findings53 
suggest that the length of the linker (distance between cysteine residue of the protein 
and the charge itself) has dramatic influence on the activity of the MscL channel 
protein.  
 
4.3. Spermine as a multicharged chemical modulator 

 
To overcome the problems of the switching process and the dication 

formation of the bis-thiaxanthylidene switch 4.16, new multicharged molecules had to 
be designed. Spermine molecule 4.17 (Fig. 7) with four nitrogen atoms, which can 
undergo multiple protonation under certain conditions, appeared to be one possible 
option.  

 
 
To be able to attach the spermine into the G22C MscL channel, the structure 

had to be modified and the reactive methanethiosulfonate group had to be introduced. 
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Fig. 7 Structure of the spermine molecule 4.17 and modified structure 4.18 for MscL G22C channel 
modification. MTSET molecule 4.19, containing a permanent positive charge, is used as a standard 
for this type of measurements. 
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After taking all these conditions into account, the final structure 4.18 has been 
designed and synthesized.  

 
4.3.1. Synthesis of the spermine molecule. 

 
Although spermine 4.17 (Fig. 7) is commercially available, molecule 4.18 has 

to be synthesized from a very simple building block in order to introduce all 
important characteristics for successful incorporation into the MscL protein (Scheme 

3).  
 
The synthesis of bromo-spermine analog 4.22 was accomplished according to 

the chemical synthesis performed by von Kiedrowski and Dörwald (Scheme 3).59 The 
key steps in the formation of the nitrogen-carbon framework were successive N-
alkylations of tosylamides. The synthesis starts with simple and commercially available 
1-bromo-3-chloropropane 4.20 and 1,4-diaminobutane 4.21. The following step 
toward the molecule 4.22 included removal of tosyl groups and chloro-bromo 
substitution which was achieved through treatment of the corresponding tosylamide 
with hydrobromic acid (48%) under vigorous conditions (heating at reflux for 7h). 
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The last step of the synthesis was the incorporation of the methanethiosulfonate group 
and formation of the final product 4.18, which was performed by reaction of the 
bromo spermine derivative 4.22 with the sodium salt of methanethiosulfonic acid in 
very good yield. 
 
4.3.2. MscL activity with multicharged spermine molecule. 

 
Because the high reactivity of the MTS group with free cysteine residues in 

the protein, two different approaches can be used to study the activity of the modified 
MscL channel. The first approach is based on the incorporation of the spermine 
molecule into the protein during protein isolation and subsequent incorporation of 
modified MscL channel into the liposomes monitoring the activity with a fluorescence 
dequenching assay. The second approach is based on reaction of the spermine–MTS 
4.18 with cysteine residues of MscL already incorporated into the liposomes. The 
activity was followed by a fluorescence dequenching assay. Both approaches were 
tested, but the second approach seems to be more reliable in our studies, because it 
gives us better information over the activity of the MscL channel and also affords 
information about kinetics of the reaction. 

The G22C MscL protein modified with spermine-MTS 4.18 (Mw. 15927, 
for the procedure, see experimental part) was incorporated into the liposomes that 
were prepared from azolectine lipids (20 mg/ml) in 1:150 ratio (for procedure, see 
experimental part) containing calcein as a self-quenching dye. The isolation of the 
proteoliposomes containing MscL protein and encapsulated calcein required 
separation by a Sephadex column (gel filtration) in buffer at pH=8 (see experimental 
part). In this way, pure proteoliposomes with encapsulated calcein were separated 
from non-encapsulated calcein. Subsequently, the activity was followed by measuring 
the increase in fluorescence of the released dye at pH 8 and 6. The calculated pKa 
values of the spermine 4.17 are 10.83, 9.95, 8.77 and 7.9,54 but the influence of the 
hydrophobic protein constriction area can dramatically change the actual pKa values of 
spermine-MTS 4.18. To ensure that spermine molecule 4.18 will be protonated, pH 
8 and 6 were chosen to test the activity of the spermine-MTS molecule 4.18. The 
MTSET ((2-(trimethylammonium)ethyl methanethiosulfonate bromide)) molecule 
4.19 (Fig. 7) was used as a standard substance in the measurement of the activity of 
MscL channel with the fluorescence dequenching assay, because of its permanent 
positive charge on the trimethylamine head group. 

The initial experiments performed with the MscL protein containing 
covalently linked spermine molecule 4.18, showed very little activity. Also the amount 
of the calcein encapsulated in the proteoliposomes was very low. After repeating this 
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experiment many times we discovered that the self-quenching calcein dye was released 
from the proteoliposomes during separation of the external calcein from 
proteoliposomes in the size exclusion column, which was equilibrated with phosphate 
buffer (10 mM NaPi, 150 mM NaCl, 1mM EDTA, pH=8, Sephadex G-50 column). 
To avoid this problem, we decided to label the reconstituted MscL protein in 
proteoliposomes by adding the spermine-MTS 4.18 molecule into the buffer solution 
(10 mM NaPi, 150 mM NaCl, 1mM EDTA, pH=8) containing proteoliposomes 
with G22C-MscL protein and encapsulated calcein dye while performing the 
fluorescence dequenching assay. The activity was followed by fluorescence 
spectroscopy. The first experiments performed at pH=6 showed promising result (Fig. 
8, left, compare the activity of MTSET at pH=6 (cross)) and the activity of spermine-
MTS at pH=6 (triangles)). To follow the reaction of spermine-MTS with G22C MscL 
protein, an SDS-PAGE gel was made. High molecular weight substance (PEG-5000-
MTS) was used to distinguish between reacted and non-reacted G22C MscL protein 
(Fig. 8, right) according to the different molecular weight (when PEG-5000-MTS 
reacts with the cysteine of G22C MscL protein, the molecular weight of MscL protein 
should increase about 5000 Da and this molecular weight difference should be visible 
on SDS-PAGE gel). This reaction was followed in time and three time points (2, 4 
and 8 min., Fig. 8, left, grey rectangles) were chosen. SDS-PAGE gel showed 
immediate reaction of the G22C MscL channel with spermine-MTS (Fig. 8, right, 
position 3, 4 and 5). 
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Fig. 8 Left: The activity of G22C MscL protein after activation with spermine-MTS (black 
squares, pH=8, triangle, pH=6), and MTSET (white circle, pH=8, cross, pH=6). Right: SDS-
PAGE gel of G22C MscL protein activated with spermine-MTS molecule after 2, 4 and 8 min. 
The sample was immediately treated with PEG-5000-MTS to determine the distribution of reacted 
and unreacted species (stained with the Coomassie Brilliant Blue). The negative control is G22C
MscL protein partially modified with spiropyran switch. 
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To proof that spermine-MTS has no effect on the liposomes, the activity of 
4.18 was also tested with liposomes without G22C MscL (Fig. 9) and liposomes 
containing wt-MscL (wild type) at different pH’s. To our surprise empty liposomes 
showed a large leakage at pH=8 (Fig. 9) comparable to the activity of liposomes 
containing MscL protein. On the other hand, leakage of liposomes without MscL at 
pH=6 (Fig. 9) is lower compared to the activity of liposomes containing MscL. 

Calcein release from liposomes without MscL protein present after adding the 
spermine-MTS molecule was not expected. It is known from the literature55 that 
spermine 4.17 has potential aggregation abilities on liposomes made from negatively 
charged lipids by forming a positively charged shell around the vesicle surface. But in 
all studies no fusion or disruption of the membrane was observed. 

By modification of the spermine 4.17 into spermine-MTS 4.18, the 
incorporation of the MTS group on one end of the spermine and an additional methyl 
group on the other end was achieved which could have a dramatic influence on the 
properties on the newly prepared compound. The MTS group can act as a head and 
the alkyl chain with nitrogens as a tail of membrane active compounds.56 At pH=8, 
the three nitrogens of spermine-MTS molecule are probably not fully protonated yet, 
and the molecule has membrane active properties (membrane fusion or membrane 
ruption). If the pH is lower (pH=6) some of the nitrogens are protonated and 
repulsion between lipids in liposomes and spermine-MTS can decrease the leakage of 
calcein dye from the liposomes. It is know57, that spermine itself (or polyamines) can 
bind to the acidic phospholipids (PA > PS >PI > cardiolipin; PA – phosphadidic acid, 
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Fig. 9 The activity of G22C MscL channel protein after adding spermine-MTS or MTSET at
different pH’s (dark gray panels). The leakage of the liposomes without G22C MscL protein after
adding spermine-MTS or MTSET (white panels). All data were taken 15 min after each
measurement. 
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PS – phosphoserine, PI – phosphoinositol) and decrease the surface charge density and 
surface potential. As a consequence, fusion/aggregation can take place by reducing the 
electrostatic repulsion between liposomes and an increase of the van der Waals’ 
attractive forces. On the other hand no such a effect was observed for zwitterionic 
lipids like PC (phosphocholines). 

 

4.3.3. Conclusions 
 
A new spermine molecule 4.18, containing an MTS group was synthesized, 

and the activity was measured with proteoliposomes containing the G22C MscL 
channel protein. The fluorescence dequenching experiments were performed by 
measuring the increase in fluorescence upon release of the calcein self-quenching dye 
from the proteoliposomes. The first experiments comparing the activity of spermine 
and MTSET at different pHs were promising. Unfortunately, when leakage 
experiments with liposomes without MscL protein were made, a strong effect of 
spermine-MTS on liposomes leakage was observed which can be caused by insertion 
of compound 4.18 into one of the leaflets of the liposomes and subsequent 
destabilization of the liposomes. The spermine-MTS 4.18 can also cause aggregation 
of the liposomes by interacting with acidic phospholipids and decreasing the 
electrostatic repulsion between the liposomes.57 

 

4.4. Experimental Part 
 

4.4.1. General remarks 

Unless stated otherwise, starting materials for the synthesis were commercially 
available and were used without further purification. For general experimental 
information, see general remarks in the experimental section of Chapter 2. 

 

4.4.2. Synthesis of bis-thiaxanthylidene switch 

2-(4-Methoxyphenylthio)benzoic acid (4.8).58 The 2-mercaptobenzoic acid 4.6 (2.0 
g, 12.9 mmol) was dissolved in dry DMF (50 ml) and dry Na2CO3 
(1.5 g, 14.3 mmol), 4-iodoanisole 4.7 (3.0 g, 12.9 mmol) and Cu 
powder (25 mg, 3.24 mmol) were added at once and the reaction S
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mixture was heated at reflux for 8h. Water was added and resulting solution was 
acidified with conc. HCl at pH=1. The precipitate was filtered off, dissolved in 
EtOAc, washed with saturated aq. NaCl solution and water. The organic layer was 
dried over Na2SO4 and the solvent was evaporated under vacuum. Product 4.8 (1.95 
g, 88%) was obtained as a white solid after purification by column chromatography on 
silica gel (hexane/EtOAc, 4/6) and used for next reaction. 

2-Methoxy-9H-thioxanthen-9-one (4.9a). Acid 4.8 (1.0 g, 3.84 mmol) was added 
slowly (30 min) into a mechanically stirred conc. H2SO4 (10 ml) at 
room temperature. The color of the mixture changed from colorless 
to yellow.  After 45 min the solution was poured onto ice (300 g). 

The precipitated white solid was extracted with CH2Cl2 (3 x 50 ml). The organic 
layers were collected and washed with a saturated aq. NaHCO3 (2 x 50 ml) and a 
saturated aq. NaCl solution (2 x 40 ml). The organic layer was dried over Na2SO4 and 
the solvent was evaporated under vacuum. Pure product 4.9a (750 mg, 77%) was 
obtained as a white solid and no further purification was needed (confirmed by crude 
1H NMR measurement).  

1H NMR (400 MHz, DMSO-d6):  8.63 (d, J= 5.6 Hz, 1H), 8.07 (d, J= 1.8 Hz, 
1H), 7.61 (m, 2H), 7.59 (m, 2H), 7.26 (m, 1H), 3.95 (s, 3H). 

2-Methoxy-9H-thioxanthene-9-thione (4.10a). Under an atmosphere of N2, the 
ketone 4.9a (3.7 g, 15.3 mmol) was dissolved in dry toluene (150 
ml) and P2S5 (13.6 g, 30.5 mmol) was added in one portion. The 
reaction mixture was heated at reflux for 2h. The solid precipitate 

was filtrated off and toluene was evaporated under vacuum. The crude product was 
dissolved in CH2Cl2 (100 ml) and n-hexane (100 ml) was added. The solution was 
cooled down to -15oC and product 4.10a (2.62 g, 66%) was obtained as dark brown 
needles.  
1H NMR (CDCl3): δ 9.08 (d, J= 8Hz, 1H), 8.57 (d, J=2.8 Hz, 1H), 7.6 (m, 2H), 
7.55 (m, 2H), 7.27 (m, 1H), 3.95 (s, 3H) 
13C NMR (CDCl3): δ 209.2, 159.14, 142.28, 134.01, 131.52, 127.49, 127.13, 
127.04, 126.24, 122.77, 114.27, 55.87 

HRMS (EI): calcd. for C14H10OS2, 258.3605, found 258.3589 

 (9H-Thioxanthen-9-ylidene)hydrazone (4.11). Thioketone 4.10b (600 mg, 2.63 
mmol) was dissolved in absolute EtOH (10ml) and NH2NH2.H2O 
(0.64 ml, 13.13 mmol) was added. The reaction mixture was heated at 
reflux for 2h. The solvent was evaporated and product 4.11 (590 mg, 
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99%) was recrystallized from EtOH to yield pure hydrozone as white solid which was 
used immediately in next reaction. 

HRMS (EI): calcd. for C13H10N2S, 226.0670, found 226.0651. 

Dispiro[2-methoxy-9H-thioxanthene-9, 2’-thiirane-3’, 9’-(9’’H)-thioxanthene] 
(4.12). Hydrazone 4.11 (723 mg, 3.2 mmol) was dissolved in dry 
ether and MnO2 (1.4 g, 16 mmol) was added in one portion. The 
reaction mixture was stirred for 20 min and then the solution was 
filtrated through cotton and a small layer of silica. The dark gray 

solution of diazo compound was immediately used for the next reaction. 

Thioketone 4.10a (860 mg, 3.33 mmol) was added to the solution of the diazo 
compound in dry ether and the reaction mixture was stirred for 4h. The solvent was 
evaporated and product 4.12 (850 mg, 67%) was obtained as a yellow solid after fast 
purification by flash column chromatography (n-hexane/EtOAc, 85/15) which was 
used immediately for the next reaction. 

2-Methoxy-9-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.13). The 
episulfate 4.12 (850 mg, 1.87 mmol) was dissolved in p-xylene (150 ml) and PPh3 (5 

g, 18.7 mmol) was added. The reaction mixture was heated at 
reflux for 4h. The solvent was evaporated and the product 4.13 
(700 mg, 89%) was obtained as a yellow solid after flash 
chromatography on silica gel (n-hexane/EtOAc, 95/15). 

1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H), 7.36 (s, 1H), 7.26 – 7.12 
(m, 3H), 7.01 – 6.87 (m, 3H), 6.83 (t, J=8.4 Hz, 1H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 
1H), 6.36 (d, J=3.2 Hz, 1H), 3.37 (s, 3H) 
13C NMR (CDCl3): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11, 55.31 

HRMS (EI): calcd. for C27H18OS2, 422.0799, found 422.0817. 

2-Hydroxy-9-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.14). Compound 
4.13 (300 mg, 0.71 mmol) was dissolved in dry CH2Cl2 under an 
atmosphere of N2 and a 1M solution of BBr3 (3.55 ml, 3.55 mmol) 
was added dropwise at 0oC. After 10 min the solution was allowed 
to warm to room temperature and stirred overnight. Water (20 ml) 

and EtOAc (20 ml) were added and the two layer system was stirred for 15 min. The 
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EtOAc layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 
ml). The organic layers were collected, washed with water, a saturated aq. NaCl 
solution, dried over Na2SO4 and the solvents were evaporated under vacuum. Product 
4.14 (290 mg, quantitative, white solid) was used without further purification in next 
reaction.  
1H NMR (DMSO): δ 9.29 (s, 1H, OH), 7.64-7.59 (m, 4H), 7.41 (d, J=8.4 Hz, 1H), 
7.24-7.16 (m, 2H), 7.05 (t, J=7.6 Hz, 1H), 6.98 – 6.92 (m, 2H), 6.78 (d, J=7.6, 1H), 
6.66 – 6.62 (m, 3H), 6.16 (s, 1H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11 

HRMS: calc. for C26H16OS2, 409.0705, found 409.0719 

2-(3-Bromopropoxy)-(9’H-thioxanthene-9’-ylidene)-9H-thioxanthene (4.15) 
Alcohol 4.14 (50 mg, 0.122 mmol) was dissolved in DMF (2ml) 
under a N2 atmosphere and 1,3-dibromopropane (62 μl, 0.61 
mmol) dissolved in DMF (2 ml) and dry K2CO3 (18.5 mg, 0.134 
mmol) were added. The reaction mixture was stirred at 80oC 
overnight. Water was added and the precipitate was extracted with 

EtOAc (3 x 10 ml). The organic layers were combined and washed with a saturated 
aq. NaCl solution (3 x 10 ml). The solvent was evaporated and product 4.15 (30 mg, 
50%) was purified by column chromatography (hexane/EtOAc, 85/15) to yield a 
white solid. 

 1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H),  7.26 – 7.12 (m, 3H), 
7.01 – 6.87 (m, 4H), 6.83 (t, J=8.4 Hz, 2H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 1H), 
6.36 (d, J=3.2 Hz, 1H), 3.75 (t, J=7.5 Hz, 2H), 3.41 (t, J=7.5 Hz, 2H), 2.03 (m, 
2H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.11, 67.1, 32.9, 29.9 

HRMS (EI): calc. for C29H21OS2Br, 528.0221, found 528.0216 
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(9’H-Thioxanthene-9’-ylidene)-9H-thioxanthene-2-propyl-ethanesulfonothioate 
(4.16). Compound 4.15 (30 mg, 0.056 mmol) was dissolved 
in DMF and sodium methanesulfonothioate (38 mg, 0.28 
mmol) was added at once. The reaction mixture was stirred at 
700C overnight. Water (20 ml) was added and product was 
extracted with EtOAc (3 x 10 ml). The organic layers were 
combined, washed with saturated aq. NaCl solution, dried over 

Na2SO4 and the solvent was evaporated under vacuum. Product 4.16 (10 mg, 35%) 
was obtained as a white solid after purification by column chromatography on silica 
(n-hexane/EtOAc, 8/2). 
1H NMR (CDCl3): δ 7.57 (m, 3H), 7.44 (d, J=8.8 Hz, 1H),  7.26 – 7.12 (m, 3H), 
7.01 – 6.87 (m, 4H), 6.83 (t, J=8.4 Hz, 2H), 6.75 (dd, J1=8.4 Hz, J2=2.8Hz, 1H), 
6.36 (d, J=3.2 Hz, 1H), 3.72 (m, 1H), 3.39 (m, 1H), 3.27 (s, 3H), 3.21 (t, J=7.5 Hz, 
2H), 2.01 (m, 2H). 
13C NMR (DMSO): δ 158.05, 137.28, 136.43, 136.24, 136.13, 135.98, 135.90, 
135.73, 133.99, 133.77, 130.23, 130.09, 130.05, 128.27, 128.21, 127.37, 127.33, 
127.0, 126.08, 125.85, 115.23, 114.21, 114.1, 67.1, 52.4, 32.9, 29.9 

MS (ESI): calc. for C30H24O3S4, 560.0608, found 560.1620. 

 

4.4.2. Synthesis of spermine-MTS 

4, 9, 13-Triazatetradecyl bromide (4.22). This compound was prepared according 
to literature procedure59 starting with 4.20 (25.0 g, 
0.159 mmol) and 4.21(29.5 g, 0.336 mmol). All data 

were in agreement with those reported in the literature.  
1H NMR (D2O):  1.81 (m, 4H), 2.14 (m, 2H), 2.28 (m, 2H), 2.76 (s, 3H), 3.17 
(m, 8H), 3.23 (m, 2H), 3.55 (m, 2H). 

S-3-(4-(3-(Methylamino)propylamino)butylamino)propyl methanethiosulfonate 
(4.18). Compound 4.22 (450 mg, 0.86 mmol) was 
dissolved in DMF (10 ml) and sodium 
methanethiosulphonate (482 mg, 3.61 mmol) was 

added at once. The reaction mixture was stirred for 24h at 80oC. The solvent was 
evaporated under reduce pressure (0.1 Torr, under 70oC) and the resulting solid was 
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dissolved in acetonitrile. The precipitate was filtered and dried. Pure product 4.18 
(200 mg, 48%) was obtained as a white powder. 
1H NMR (DMSO):  1.81 (m, 4H), 2.14 (m, 2H), 2.22 (m, 2H), 2.76 (s, 3H), 3.17 
(m, 8H), 3.23 (m, 2H), 3.33 (m, 2H), 3.56 (s, 3H) 
13C NMR (DMSO):  22.73, 23.28, 26.32, 33.19, 34.08, 44.50, 45.97, 46.72, 51.00 

HRMS (ESI): calc. for C12H30N3O2S2 312.1779, found 312.1780 (M+H). 

 

4.4.3. MscL channel isolation and modification 

The MscL channel was prepared and isolated as described before.60 

4.4.4. Sample for ESI-MS measurement. 

Samples for ESI-MS measurement were prepared as followed: 500 ml of 
labeled MscL protein was placed in a sterile 2 ml microtube and 100 mg wet weight of 
biobeads SM-2 adsorbents was added. Incubation at 40 oC for 45 min was performed 
in order to absorb the detergent. The solution was transferred into a new microtube 
and incubated at 60 oC for 30 min, cooled on ice and centrifuged at 20.800g (14000 
rpm) for 15 min at 4 oC. The white pellet was washed with ice-cold sterile water by 
adding 2 ml of water and centrifuging as before. This procedure was repeated another 
two times. Upon removing water a white pallet of pure MscL protein without 
detergent was prepared. Shortly before the ESI-MS measurement, the pellet has to be 
dissolved in 300 ml of 50% formic acid and 50% acetonitrile. 

 

4.4.5. Samples for the SDS-PAGE gel with MTS-PEG-5000 

Purified G22C-MscL protein labeled with spermine-MTS molecule 4.18 (10 
l) and SDS sample buffer (5x concentrated) without mercaptoethanol (3 l) were 
mixed together.  MTS-PEG-5000 (10 mM, 1 l) and water (1 l) were added and the 
whole sample incubated for 5 min at room temperature and then vortexed and spin 
down for 30s. The sample (15 l final volume) was introduced into SDS-gel and run 
at 100 mV for 30 min and then at 200 mV. 
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4.4.6. Fluorescence dequenching experiment. 

A sephadex G50 size-exclusion column was equilibrated with the efflux buffer 
(10 mM NaPi, 150 mM NaCl and 1mM EDTA, pH=8) and free calcein was 
separated from the proteoliposomes by applying 400 ml proteoliposome and calcein 
mixture onto the column.  Elution of the proteoliposomes containing calcein from the 
column with efflux buffer was performed applying the gravity force. The 
proteoliposomes proceed in the column as a discrete dark orange band in the elution 
front. Efflux buffer (3ml) and proteoliposoms (2.5 μl) were placed into a 4 ml cuvette 
and mixed. In the dequenching experiment of proteoliposomes containing unlabeled 
MscL (MscL-G22C), measurement of the fluorescence at 520 nm (excitation at 490 
nm) in a spectrofluorometer was performed. The activity of the MscL channel protein 
was followed for first 3 min and then the lid of the cuvette compartment was opened 
and 25 μl of MTSET was added from a 160 mM stock (dissolved in water) and mixed 
well. The lid of the instrument was closed and the activity of the protein was followed 
again. This experiment gives information on the maximum channel activity one may 
expect from the particular preparation of proteoliposomes. By applying 100 l 
Anapoe-X-100 (final concentration of 8 mM), the burst of all the liposomes in the 
cuvette was achieved. The release of the calcein self-quenching dye is referred as  “% 
release” by applying the equation: % release = (It-I0/I100-I0)x100, where It is the 
measured fluorescence intensity at a given time, I0 is the initial fluorescence intensity, 
which is caused by the initial free calcein in the sample before stimulation of the 
channel and the residual fluorescence resulting from the quenched liposomal calcein, 
and I100 is the fluorescence intensity from the total liposomal calcein, which is 
obtained from bursting all liposomes by the addition of Anapoe-X-100. The same 
procedure was applied for measurement of the activity of bis-thiaxanthylidene-
modified MscL protein and for in situ modification of the MscL channel with 
spermine-MTS. 
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Towards Membrane-Active Aromatic 
Oligoamide Macrocycles 

 

 

 

 

In this chapter an approach towards the synthesis of new oligoamide macrocycles 
will be discussed. Two types of macrocycles were prepared containing carbazole or 
carbazole-phenanthrene building blocks. The properties of the carbazole intermediate were 
studied with cryo-TEM as well as by electrophysiological methods. Surprisingly, the 
carbazole molecule showed interesting aggregation behavior upon addition to water or 
buffer solutions. The formation of disk-like structures or rod-like structures could be 
observed. Electrophysiological methods revealed that these structures had significant effects 
on the stability of bilayers.* 

 

 

 

 

 

 

 

 

 

 

 

*This chapter will be published in part in: Halža E., Stuart M. C. A., Kocer A., Feringa B. L., 
manuscript in preparation 
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5.1    Introduction 

Proteins, peptides and secondary metabolites can form naturally occurring 
membrane channels and pores with vivid biological action.1 Transport of ions, small 
molecules and in some cases even water2 would not be possible without channels and 
pores present in lipid membranes of each living cell.  

Taking inspiration from nature, the creation of functional artificial channels is 
a major challenge in modern organic chemistry. In the past decades, a number of 
successful ion channel/pore systems3 have been made, based on different principles4 
(for more details, see chapter 1). This allowed us to understand biological ion 
transport and furthermore apply this knowledge to build functional ion sensors, ion-
selective electrodes and antimicrobials.5  

The simplest strategy for building artificial channels/pores is a biomimetic 
approach, where naturally occurring motifs from proteins6 antimicrobial peptides7 and 
natural products8 are modified in order to obtain new systems with desirable 
properties. Completely artificial systems (synthetically prepared from small organic 
molecules) were developed subsequently, inspired by ion receptors9 and sensors10 
applying knowledge about hydrogen-bond donors,11 ion pairing motifs7, 8a, b, c, d, 11i, 12, 
catechol structures13 and anion- interactions.14 

Here, a synthetic approach to a new class of cyclic structures based on 
carbazole and phenanthrene molecules will be discussed as well as the membrane 
activity of the carbazole molecules used as building blocks. 

5.1.1. Synthetic ion channels 

In general, artificial channels/pores are synthesized according to “designed 
structures” (Fig. 1) and subsequently the activity is checked. Matile and co-workers 
recently classified all actual artificial ion channels/pores according to the principles 
involved in building functional pores.5c, e  

The most simple structure comprised a unimolecular macromolecule (Fig. 1, 
A) spanning the whole length of the lipid bilayer. For that, a macromolecule is needed 
of which the active structure is at least 25 – 40 Å long to be able to penetrate the 
whole length of lipid bilayer. This “design” requires only a single molecule which is 
able to form a desired channel. 



 

 

  115 

 

 

 

 

 

Towards Membrane-Active Aromatic Oligoamide Macrocycles
 

 

 A natural example and inspiration for the design of biomimetic system can be 
found in the -helix of poly-L-glutamine (poly, n=37, length=30 Å).15 Highly stable, 
cation-selective ion channels of poly-L-glutamine were observed. Single-channel 
conductance suggest a small inner diameter (g=17pS in 1M CsCl) which is in 
agreement with the small inner diameter of an unimolecular -helix (1.5 Å, Fig. 2). 
The concept of a helical structure, based on the modification of  or -helical scaffold, 
was used in many other studies16 as well as other strategies (for additional information, 
see chapter 1). 

  

 Most of the successful artificial channels/pores are based on supramolecular 
strategies used at the start of the design process. Single subunits are synthesized and 
the whole assembly is self-assembled in a lipid bilayer using non-covalent interactions 
in supramolecular complexes. In this case more than one molecule is required to build 

Fig. 1 Design strategies in the field of synthetic ion channels and pores includes unimolecular 
approach (A), barrel-stave (B), barrel hoop (C), barrel-rosette (D)  and micellar supramolecules 
(E). Adopted from ref 5c. 

Fig. 2 The -helix of polyglutamine as a representative example of a possible biomimetic design in 
the field of synthetic ion channel/pores. Adopted from ref 5c.
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the active channel/pore. Three categories based on cylindrical arrangements can be 
distinguished depending on the position and orientation of the subunits. The barrel-
stave model (Fig. 1, B) is characterized by a linear orientation of the subunits 
(monomers) in the lipid bilayer.17 On the other hand, the barrel-hoop model18 (Fig. 1, 
C) requires cyclic monomers which are self-organizing in the lipid bilayer by stacking 
of the subunits. The barrel-rosette structure (Fig. 1, D) can be seen as an intermediate 
between barrel-stave and barrel-hoop models in which the barrel-stave supramolecular 
structure contains fragmented staves or the barrel-hoop supramolecular structure 
contains fractioned hoops.5c 

 Micellar pores (Fig. 1, E) are most complex and the least understood pores 
which are formed by many natural toxins and -helical peptides.19 It was proposed 
that during diffusion and/or field driven translocation of peptides from one leaflet of 
the bilayer to another, “toroidal” pores are forming and these pores are causing lipid 
flip/flop similar to those formed in the bilayer as a response to stress and pressure.20 
Detergents can be taken as one of the examples of micellar pores causing large lipid 
area transformation into mixed, reversed, disk/tubular micelles driven by very complex 
mechanisms including interfacial carpets.19, 21  

 

5.1.2. Aromatic oligomers; a new class of membrane active compounds 

In nature, most of the important chemical processes (catalysis, specific 
binding, directed flow) are controlled by large molecules with specific compact 
conformations which are thermodynamically and kinetically stable. This is possible 
due to the precise three-dimensional arrangement of functional groups. Modern 
supramolecular chemistry allows to design and build such systems based on the 
knowledge from nature, including hierarchical organization of conformation 
(secondary structure vs. tertiary structure), cooperativity in higher-order structure and 
sequence heterogeneity.22 The -peptide back-bone, a prerequisite for folding of the 
peptides and secondary structure formation can be replaced with other motifs and the 
resulting structures are still able to form secondary structures as was shown previously 
in a few examples.23 Aromatic oligoureas24 are following the same principles as 
oligoamides, because the urea group is characterized by its rigidity, planarity and 
hydrogen-bond capability just as the peptide bond.  

Foldamers or oligomers are examples where the peptide bond is still crucial for 
adopting well-defined conformations in solution and this type of structure has 
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attracted major interest in the past 10 years.25 Poly(-amino acid) or poly(-amino 
acid) back-bone structures were the most simple examples of such  artificial systems at 
the beginning of the newly emerging field of foldamers.22 Introduction of aromatic 
oligoamide foldamers brought new opportunities. 26 In view of the fact that the 
peptide back-bone shows free rotation, an additional set of interaction has to be 
introduced in order to stabilize the structure and minimize the conformational 
freedom. Intramolecular H-bonds can act as a glue for a system and brings additional 
stability into the desired structure (Fig. 3).27, 28 In this type of system, the number and 
orientation of the subunits can provide different final structures with discrete 
properties. When the length of the chain is increasing and further stabilization by 
intramolecular hydrogen bond is in place, the oligomer is forced to adopt a helical 
conformation (Fig. 3, middle). 

 

If an amide bond is formed between two aromatic moieties containing acid 
and amine functional groups in m-positions (Fig. 3, left), small cavities are obtained. 
Depending on the length of the oligomer, small cyclic or long helical structures can be 
observed, which can act as a lipid bilayer penetrating molecule (Fig. 3, right). On the 
other hand, when a combination of m- and p- substituted aromatic subunits is used, 
larger cavity can be formed.27 

 

5.2. Cyclic oligomers as a new entry into conducting transmembrane pores. 

5.2.1. Cyclic oligomers based on backbone-rigidified oligomers. 

Macrocycles, so widely spread in the nature29 (erythromycin, chlorophyll, 
vancomycin), with various biological functions,30 have attracted organic chemist’s 

Fig. 3 Oligoamides with crescent backbone (left). The intramolecular hydrogen bonds minimize the 
conformational freedom of the backbones. Additionally, a cavity is formed with a diameter of about
10 Å in the macrocycle (middle) and in a helix (right). Adopted from ref 27. 
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attention for a long time and have been a source on inspiration to mimic nature and 
design artificial systems. Different synthetic approaches have been used to accomplish 
this challenge,31, 32 but low yields of the final products of the chemical synthesis were 
common drawbacks of the particular method. Development of a one-step, 
multicomponent cyclization reaction would be attractive, because in principle it offers 
a simple and fast method to obtain the desired product. Also easy availability of simple 
starting building blocks would be a major advantage. Reversible covalent bond 
formation is a promising alternative and this strategy was successfully used in 
combinatorial self-replication systems.33 Gong and co-workers developed a simple and 
highly efficient method for formation of shape-persistent macrocycles which are 
supported by three-center intramolecular hydrogen bonds.34 Starting with very simple 
building blocks containing acid or amine residues, a one-pot reaction results in the 
formation of macrocycles with defined number of subunits (Fig. 4).  

 

The presence of intramolecular hydrogen bonds helps to rigidify the structure 
and consequently forms the hexameric cyclic structure in high yield (69 %). It was 
suggested that the formation of the hexameric cyclic structure is much faster than the 
formation of higher oligomers which is supported by reorganization of the uncyclized 
molecule.34 The resulting hexameric macrocycle showed membrane activity in a 
POPC/PC (80/20) bilayer, suggesting channel formation based on intermolecular 
stacking interactions.35 

 

 

Fig. 4 Reaction of the diacid chloride with diamine resulting in the formation of the macrocycle
supported by three-center intramolecular hydrogen bond. 
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5.2.2. Oligoamides based on a carbazole building block. 

In our study, we decided to use a simple carbazole molecule for formation of 
macrocyclic structures through amide bonds. We anticipated that, if we would be able 
to form a macrocycle structure out of the simple carbazole intermediates, it would be 
possible to form higher-ordered structures due to the - interactions between two 
macrocycle units. On the other hand, hydrogen bonding can significantly influence 
the higher-ordered structure formation. Introduction of alkyl chains at the nitrogen of 
the carbazole can improve solubility of the molecule in organic solvents (Fig. 5). 

 

 The 3 and 6 positions of the amino and carboxyl groups in the carbazole 
building blocks were chosen as the best positions for formation of the macrocycles. 
Also a phenanthrene molecule, containing two carboxyl groups at the 3 and 6 
positions was used, because of the structural similarity with the carbazole molecule. 

 

5.2.3. Synthesis of carbazole and phenanthrene building blocks 

In order to prepare carbazole building blocks containing amino group or 
carboxyl groups, two synthetic strategies were followed based on the same starting 
material (carbazole 5.1, Scheme 1). In the synthesis of 9-tetradecyl-9H-carbazole-3,6-
diamine 5.4, carbazole 5.1 was first treated with sodium nitrite in the presence of 
acetic acid and nitric acid according to a literature procedure.36 Two isomeric 
dinitrocarbazoles (3,6- and 3,8- isomers) were formed during the reaction, which were 
easily separated by dissolving the crude reaction mixture in ethanolic solution of 

Fig. 5 Proposed reaction between N-alkyl diamine carbazole and N-alkyl carbazole dicarboxylic 
acid or phenanthrerene dicarboxylic acid in order to prepare macrocycles with four carbazole or two
carbazole and two phenanthrene subunits in the cycle. 
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sodium hydroxide. Only 3, 6-dinitrocarbazole 5.2 is soluble in this solution and the 
other isomer is a precipitate and can be removed by filtration. After acidification of the 
ethanolic solution of sodium hydroxide containing 3,6-ditritrocarbazole 5.2 with 
conc. HCl, the desired product 5.2 precipitated and was readily separated by 
filtration.36 Attachment of the C14-alkyl chain was performed in DMF in the presence 
of potassium carbonate as a base. The final product 5.4 was obtained by catalytic 
hydrogenation of the dinitrocarbazole 5.3 using Pd/C in the presence of acetic acid. 

 

The synthesis of the 9-tetradecyl-9H-carbazole-3,6-dicarboxylic acid 5.7 
started with the reaction of carbazole 5.1 with 1-bromo-n-tetradecane in acetone in 
the presence of sodium hydroxide and phase transfer catalyst tetra-n-butylammonium 
bromide (Bu4NBr). The bromination reaction of carbazole 5.5 with N-
bromosuccinimide (NBS) in chloroform gave 3,6-dibromocarbazole 5.6 which was 
transform into the diacid 5.7 by a lithium-halogen exchange reaction and subsequent 
reaction with solid carbon dioxide at -70oC in THF. 

Two different strategies were used in the preparation of 4,4’-
dimethylstilbenedicarboxylate 5.12 as an intermediate in the synthesis of 
phenanthrene-3,6-dicarboxylic acid 5.14. In the first one, methyl 4-formylbenzoate 
5.8 was reacting with methyl 4-methylbenzoate 5.9 in DMSO in the presence of 
potassium tert-butoxide (t-BuOK) as a base. Subsequently, the diacid was methylated 
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Scheme 1 Synthetic strategies for preparation of 9-tetradecyl-9H-carbazole-3,6-diamine 5.4 and
9-tetradecyl-9H-carbazole-3,6-dicarboxylic acid 5.7. 
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with an excess of diazomethane in dry ether.37 The second approach was based on the 
Wittig reaction between the triphenylphosphonium bromide salt of methyl 4-
bromothylbenzoate 5.1038 and methyl 4-formylbenzoate 5.8.38  

 

In both reactions the formed stilbene molecule 5.12 was cyclized into the 
phenanthrene molecule 5.13 by irradiating a toluene solution containing iodine with 
a high pressure mercury lamp (max = 365 nm) while a stream of oxygen was passed 
through the reaction mixture. By using sodium hydroxide in ethanol/THF, the 
dimethyl phenanthrene-3,6-dicarboxylate 5.13 was deprotected and the desired 3,6-
phenanthrene dicarboxylic acid molecule 5.14 was obtained. 

 

5.2.4. Synthesis of macrocycle molecules. 

For the preparation of the macrocycle molecules, a proper strategy has to be 
chosen in order to be able to prepare the desired product in good yield and the desired 
ratio of building blocks in the cyclic structure. For the reaction of the carbazole-3,6-
diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7 or phenanthrene-3,6-dicarboxylic 
acid 5.14, the methodology reported by Gong and co-workers34 was adopted. It is 
based on the reaction of the amine 5.4 and acyl chloride of acid 5.7 or 5.14 in the 
presence of triethyl amine (Et3N) as a base at low temperature for the first 5 hours and 
following by heating at reflux for 48h (Scheme 3). 
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In the first step, diacids are converted into the corresponding acyl chlorides by 
heating at reflux with thionyl chloride (SOCl2). After the evaporation of the excess of 
the SOCl2, the crude products were dissolved in dry CH2Cl2 and this mixture was 
slowly added to the solution of diamine and Et3N in dry CH2Cl2 at -20oC. After 5h 
the temperature of the solution was allowed to reach room temperature and the 
solution was subsequently heated at reflux for 48h. After that period, acetyl chloride 
was added followed by methanol to quench unreacted starting materials. The crude 
reaction mixture was examined by MALDI-TOF spectrometry to analyze the formed 
products. 

5.2.5. MALDI-TOF analysis of crude reactions. 

MALDI-TOF analysis of the crude reaction mixture of the reaction between 
carbazole-dicarboxylic acid 5.7 (C) and carbazole-diamine 5.4, (C, C-C macrocycle) 
revealed the presence of three major peaks in the area between 800 and 1800 m/z. 
Exact mass calculations indicated that  molecular structures could be assigned to each 
peak in the spectra (Fig. 6). To our surprise, the peak at 1617 m/z belongs to the 
tetrameric macrocycle C-C (C108H143N8O4, 1617.1311, Scheme 3) containing only 
carbazole building blocks linked by amide bonds. Two other compounds with 
mass/charge ratio at 1259 m/z and 868 m/z correspond to the trimer and dimer (linear 
molecules containing three or two carbazole molecule respectively), respectively. No 
further higher oligomeric structures were found in the spectra. To be able to separate 
each structure, preparative thin layer chromatography (silica gel) was used as an 
isolation technique. It was possible to isolate the C-C macrocycle by this method in 
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pure form in 0.5 % yield (for MALDI-TOF analysis of separated macrocycle, see 
experimental part). 

 

MALDI-TOF analysis of the crude reaction mixture obtained from carbazole-
diamine 5.4 (C) and phenanthrene-dicarboxylic acid 5.14 (P, C-P macrocycles) 

revealed again the presence of three major products in the area between 1040 to 2520 

Fig. 6 MALDI-TOF spectrum of crude reaction mixture between carbazole-3,6-diamine 5.4 and 
carbazole-3,6-dicarboxylic acid 5.7.  

Fig. 7 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-3,6-
diamine 5.4 and phenanthrene-3,6-dicarboxylic acid 5.14. 
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m/z. The tetrameric macrocycle C-P (C84H90N6O4, 1247.7024, Scheme 3), 
containing two carbazole and two phenanthrene building blocks, was observed at 
1247 m/z and also at 1269 m/z which can be assigned to tetramer plus a sodium ion. 
Molecular ions at 1100 (1123, M+Na) belong to the trimer.  

Surprisingly, the hexameric structure was also observed at 1894 (+Na). The 
identity of the C-P macrocycle was also confirmed by matching the isotope 
distribution of its molecular mass peak with the computer simulated one (Fig. 9).  

The purification of the C-P macrocycle was performed by thin layer 
chromatography (silica gel) and yielded 10 mg (2.5%) of a sample containing the 
desired C-P compound. Further analysis of the MALDI-TOF spectra of the isolated 
C-P macrocycle revealed still the presence of a large amount of unreacted carbazole 
molecule 5.15 (Fig. 8).  

 

The acetyl protected amine 5.15 is the result of the reaction between 
carbazole molecule 5.4 and acetyl chloride. In order to further purify the macrocycle 
several thin layer chromatography separations were performed but we did not 

Fig. 9 Isotope distribution of the M+ ions from MALDI-TOF (left) and computer simulation (right) 
of C-P macrocycle. 
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Fig. 8 The molecule 5.15 present in separated macrocycle C-P after thin layer chromatography. 
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succeeded to the obtain macrocycle in pure form. On the other hand, compound 5.15 
showed interesting behavior when tested in pure form. The mixture of the C-P 
macrocycle together with compound 5.15 as well as pure carbazole molecule 5.15 was 
examined separately by various techniques. 

 

5.2.6. Electrophysiological measurements 

To further investigate if compound 5.15 or the mixture of C-P macrocycle 
with 5.15 have any channel activity, electrophysiology measurements were performed 
and the black lipid membrane technique39 was used as a fast and suitable method. The 
two chambers of the black lipid bilayer device (Teflon) were filled with 4 ml of 
aqueous buffer solution (10 mM Tris and 1.5 M NaCl, pH=7.4) and a mixture of C-
P macrocycle with 5.15 was added to the cis site of the device while the buffer 
solution was stirred by a magnetic stirring bar (for details of setup of the instrument 
and experiment; see chapter 1). A voltage was applied (70 mV) and changes in the 
current were followed in time (Fig. 10, A). An opaque solution (particles formed) was 
formed and pore-like activity could be observed. Particles generated in solution 
(opaque solution) mainly formed defined defects in the lipid bilayer with the unitary 
conductance40 of 0.287 nS. Multiples of the same unitary conductance (Fig. 10, A, 
enlarged area) indicates the presence of particles with a defined size in the buffer 
solution. If the particles would be randomly sized, the conductances would be also 
random. After this observation, pure compound 5.15 (this compound was prepared 
separately, for detailed information, see experimental part) was tested. When 5.15 was 
applied into the chamber filled with buffer (10 mM Tris, 1.5 M NaCl, pH = 7.4) the 
particle formation was also observed. Upon application of the voltage (80 mV), defects 
with the same conductance as for C-P/5.15 mixture were observed (Fig. 10, B). This 
result indicates that the signal observed for the mixture (C-P/5.15) is due to the 
presence of compound 5.15.  

From the observed unitary conductance, the pore size can be estimated 
applying the Hille’s equation,41 which gives the relationship between the pore size and 
conductance. If we assume, that the pore is a uniform cylinder of diameter r and 
length l, in the buffer solution of resistivity, the resistance RC through the channel is 

defined as: RC = 
22 r

r
l










  .  
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Fig. 10 Electrophysiology measurement by a black lipid membrane of the C-P/5.15 mixture (A,
70mV) and molecule 5.15 (B, 80 mV) in buffer solution (10 mM Tris, 1.5 M NaCl, pH=7.4).
The lipid bilayer was formed by painting an 150 m opening in PTFE (Teflon) cup with
PC/DOPS (20 mg/ml, 80/20, PC-phosphocholines, DOPS-dioleoyl-phospho-L-serine) lipids. 
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Since the conductance G is the inverse value of RC, for the diameter of the 

pore the following formula can be applied: d = 











G

lG





 4

42

2

.42 

The resistivity of the buffer solution (10 mM Tris, 1.5 M NaCl, pH=7.4) was 
measured to be 0.0823 Ω∙m. If we would take the length of the lipid bilayer to be 4 
nm43, the pore size will be 3.5 Å when the conductance is 0.287 nS. 

To further investigate the nature of the particles (aggregates) formed in buffer 
solution upon addition of the C-P/5.15 mixture or pure 5.15 molecules, the cryo-
TEM (cryo-transmission electron microscopy) technique was used. 

 

5.2.7. Cryo-TEM studies. 

During electrophysiological studies it was observed that after additions of the 
C-P/5.15 mixture (4.7 M) or pure molecule 5.15 (4 M) to water (buffer solution), 
opaque solutions were formed. Further increase of concentration (above 10 M) led to 
the formation of small aggregates which were visible by the naked eye. To further 
investigate this aggregation, cryo-TEM (cryo-transmission electron microscopy) 
images were made after the addition of methanol solution of the C-P/5.15 mixture 
(Fig. 11) or pure molecule 5.15 (Fig. 12) to water (25 M, for preparation, see 
experimental part). 

Fig. 11 Cryo-TEM images of mixture of C-P/5.15 mixture (250 M, left, bar represents 100 nm)
in water. The square represents enlargement of the area (right, bar represents 100 nm). The arrows
(right) are pointing to the tubular structures represented by black thin lines. 
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As it can be seen from the cryo-TEM images (Fig. 11, left), long tubular 
structures and disc like structures were observed. After further magnification smaller 
structures within large tubular bundles can be seen. When cryo-TEM images of 
molecule 5.15 (Fig. 12) were made, long bundles of tubules were also observed.  

 

The diameter of a single tube-like structure was estimated to be around 4 nm. 
The hydrophobic interactions of the alkyl chains might further stabilize the aggregate 
structure and also can bring tubules together to form larger aggregates as visible in the 
cryo-TEM images (Fig. 11, right). 

 

5.2.8. Discussion 

New oligoamide macrocycles based on carbazole (C-C) and carbazole 
phenanthrene molecules (C-P) were prepared and confirmed by MALDI-TOF 
analysis and isotope distribution analysis. Unfortunately, only a small amount could 
be prepared and no successful method was found to isolate pure C-P compound from 
the reaction mixture. On the other hand, pure carbazole bis-amide molecule 5.15, 
which was present in majority in the mixture with the C-P macrocycle has the ability 
to form disc-like structures as well as rod-like structures (Fig. 11, 12). When tested for 
bilayer activity with the black lipid technique, defined defects activity with unitary 

Fig. 12 Cryo-TEM images of compound 5.15 (250 M, left, bar represents 100 nm) in water.
The square represents enlargement of the area (right, bar represents 25 nm).  
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conductance could be observed for both, the C-P/5.15 mixture and for molecule 
5.15. From this observation, we concluded that defined defects behavior in the case of 
C-P mixture is related only to the 5.15 molecule as can be seen from Fig. 10. The 
defined formation of defects by compound 5.15 can be related to the formation of 
tubular structures which are formed in the lipid bilayer. By analyzing the results from 
black lipid membrane technique, the diameter of the opening in the membrane and 
conductance of these openings could be estimated (G = 0.287 nS with a pore diameter 
3.5 Å). The mechanism of the tubular structure formation (hydrogen bonding or  -  
stacking) is still under the investigation. 

 

5.3. Experimental part 

5.3.1. General information 

For general information on the synthesis and characterization of compounds, see 
chapter 2. 

5.3.2. Synthesis of carbazole and phenanthrene precursors. 

3, 6 – Dinitrocarbazole (5.2).36 A suspension of carbazole 5.1 (41.8 g, 0.25 mol, 
Sigma) in glacial acetic acid (300 ml) was treated during one 
hour with NaNO2 (17.3 g, 0.25 mol) while stirred at 30 – 40 
oC. After another 2 h 65% HNO3 (37 ml, 51 g, 1.5 mol) mixed 
with a weight equivalent of glacial acetic acid (49 ml, 51 g, 0.85 

mol) were added dropwise over 1 h and the mixture was stirred at 40oC overnight. 
The reaction mixture was then held at 50 oC for 1.5 h, at 65oC for 1.5 h and at 95oC 
for 2 h. After cooling to room temperature the precipitate was filtered, washed with 
cold glacial acetic acid and finally with water. The crude yellow powder was dried in 
an oven at 140 oC. Separation of isomeric dinitrocarbazoles: 16 g of crude product from 
the nitration reaction was dissolved in alcoholic potassium hydroxide (42 g of KOH in 
700 ml of EtOH). The red precipitate was filtered off and the red solution was 
collected and acidified with conc. HCl (to pH = 3). A yellow precipitate of 5.2 was 
obtained by filtration, washed with water (to dissolve KCl) and dried in an oven at 
140 oC. Pure product 5.2 (8 g, 25%) was obtained as yellow powder. 
1H NMR (DMSO, 400 MHz): δ 12.13 (s, NH), 9.46 (s, 2H), 8.37 (d, J = 10.4 Hz, 
2H), 7.78 (d, J = 12.4 Hz, 2H). 
13C NMR (DMSO, 100 MHz) δ 144.92, 142.16, 123.26, 122.79, 118.01, 109.81 

H
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HRMS (ESI): cald. for C12H7N3O4Na, 280.03288, found 280.0318 (M+Na) 

3, 6-Dinitro-9-tetradecyl-9H-carbazole (5.3). 3, 6-dinitrocarbazole 5.2 (4.7 g, 
18.32 mmol) was dissolved in DMF and 1-bromo-n-tetradecane 
(10.16 g, 36.64 mmol) and dry K2CO3 (25.0 g, 0.18 mol) were 
added at once. The yellow solution turned intensively red. The 
reaction mixture was stirred at 110 oC overnight. The yellow 

solution was poured into water and the precipitate was filtered, dissolved in CHCl3 
and washed with a sat. aqueous solution of NaCl. The organic layer was dried over 
Na2SO4 and the solvent was evaporated. Pure product 5.3 (5.8 g, 70%) was obtained 
as yellow powder after crystallization from EtOAc/hexane. 
1H NMR (CDCl3, 300MHz): δ 9.07 (d, J = 2.1 Hz, 2H), 8.48 (dd, J1 = 9 Hz, J2 = 1.8 
Hz, 2H), 7.56 (d, J = 9.3 Hz, 2H), 4.41 (t, J = 7.2 Hz, 2H), 1.93 (m, 2H), 1.31 (m, 
22H), 0.87 (t, J = 6Hz, 3H). 
13C NMR (CDCl3, 75 MHz): δ 151.24, 144.92, 142.16, 123.26, 122.79, 118.01, 
109.81, 52.25, 44.48, 41.03, 32.15, 29.87, 29.80, 29.74, 29.66, 29.58, 29.50, 29.16, 
27.42, 22.93, 18.67. 

HRMS (EI) cald. for C26H35N3O4, 453.2628, found 453.2623. 

3,6-Diamino-9-tetradecyl-9H-carbazole (5.4). Dinitrocarbazole 5.3 (4 g, 8.82 
mmol) was dissolved in methanol (300 ml), glacial acetic acid 
(56 ml) and 10% Pd on activated carbon (800 mg) were added. 
A balloon containing hydrogen was attached and reaction 
mixture was stirred for 3 h at room temperature under a 

hydrogen atmosphere. The reaction mixture was filtered and volatiles were evaporated 
under reduce pressure. Pure product 5.4 (2 g, 58%) was obtained after crystallization 
from EtOAc as a grayish powder. 
1H NMR (400 MHz, CDCl3): δ 7.35 (d, J = 1.6 Hz, 2H), 7.16 (d, J = 8.4, 2H), 6.9 
(dd,  J1= 8.8 Hz, J2 = 2.4 Hz, 2H), 5.95 (s, NH2), 4.16 (t, J = 6.8 Hz, 2H), 1.80 (m, 
2H), 1.26 (m, 22H), 0.88 (t, J = 4.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 139.15, 137.50, 136.25, 123.12, 116.23, 109.40, 
107.14, 43.42, 32.16, 29.91, 29.88, 29.82, 29.75, 29.66, 29.59, 29.30, 27.55, 22.92, 
14.36. 

HRMS (EI) cald. for C26H39N3, 393.3144, found 393.3128. 
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9-Tetradecyl-9H-carbazole (5.5). Carbazole 5.1 (16.7 g, 0.1 mol) and the phase-
transfer catalyst tetrabutylammoniumbromide (0.15 g, 0.465 mmol) were dissolved in 

acetone (100 ml). Sodium hydroxide (6.4 g, 0.15 mol) was added 
followed by 1-bromotetradecane (32.2 g, 0.1 mol) and this reaction 
mixture was heated at reflux overnight. The solvent was removed under 
reduce pressure and water was added. A white solid was collected by 

filtration and washed with water. Pure product 5.5 (29 g, 80%) was obtained after 
crystallization from EtOH/H2O as a white solid. 
1H NMR (400 MHz, CDCl3): δ 8.13 (d, J = 7.6 Hz, 2H), 7.49 (t, J = 6.8 Hz, 2H), 
7.43 (d, J = 8 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 4.31 (t, J = 7.2 Hz, 2H), 1.89 (m, 
2H), 1.37 (m, 22H), 0.91 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 140.66, 125.79, 123.04, 120.56, 118.91, 110.13, 
108.88, 43.32, 32.19, 29.94, 29.91, 29.87, 29.83, 29.77, 29.68, 29.62, 29.22, 27.58, 
22.96, 14.39. 

HRMS (EI) cald. for C26H37N, 363.2926, found 363.2913. 

3,6-Dibromo-9-tetradecyl-9H-carbazole (5.6). N-n-tetradecyl-9H-carbazole 5.5 (5 
g, 13.7 mol) and N-bromosuccinimide (5.87 g, 33 mmol) were dissolved in a mixture 

of chloroform (50 ml) and acetic acid (41 ml) and the resulting 
reaction mixture  was stirred at room temperature under a N2 
atmosphere for 6 h. The solvent was evaporated under reduce 
pressure and the residue was poured into water. The product was 

extracted with CH2Cl2 (3 x 50 ml), the organic layers were collected, dried over 
Na2SO4 and the solvent was evaporated under reduced pressure. Pure product 5.6 
(6.63 g, 92%) was obtain as a white solid after purification by column 
chromatography on silica gel (Hexane/EtOAc). 
1H NMR (400 MHz, CDCl3): δ 8.1 (d, J = 2.4 Hz, 2H), 7.53 (dd, J1 = 8.8 Hz, J2 = 
2.4 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 4.19 (t, J = 7.2 Hz, 2H), 1.80 (m, 2H), 1.29 
(m, 22H), 0.89 (t, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 139.49, 129.19, 123.62, 123.43, 112.13, 110.58, 
43.55, 32.17, 29.90, 29.88, 29.83, 29.78, 29.69, 29.61, 29.57, 29.07, 27.44, 26.97, 
22.95, 14.38. 

HRMS (EI, APCI) cald. for C26H36Br2N, 522.11886, found 522.11206 (M+H). 
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9-Tetradecyl-9H-carbazole-3,6-dicarboxylic acid (5.7). 3,6-dibromo-9-tetradecyl-
9H-carbazole 5.6 (2 g, 3.92 mmol) was dissolved under a 
nitrogen atmosphere in dry THF and n-BuLi (5.2 ml, 8.44 
mmol) was added at -75oC during 30 min. The reaction 
mixture was stirred for an additional 30 min and then solid 

carbon dioxide (excess) was added. The reaction mixture was warmed to room 
temperature and water was added. The aqueous layer was acidified with conc. HCl to 
pH = 2. The precipitate was filtered, washed with water, EtOAc and dried. Pure 
product 6.7 (1.5 g, 87%) was obtained as a white solid. 
1H NMR (400 MHz, DMSO): δ 8.85 (d, J = 1.6 Hz, 2H), 8.08 (dd, J1 = 8.8 Hz, J2 = 
2 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 4.43 (t, J = 6.8 Hz, 2H), 1.74 (m, 2H), 1.15 (m, 
22H), 0.79 (t, J = 7.2 Hz, 3H). 
13C NMR (DMSO): δ 168.47, 143.93, 128.30, 123.40, 122.81, 122.59, 110.20, 
43.41, 31.96, 29.66, 29.59, 29.50, 29.37, 29.08, 26.99, 22.76, 14.61. 

HRMS (EI) cald. for C28H37NO4, 451.2723, found 451.2716. 

N,N'-(9-Tetradecyl-9H-carbazole-3,6-diyl)diacetamide (5.15). The 
diaminocarbazole 5.4 (124 mg, 0.315 mmol) was dissolved in 
dry CH2Cl2 (10 ml) and triethylamine (0.11 ml, 0.788 mmol) 
was added at once. The resulting solution was cooled to 0oC 
and acetyl chloride (56 l, 0.788 mmol) was added dropwise 

over period of 5 min. The reaction mixture was allowed to warm to room temperature 
and volatiles were evaporated under reduced pressure. Pure product 5.15 (140 mg, 
93%) was observed as pink powder after column chromatography on silica applying n-
hexane/EtOAc as eluent. 
1H NMR (400 MHz, CD3OD):  8.25 (d, J = 2Hz, 2H), 7.50 (dd, J1 =8.8 Hz, J2 = 
2Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 4.31 (t, J = 6.8 Hz, 2H), 2.17 (s, 6H), 1.82 (m, 
2H), 1.23 (m, 22H), 0.89 (t, J= 6Hz, 3H). 
13C NMR (100 MHz, CHCl3):  173.72, 138.32, 131.64, 122.63, 120.46, 113.44, 
108.85, 58.33, 44.00, 42.72, 32.13, 30.94, 30.87, 30.77, 30.76, 30.65, 30.63, 30.20, 
28.33, 23.93, 23.86, 21.05, 14.64. 

HRMS (ESI): calcd. for C30H44N3O2, 478. 34280, found 478.34029 (M+H). 

Elemental analysis calcd. for  C30H43N3O2, C (75.43), H (9.07), N (8.80); found C 
(75.01), H (9.07), N (8.45). 
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Dimethyl-p,p’-stilbenedicarboxylate (5.12). Method A37 Solid t-BuOK (3.3 g, 
29.25 mmol) was dissolved in DMSO/t-BuOH 
(80/20, 200 ml) and ethyl acetate (4,46 ml, 45.4 
mmol) was added. Methyl-p-toluate 5.9 (2.93 g, 

19.5 mmol) was added followed by dropwise addition of p-
carbomethoxybenzaldehyde 5.8 (3.2 g, 19.5 mmol) dissolved in DMSO/t-BuOH (20 
ml, 80/20). The reaction mixture was stirred under an atmosphere of nitrogen for 2h 
and subsequently poured into 300 ml of water and acidified with aq. HCl. The 
precipitate was filtered, washed with in 0.5M aq. NaOH (50 ml) and water to give 
diacid intermediate as a white powder which was used immediately in next reaction. 

The diacid (3.2 g, 111.93 mmol) from the previous reaction was dissolved in 
DMF/1,4-dioxane (4/5, 200 ml) and treated with an excess of diazomethane 
(diazomethane was prepared by treating 4 g (39 mmol) of nitrourea dissolved in dry 
Et2O (80 ml) with 50% aq. NaOH (3.8 g, 68.25 mmol in 11 ml H2O)). The product 
5.12 was isolated by the addition of water and treated with excess diazomethane in 
ether/1,4-dioxane (5/1, 120 ml). After the removal of the solvents, the product 5.12 
(0.6 g, 17%) was obtained as colorless needles after crystallization from CHCl3.  

Method B38 4-(Carboxymethyl)benzyltriphenylphosphonium bromide 5.11 (20 g, 
40.7 mmol), prepared from 4-(carboxymethyl)benzyl bromide 5.10 and 
triphenylphosphine in 72% yield38 was dissolved in MeOH/toluene (2/1, 100 ml) 
under nitrogen atmosphere and p-carbomethoxybenzaldehyde 5.8 (8 g, 29 mmol) was 
added. MeONa (25% solution in MeOH, 10 ml) was added dropwise in 15 min at 
room temperature and the mixture was heated at reflux for 30 min. The reaction 
mixture was cooled down, and kept at -15oC overnight. Pure colorless needles of 
product 5.12 (1.5 g, 15%) were isolated by filtration. 
1H NMR (CDCl3):  8.04 (d, J=8Hz, 4H), 7.58 (d, J = 8Hz, 4H), 7.23 (s, 2H), 3.93 
(s, 6H) 
13C NMR (CDCl3):  166.96, 141.38, 130.31, 130.24, 129.70, 126.82, 52.39. 

HRMS (ESI): calcd. for C18H17O4, 297.11214, found 297.11218, (M+H). 

Dimethyl phenanthrene-3,6-dicarboxylate (5.13). Dimethylstilbenedicarboxylate 
5.12 (2.4 g, 8.1 mmol) was dissolved in toluene and iodine 
(205 mg, 0.81 mmol) was added. The reaction mixture was 
irradiated with a high pressure Hg lamp for 24h while 
oxygen was slowly passed through the solution. The toluene 

was evaporated and the crude product was dissolved in small amount of 

MeOOC
COOMe
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dichloromethane and filtered through a small silica column. The dichloromethane was 
evaporated and pure product 5.13 (1.2 g, 40%) was obtained as a white needles after 
crystallization from CH2Cl2/MeOH.  
1H NMR (CDCl3):  9.47 (d, J=1.6Hz, 2H), 8.24 (dd, J1=1.2Hz, J2=7.2Hz, 2H), 
7.94 (d, J=8.4Hz, 2H), 7.85 (s, 2H), 4.06 (s, 6H). 
13C NMR (CDCl3):  167.17, 134.88, 130.02, 128.84, 128.77, 128.50, 127.06, 
125.22, 52.38. 

HRMS (ESI) calcd. for C18H15O4, 295.09649, found 295.09662, (M+H). 

Phenanthrene-3,6-dicarboxylic acid (5.14). Dimethyl phenanthrene-3,6-
dicarboxylate 5.13 (800 mg, 2.72 mmol) was dissolved in 
EtOH/THF (1/1, 40 ml) and aq. 1M NaOH (5.44 ml) was 
added dropwise. The reaction mixture was heated at reflux for 
12h, the solvents were evaporated and the residue was 

dissolved in water, acidified with diluted aq. HCl and the precipitate was collected by 
filtration, washed with water and dried. Pure product 5.14 (723 mg, quant.) was 
obtain as a white powder.  
1H NMR (DMSO):  9.13 (s, 2H), 7.96 (d, J=8.8Hz, 2H), 7.89 (s, 2H), 7.82 (d, 
J=8.8Hz, 2H). 
13C NMR (DMSO):  167.17, 134.88, 130.02, 128.84, 128.77, 128.50, 127.06, 
125.22 

HRMS (ESI): calcd. for C16H11O4, 267.0579, found 267.0565 (M+H). 

 

5.3.3. General procedure for macrocycle synthesis. 

 Diacid 5.7 or 5.14 (300 mg) were converted into the corresponding diacid 
chlorides by heating atreflux with thionyl chloride (5 ml) overnight. Excess solvent 
was evaporated under reduce pressure and the resulting slurry was coevaporated with 
toluene (3 x 20 ml). Crude diacid chloride was dissolved in dry CH2Cl2 (30 ml) and 
added dropwise into the solution of diamine 5.4 (1 eq.) and Et3N (2.2 eq.) in dry 
CH2Cl2 (50 ml) while cooling to -20oC within 1h. The reaction mixture was stirred 
until it gradually warmed up to room temperature and then was heated at reflux for 
48h. The reaction mixture was quenched by addition of acetyl chloride and methanol. 
Solvents were evaporated under reduced pressure. The products C-C (0.5%) and C-P 
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(2.2%) were observed after preparative thin layer chromatography using 
CHCl3/MeOH as mobile phase. The bands were carefully cut by scalpel and the 
mixtures were extracted by CHCl3/MeOH. Silica gel was filtered and the solvents 
were evaporated under reduce pressure. Each sample was examined by MALDI-TOF 
spectroscopy. 

 

5.3.4. MALDI-TOF mass spectra 

In both cases (C-C and C-P crude reaction mixture), MALDI-TOF mass 
spectra were measured in α-cyano-4-hydroxycinnamic acid matrix by the following 
procedure. Sample and matrix were dissolved in THF, plated on a 100 well plate and 
the solvent was evaporated. 

MALDI-TOF mass spectra of the C-C macrocycle and the separated band 
observed by thin layer chromatography. 

 

 

 

Fig. 13 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-3,6-
diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. 
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 MALDI-TOF mass spectrum of the C-P macrocycle and the separated band 
observed by thin layer chromatography. 

 

Fig. 14 A: MALDI-TOF spectrum of the separated band containing C-C macrocycle from the
reaction between carbazole-3,6-diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. B:
Expanded part between m/z1537 and 1720. 

A 

B 

Fig. 15 MALDI-TOF spectrum of the crude reaction mixture of the reaction between carbazole-
3,6-diamine 5.4 and phenanthrene-3,6-dicarboxylic acid 5.14. 
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5.3.5. Cryo-TEM sample preparation 

A few microliters of a solution prepared by mixing 8 μl of a solution of the C-
P/5.15 mixture in methanol or pure 5.15 (250 M) with 200 μl of water were 
deposited on holey carbon-coated grids (Quantifoil 3.5/1, Quantifoil Micro Tools, 
Jena, Germany). After blotting the excess liquid, the grids were vitrified in liquid 
ethane and transferred to a Philips CM 120 and CM-12 cryo-electron microscope 
equipped with a Gatan model 626 cryo-stage, operating at 120 kV. Micrographs were 
recorded under low-dose conditions with a slow-scan CCD camera. 

 

5.3.6. Planar lipid bilayer (black lipid membrane) measurements. 

PC (L--phosphocholines, Avanti Polar Lipids) and DOPS (dioleoyl-sn-
glycero-3-phospho-L-serine, Avanti Polar Lipids) lipids at 20 mg/ml in chloroform 
were combined in an 80/20 (w/w) ratio mixture and dried under a stream of nitrogen 
for 15 min. The lipid mixture was then dispersed in n-decane at 20 mg/ml. This 
mixture was used to precoat a 150 μm hole in the side of a Delrin® cup (Warner 
Instruments, Hamden, CT) upon which a planar lipid bilayer membrane was formed 
at room temperature within a chamber having 4 ml of 10 mM Tris and 1.5 M aq. 
NaCl, pH=7.4 of both sides. Formation of the membrane was monitored by 
measuring membrane capacitance. The C-P macrocycle in methanol (3mg/ml) was 

Fig. 16 A: MALDI-TOF spectrum of the separated band containing C-P macrocycle from the
reaction between carbazole-3,6-diamine 5.4 and carbazole-3,6-dicarboxylic acid 5.7. B: Expanded
part between m/z 800 and 1600. Separated band contains a mixture of C-P macrocycle and
carbazole molecule 5.15 after separation by thin layer chromatography. 

A 
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added to the cis side of the chamber and the solution was stirred. A holding potential 
of +50 mV was applied and the channel responses were recorded. Channel activity was 
measured with respect to the trans (ground) side. Agars (2%, 20mg/ml) in 3M KCl 
salt bridges were used to transfer the signal. 
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Chapter 6 
Pyridyl Diarylethene Switch for Optical 
Information Storage Systems 

 

 

 

 

 

 In this chapter, the synthesis of new pyridyl-containing diarylethene switches will 
be described as well as the magnetic properties of the corresponding iron(II) complexes. A 
diarylethene switch, substituted with a pyridine moiety and coordinated to an inorganic 
iron (II) core, can create a photochromically tunable electronic structure. In this system, 
high spin (HS) or low spin (LS) states of the iron (II) centre can be controlled due to 
versatile optical and electronical properties of the open and close forms of the diarylethene 
switch.* 

 

 

 

 

 

 

 

 

 

 

*This chapter has been published in part in: Sénéchal-David K., Zaman N., Walko M., Halža E., Rivière 
E., Guillot R., Biollot M.-L., Feringa B. L. J. Chem. Soc. Dalton Trans. 2008, 1932 – 1936. 
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6.1   Introduction 

A major contemporary challenge in materials science is the design of 
functional systems for high-density information storage.1 One possible approach is 
based on optical switching2 of bistable3 materials by using photochromic molecular 
switches. Photochromic molecular switches are a class of compounds capable of 
undergoing a reversible photo-induced transformation between two stable states, 
whose absorption spectra are distinctly different (Scheme 1).4 Each of the isomers 
unveils different physical properties such as hydrophobicity, redox chemistry, etc. 
Photochromic systems have major advantage in their ease of addressability, 
reversibility and short response times. This offers the possibility of changing local and 
bulk properties of molecular-based systems in response to light irradiation.5 But still, 
photochromic molecules offer many challenges and opportunities for their application.  

 
 

 Changes in molecular structure which accompany photochromism and 
subsequent changes in molecular conductivity6 can be translated into functional 
photochromic systems like spin-crossover materials.6 Before such systems can become 
reality, development of the protocols how to assemble photoswitchable systems onto 
surfaces and incorporate them into solid-state devices have to be made.  Combination 
of organic photochromism with inorganic paramagnetism based on iron leads toward 
the creation of optically tunable iron(II) electronic structures.7  
 
 
 
 
 
 

A B



Scheme 1 Optical molecular switch that can exist in two different forms and each of them can be 
selectively addressed by light of a different wavelength.
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6.1.1. Diarylethenes 
 

 Diarylethene (stilbene or trans-1,2-diphenylethene, Scheme 2, trans-6.1) 
undergoes two photochemical processes.8 Cis – trans isomerization9 and 
photocyclization10, although irreversible transformation of the dihydrophenanthrene 
6.2 into phenanthrene 6.3, can occur in the presence of air or other oxidative agents. 
If an oxidant is absent, compound 6.2 undergoes a photochemical or thermal ring 
opening and returns to the original stilbene (Scheme 2). 

 
Introduction of methyl substituents at the 2- and 6- positions of the phenyl 

rings prevents unwanted oxidation and the system is stable even under oxidizing 
conditions.11 In order to prevent the thermal back reaction, different aryl groups have 
been investigated. Five-membered heterocycles showed good thermal stability and 
especially dithienylethenes proved their potential as excellent bi-stable chromophores 
(Scheme 3).12,13  

 
 Open and closed forms or diarylethenes are not only different in structure, 

but actually the structural differences give these molecules interesting properties. The 
open form 6.4o is usually colorless due to free rotation of the thiophene moieties and 
by cross-conjugation of the electron systems of the thiophene rings. On the other 
hand, The closed form 6.4c is a colored, nearly planar structure with the conjugation 
extended through the whole molecule which shifts the absorbance to longer 

trans-6.1

UV

VIS or  H

H

UV

VIS or 

cis-6.1

H

H
6.2

O2

6.3

Scheme 2 The cis-trans isomerization, photocyclization and subsequent oxidation of stilbene. 

S S
RR

H6/F6

313 nm

>420 nm

S SR R*
*

H6/F6

6.4o 6.4c

Scheme 3 The basic switching unit of most common dithienylethenes (bold lines represent 
conjugation of the electron systems in the molecule). Molecule 6.4o is usually colorless due to the
cross-conjugation of the electron systems. On the other hand, conjugation through the whole
molecule 6.4c results in a colored form. 
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wavelength. Different absorbance (different color) can be achieved by variation of the 
thiophene substituents.14  

To build successful devices based on diarylethene switches a few criteria have 
to be taken into account. Thermal stability, fatigue resistance, high quantum yield and 
fast response are most important.15 Thermal stabilities are highly dependent on the 
nature of the thiophene substituent, but most of the diarylethenes showed excellent 
thermal stability in both the open and closed forms. Fatigue resistance is a complex 
phenomenon and highly depends on the photochemical side reactions.16 The 
cyclization reaction quantum yield for most diarylethenes is in the range of 0.1 – 0.5, 
while for the back reaction (ring opening) it is in range from 0.1 to 10-5. It is highly 
dependent on the substituents and for that, substituents which are involved in the 
extension of the conjugation system decrease the quantum yield of cyclization 
reaction.17  

 
Due to the existence of two conformational isomers of the open form of the 

diarylethene switch in 1:1 ratio, (parallel and anti-parallel conformation18, Scheme 4) 
only half of the amount of the switch can participate into photochemical ring closing 
processes according to the Woodward-Hoffmann rules of the photochemical ring-
closing reaction. Only a conrotary process19 of the anti-parallel conformation can 
produce the closed form. Because most of the diarylethenes switches don’t have 
preferential conformations, both conformers are in a 1:1 ratio and only the anti-
parallel conformer undergoes the ring-closing process giving the quantum yield of 0.5. 
A fast equilibrium between the two conformational isomers of diarylethenes allows fast 
and almost quantitative interconversion into the closed form due to the shift of the 

S SR

R

anti-parallel
conformation

S S

R
R

UVVIS UV VIS

S SR R

parallel
conformation

Scheme 4 Two possible conformations of the diarylethene switch and their photoreactivity. 
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equilibrium upon photochemical ring-closure, despite the fact that the open form 
consists of a 1:1 ratio of parallel and antiparallel conformers. 
 By taking all criteria (thermal stability, fatigue resistance) into account, one 
problem still remains. The detection of the state of the switch without disturbing it 
appears to be difficult. The use of optical techniques for detection requires additional 
irradiation, which can influence or change the original state of the switch. Coupling 
the switching process with an additional change in function of the switching system 
can create an effective detection method and avoid reverse switching processes. On the 
other hand, the switch can reversibly control a range of properties (functions).20 This 
allows us to add additional functions onto the switching element and control a 
diversity of properties in the switching systems, for instance, by gated switches and 
switching-dependent supramolecular interactions.21, 27a 
 

6.2. Optical tuning of the electronic structure of iron(II) complexes. 
 
Iron(II) spin-crossover22 complexes, whose externally induced high-spin (HS, 

Fig. 1) ↔ low-spin (LS, Fig. 1) interconversion leads to dramatic changes in physical 
characteristics (magnetic, vibrational, structural), stand out as excellent candidates in 
the development of photomagnetic information storage systems since optical 
switching of spin-crossover materials can be achieved by means of the light-induced 
excited spin state trapping effect (LIESST).23 This photomagnetic effect proceeds 
through a direct metal-centred excitation and requires cryogenic temperatures for an 
efficient trapping in the metastable HS state.  

 
A promising approach which derives from the LIESST effect is to address the 

metal centre and to trap its spin state indirectly through cooperative photoswitching of 
the material’s macroscopic state, albeit this requires very high light intensities delivered 
by nanosecond pulsed lasers.24 

Fig. 1Crystal field diagram of iron(II) ion. If the ligand-field splitting parameter is large, all d-
electrons are paired and a low-spin complex is formed (left). If the splitting parameter is small, all
d-electrons are unpaired and a high-spin complex is formed (right). 
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 An alternative approach is to achieve a molecular bistable spin system through 
the combination of a spin-crossover complex and organic photoresponsive ligands. 
The thermal barrier between the two stable states of the photoactive species controls 
the bistability and ensures a very long lifetime (at room temperature) of the spin state 
of the metal ion. The use of two distinct and reversible processes permits separation of 
the writing/erasing (i.e. through ligand photoreactivity) and read-out (changes in the 
physical properties of the coordination complex core), a condition required for non-
destructive write/read/erase memory.  

The concept of the so-called ligand-driven light-induced spin-change effect 
(LD-LISC, Fig. 2) was demonstrated in the photoisomerization of stilbenoid-type 
ligands coordinated to spin-crossovermetal ions.25 The ligand centred 
photoisomerization changes the electronic structure of the whole complex. This effect 
may induce a new Gibbs-energy ordering of the metal ion spin states at an appropriate 
temperature and hence a HS↔LS conversion of the metal ion. The photoswitching of 
systems incorporating a stilbene groups requires highly diluted, non-rigid materials 
and irradiation with monochromatic light for optimal but limited reversibility. 25 For 
such materials, magnetic circular dichroism allowed for sensitive measurement of 
magnetic behavior.  

 
To be able to modulate the electronic environment of the high spin Fe(II) 

metal ion,  iron(II) ion complexed with photochromic pyridyl-containing diarylethene 
switch ligands in the model complex, Fe(py-R)4(NCS)2 was prepared. It was 
demonstrated that diarylethene switch containing a pyridyl moiety preserve its 
photochromism4a,26 in the solid state both in the free base and as the metal-ion bound 
complex.27, 28, 29, 30 By combining a photochromic ligand with iron(II) spin-crossover 
complexes, photochromic switching of the electronic environment of the metal ion 
becomes possible. 

Fig. 2 Ligand-driven light-induced spin-change effect (LD-LISC) for metal ion (M) and any 
kind of switch (molecule) which is able to change the spin state of the metal from high spin (HS) to 
low spin (LS) and vice versa after irradiation with different light wavelengths (scheme, left) The
diagram of temperature (T) and  dependence for metal complex with switch ligand. 
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 The ligands are based on diarylethene27 functions, which have interesting 
features required for the present design: very different wavelengths of light required for 
the forward (6.5o → 6.5c, UV) and reverse (6.5c → 6.5o, visible) switching 
processes, good photochemical quantum yields, fatigue resistance, thermally 
irreversible photochromism and, potentially, photochromism in the crystalline state.  

 
 These characteristics are of the utmost importance for practical applications 

as, for example, optical memory and photonic devices27, 28 and has been applied 
previously to the switching of different metal-ion properties, such as luminescence, 
intervalence transitions in mixed-valence compounds, photomodulation of Lewis 
basicity, the geometrical structure of CuII complexes and magnetic-exchange 
interactions.28, 29, 30 
 
6.2.1. Synthesis of diarylethene switch 

 
The dithienylethene containing hexafluorocyclopentene 6.8 was prepared 

according to previously reported chemical procedure (Scheme 6).31 2-Chloro-5-
methylthiophene 6.6 was prepared by chlorination of methythiophene with N-
chlorosuccinimide. Bromination with bromine in dry CHCl3 gave 3-bromo-5-chloro-
2-methylthiophene 6.7 in very good yield (93%). A halogen-metal exchange reaction 
of product 6.7 with n-BuLi and subsequent reaction with octafluorocyclopentene 
produced the dichloro-substituted hexafluorocyclopentene switch 6.8 in good yield. 
Product 6.8 was treated with n-BuLi in the halogen-metal exchange reaction and 
subsequently quenched with tributylborate to provide the corresponding boronic ester. 
This ester was not isolated but immediately used in the Pd0 catalyzed Suzuki coupling 
reaction with phenylbromide under basic conditions to afford monosubstituted switch 
molecule 6.9 albeit in rather low yield. A second halogen-metal exchange reaction was 
performed with t-BuLi followed by reaction with tributylborate to afford the boronic 
ester which was immediately used in the Suzuki cross coupling reaction with 
bromopyridine giving the final pyridyl-phenyl switch 6.5. 

S S

F6

N

365 nm

650 nm
S S

F6

N
6.5o 6.5c

Scheme 5 The light-driven interconversion between the open (6.5o) and closed (6.5c) forms of the 
diarylethene pyridyl ligand. 
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6.2.2. Synthesis of the iron(II) switch complex 

 
The complexation reaction was carried out in two steps. The precursor, 

prepared from Fe(SO4)2.7H2O and KSCN, was reacted with the diarylethene pyridyl 
ligand (6.5o). Slow evaporation of this mixture in the absence of O2 afforded orange 
crystals of Fe(6.5o)4(NCS)2·2 CH3OH·2CH2Cl2 hereafter denoted 6.10o (Fig. 3). 

SCl

Br2

CHCl3, 93% SCl

Br
n-BuLi,

F8

THF, -78oC
55% S SCl Cl

F6

6.6 6.7 6.8

1.) n-BuLi
B(OBu)3

Et2O

2.) PhBr
Pd(PPh3)4

Na2CO3 (2M)
Et2O, ref lux,

22%

S SCl

F6

6.9

1.) t-BuLi
B(OBu)3

Et2O

2.) PyBr
Pd(PPh3)4

Na2CO3 (2M)
Et2O, reflux,

48%

S S

F6

N

6.5o

Scheme 6 Synthetic route to perfluoro dithienylethenes 6.8 and subsequent Suzuki coupling with
phenylbromide and bromopyridine to provide the double modified switch 6.5. 

Fig. 3 Left: Molecular structure of Fe(6.5o)4(NCS)2 in 6.10o. Displacement ellipsoids are drawn
at the 50% probability level. Right: expansion of the two fragments containing the diarylethene
ligand with the antiparallel (6.10 (A)) and the parallel (6.10 (B)) conformations. The X-Ray
diffraction analysis of diarylethene 6.10o in the form of orange needle-shaped crystals was carried
out at 100K.7  
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Complexation was evidenced by a change in the IR frequencies assigned to the 
pyridine ring and the NCS anion. The absorption band observed for this latter 
vibration (CN

NCS = 2052 cm-1) is consistent with the formation of a centrosymmetric 
species with its metal ion in the high state.32 

 
6.2.3. Optical properties 

 
 The electronic properties of 6.10o (crystalline) and 6.5o, the base free ligand 

(powder) dispersed in KBr pellets, were compared by UV-Vis spectroscopy at room 
temperature.  

 The intense and broad absorption band that characterizes the –* transitions 
of 6.5o (Fig. 4, dashed gray line) is clearly identifiable in the spectrum of 6.10o (Fig. 
4, dashed black line). A new absorption band (detected at 464 nm, Fig. 4, black 
dashed line) is assigned on the basis of its moderate intensity and energy to the metal-
to-ligand charge transfer (MLCT) transition typical of Fe(II)-pyridine 
chromophores.33 One attractive property of the organic moiety 6.5o is its crystalline 
photochromism. The photoreactivity of the iron(II) complex was examined in the 
solid phase. Irradiation of a solid sample at 365 and 650 nm, i.e. the wavelengths 
corresponding to the cyclization and the cycloreversion of the base-free ligand 
(Scheme 5), gives rise to reversible changes of the crystal’s coloration (6.10o is orange 
while the product of irradiation at 365 nm (6.10c) is indigo and the orange coloration 
is recovered upon irradiation at 650 nm). Structural data, collected from a thin needle 

Fig. 4 UV-VIS spectra of the diarylethene pyridyl ligand (6.5o  and 6.5c —, gray) and of the
iron(II) complex (6.10o --- and 6.10c –.–, black) measured in KBr pellets. 
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of 6.10o after exposure to 365 nm irradiation show a loss of the symmetry centre 
within the disordered lattice.7 

 In Fig. 4, the photochromic transformation of 6.10o (dispersed into KBr) 
was followed by UV-Vis absorption spectrometry after the different periods of 
illumination. As expected, similarities were observed upon comparison with the 
spectral characteristics of the corresponding base-free 6.5o. The spectrum of 6.10c 
(Fig. 4, dashed-dot black line) is dominated by the very intense absorptions of 6.5c 
(Fig. 4, full gray line), the photocyclized form of the ligand. While the red-shift of the 
absorption bands [318 (304) and 618 (615) nm for 6.10c (6.5c)] indicate a 
significant electronic effect related to the coordination of the pyridine ring, an MLCT 
band could not be identified in this spectrum. This is not unexpected as the molar 
absorptivity of an MLCT transition of an iron(II) complex (ca. 1 to 4 × 103 M−1 cm−1 
for HS species),33 is much less than that for even one of the ligands alone, i.e. for 7.5c 
in CH3CN the molar absorptivity is 1.5 × 104 M−1 cm−1. Indeed, in contrast to that of 
6.5c, the spectrum of 6.10c presents such absorption between 430 and 480 nm, i.e. a 
range where the MLCT transitions of the metal ion are expected to occur. In addition, 
irradiation of 6.10c at 650 nm reverts the spectrum to that of the starting material 
6.10o7 and consequently, the ligand bound to the metal ion has retained its reversible 
ring-closing and ring opening photoreactivity. In summary, the photochromic 
switching of the diarylethene ligands takes place in the solid state. The Fe(II) 
coordination induces some perturbation of the photochromic behavior that suggests a 
better electronic delocalization for the different forms of the ligand. 

 
6.2.4. Magnetic properties 
  

 The variable-temperature magnetic measurements performed on the 
polycrystalline sample show that the S = 2 ground state of the Fe(II) ion in 6.10o is 
retained beyond the temperature range examined (5–300 K, Fig. 5, left). The MT vs. 
T curve of 6.10o (M = molar magnetic susceptibility, T = temperature) is almost 
constant over the whole temperature range with values of ca. 3.63 (3.74) cm3 K mol−1 
at 290 (50) K decreasing to 3.32 cm3 K mol−1 at 10 K (Fig. 5, left). 

 Finally, the ligand-field strength of the metal ion in 6.10o is of the same 
order of magnitude as that of Fe(py)4(NCS)2.34 Having established that the 
photochemistry of the ligand 7.5o is retained upon coordination to the metal centre, 
the question remains as to whether the photochromic reaction perturbs the metal 
centre sufficiently to modulate its spin and hence its magnetic properties.  



 

 

  153 

 

 

 

 

 

Pyridyl Diarylethene Switch for Optical Information Storage Systems
 

 The high relative intensity of the ligand absorption of 6.10c in comparison 
with the MLCT absorption of the metal centre precludes examination of this 
transition by UV-Vis spectroscopy. Nevertheless a direct, albeit qualitative probe of 
changes in magnetic properties upon photo-irradiation can be provided by SQUID 
(superconducting quantum interference device) measurements. In this experiment, the 
change of magnetization (H = 5000 Oe) is monitored during the in situ irradiation 
(exc = 355 nm, delivered by a Nd:YAG laser) at 300 K. The measurements were 
carried out on a small amount of crystalline solid adhered onto a self-adhesive tape. 
The change in magnetization as a function of the duration of irradiation is shown in 

Fig. 5 (right). 
  

 The room-temperature magnetization of the starting material 6.10o is low 
(Fig. 5, right) as a consequence of the large diamagnetic background of the support. 
When the light is switched on, the magnetization increases steadily before reaching a 
stationary state (Fig. 5, right). The product of irradiation with 365 nm UV light is 
characterized by the indigo coloration of 6.10c and is perfectly stable in the dark. The 
reverse process is still under investigation as the set-up for a 650 nm excitation should 
be improved in order to overcome inherent difficulties, i.e. strong absorption of the 
photoproduct (inner-filter effect), low performances of the excitation set-up 
(continuous source), rather low sensitivity of the magnetic measurements etc.  

 
 
 

 

Fig. 5 Left: Temperature dependence of MT for 6.10o in the form of a polycrystalline form. Right:
Magnetization vs. the time of irradiation (exc. = 355 nm, T = 300K, H = 5000 Oe) for crystalline 
sample.  
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6.3. Discussion 

 
  The diarylethene switch containing a pyridyl moiety was prepared and 

successfully incorporated into the Fe(II) complex where the switching properties of the 
switch were preserved (Fig. 4). It was observed that, upon photoisomerization of the 
dithienylethene units, a photomagnetic effect (M>0) is detected at room temperature 
(Fig. 5, right). The magnetic susceptibility of a pure HS iron(II) ion is larger than the 
spin-only value of 3.00 cm3 mol−1 K35 (S = 2, Fig. 5, left) as a consequence of the d-
orbital contribution and typical values are expected between ca. 3.3 and 3.8 cm3 mol−1 
K due to the effects of the low-symmetry crystal-field distortion, the spin–orbit 
coupling and the t2g electronic delocalization. The change in the magnetic 
susceptibility can be expected for the present high-spin Fe(II) compound because the 
ligand field anisotropy that can result from the switching of one of the two 
photoactive groups. Detailed magnetic investigations by Mössbauer and magneto-
optical measurements to elucidate the present observations further have still to be 
done. 
 

6.4. Experimental part 
 

6.4.1. General information 
 

 Unless stated otherwise, starting materials were commercially available and 
were used without further purification. Diethyl ether and THF were distilled from 
Na. For the detailed information about techniques used for characterization of the 
compounds, see chapter 2. 
 
6.4.2. Synthesis of the diarylethene switch. 

1,2-Bis(5-chloro-2-methylthien-3-yl)cyclopentene (6.8) Compound 6.8 was 
prepared according to a literature procedure36 in 44% yield. 
Spectral data were in full accordance with those reported in the 
literature. 
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5-Chloro-3-(3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-phenylthiophen-3-
yl)cyclopent-1-enyl)-2-methylthiophene (6.9). Compound 6.8 (2 g, 4.57 mmol) 

was dissolved in anhydrous diethyl ether (25 ml) under 
nitrogen and n-BuLi (1,6 M in n-hexane, 3 ml, 4.75 mmol) 
was added dropwise. The reaction mixture was stirred for 30 
min. at room temperature and B(n-OBu)3 (1.55 ml, 5.71 
mmol) was added at once. The resulting solution was stirred 

for 1h at room temperature and then used for the subsequent Suzuki cross coupling.  

Bromobenzene (0.72 ml, 6.85 mmol) was dissolved in diethyl ether (25 ml) and after 
addition of Pd(PPh3)4 (0.5 g, 0.457 mmol) the solution was stirred for 15 min at 
room temperature. An aqueous solution of Na2CO3 (2M, 30 ml) and 3 drops of 
ethylene glycol were added and the resulting two-phase system was heated at reflux. 
The solution of previously prepared boronic ester of compound 6.8 (see above) was 
added and the reaction mixture was stirred for 6h. Water (20 ml) and Et2O (20 ml) 
were added and the organic layer was separated. The aqueous layer was extracted with 
Et2O (2 x 20 ml). The combined organic layers were dried over Na2SO4 and the 
solvent was evaporated under vacuum. The product 6.9 (482 mg, 22%) was purified 
by column chromatography (pentane) yielding a colourless oil. 
1H NMR (400 MHz):  7.52 (d, 2H, J = 9.6 Hz), 7.40 (t, 2H, J = 9.6 Hz), 7.28 (m, 
2H), 7.24 (s, 1H), 6.96 (s, 1H), 2.0 (s, 3H), 1.90 (s, 3H) 
13C NMR (100 MHz): 140.95, 137.43, 136.39, 135.54, 134.81, 129.63, 128.80, 
127.91, 126.38, 126.10, 124.86, 39.56, 24.03, 15.49, 15.27 

HRMS cald. for C21H13F6S2Cl 478.0051, found 478.0050. 

4-{4-[3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-phenyl-thiophen-3-yl)-cyclopent-1-
enyl]-5-methyl-thiophen-2-yl}-pyridine (6.5o). Compound 6.9 (580 mg, 1.21 

mmol) was dissolved in anhydrous Et2O (25 ml) under 
nitrogen and t-BuLi (1,5 M in n-pentane, 0.88 ml, 1.33 
mmol) was added dropwise. The reaction mixture was 
stirred for 30 min at room temperature and B (n-OBu)3 
(0.4 ml, 1.51 mmol) was added at once. The resulting 

solution was stirred for 1h at room temperature and then used for the Suzuki cross 
coupling.  

4-Bromopyridine (353 mg, 1.82 mmol) was dissolved in Et2O (25ml) and after 
addition of Pd(PPh3)4 (139 mg, 0.121 mmol) the solution was stirred for 15 min at 
room temperature. An aqueous solution of Na2CO3 (2M, 30 ml) and 3 drops of 
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ethylene glycol were added and the resulting two-phase system was heated at reflux. 
The solution of a previously prepared boronic ester of compound 6.9 (see above) was 
added and the reaction mixture was stirred for 6h. Water (20 ml) of and of Et2O (20 
ml) were added and the organic layer was separated. The equeous layer was extracted 
with Et2O (2 x 20 ml) and the combined organic layers were dried over Na2SO4 and 
the solvent evaporated under vacuum. Product 6.5o (300 mg, 47.5%) was obtained as 
a brown solid after purification by column chromatography on silica (hexane/EtOAc, 
9:1). 
1H NMR (400 MHz):  7.55-7.28 (m, 11H), 2.00 (s, 3H), 1.96 (s, 3H). 
13C NMR (100 MHz): 150.30, 144.17, 142.79, 142.47, 141.48, 139.09, 136.40, 
133.54, 133.39, 129.26, 129.22, 128.26, 128.13, 126.70, 125.82, 125.30, 122.60, 
122.44, 14.99, 14.78. 

HRMS cald. for C26H17F6NS2 521.0706, found 521.0725. 

 

6.4.3. Synthesis of Fe(6.5o)4(NCS)2 complex (6.10o) 
 
 In a Schlenk flask, FeSO4・7 H2O (21 mg, 75.5 mol) and KNCS (15 mg, 

0.15 mmol) were dissolved in anhydrous methanol (3 ml) at room temperature. The 
mixture was stirred for 15 min, decanted and filtered. The methanolic solution 
containing Fe(NCS)2(CH3OH)4 was added dropwise to a solution of 6.10o (151 mg, 
0.29  mmol) in dichloromethane (1.5 ml) at 0 oC. After stirring (1 h at 0 oC and 1 h 
at room temperature), the orange solution was evaporated slowly to yield orange, 
needle shaped crystals. 
Elemental analysis:  calcd. for FeN6S10C106H68F24・2 CH2Cl2・2CH3OH, found: C: 
53.01 (52.82), H: 3.24, (2.83), N: 3.37 (3.07).  
IR: of 6.10o ((KBr)/cm−1): 478 (NCS); 821 (C=S

NCS); 1555 (thiophene); 1607 (C=N
py); 

2052 (NC
NCS). 

UV-Vis (KBr pellet): max =309 and 464 nm. 
 
6.4.4. X-Ray diffraction 

 
 X-Ray diffraction data for 6.10o were collected by using a Kappa X8 APPEX 

II Bruker diffractometer with graphite-monochromated Mo K radiation ( = 
0.71073 Å). The temperature of the crystal was maintained at the selected value 
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(100K) by means of a 700 series Cryostream cooling device to within an accuracy 
of 1 K. The data were corrected for Lorentz, polarization and absorption effects. 
The structures were solved by direct methods using SHELXS-97 and refined against 
F2 by full-matrix leasts-quares techniques using SHELXL-97 with anisotropic 
displacement parameters for all non-hydrogen atoms. Hydrogen atoms were located 
on a difference-Fourier map and introduced into the calculations as a riding model 
with isotropic thermal parameters. All calculations were performed by using the 
CrystalStructure crystallographic software package WINGX.37 
 
6.4.4.1. X-Ray crystallographic data 

formula C106 H68 F24 Fe N6 S10. 2(CH3OH). 2(CH2Cl2) 

Fw 2492.15 

crystal system tetragonal 

space group P 42/n 

a [Å] 34.6061(8) 

b [Å] 34.6061(8) 

c [Å]  9.4842(5) 

α [°] 90 

β [°] 90 

γ [°] 90 

V [Å3] 11358.1(7) 

Z 4 

F(000) 5072 

[Å] 0.71075 

T [K] 100(1) 

calcd [Mg m-3] 1.457 

(MoK ) [mm-1] 0.502 

range [° min-max] 2.45 -22.46 
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no. of data collected 50 563 

no. of unique data 7 357 

R(int) 0.057 

no. of variable parameters 696 

no. of obsd. refl.[a] 7 357 

R[b] obsd., all 0.079 , 0.096 

Rw[c] obsd., all 0.192, 0.211 

S 1.050 

( / )max 0.083 

( / )max, min [e Å-3] 0.753 , -0.653 

 

6.4.5. UV-Vis spectroscopy 
 
 UV-Vis absorption measurements for the 6.5 and 6.10o complex were 

performed on KBr pellets using a Varian UV-Vis-NIR CARY 5E double-beam 
spectrophotometer. The KBr pellets were prepared with less than 1% of 6.10o 
dispersed into KBr. Grinding of the solid was avoided as it may result in the chemical 
and/or physical alteration of the sample. UV-Vis irradiation was carried out with a 
black lamp (max = 365 nm) and also with an Oriel arc lamp (200 W, (HgXe)), filter 
650FS80–25,  = 650 nm). 
 
6.4.6. Magnetic measurements 

 
 Magnetic measurements were carried out using a Quantum Design SQUID 

magnetometer (MPMS5S Model) calibrated against a standard palladium sample. For 
photoexcitation of solids, the magnetometer is equipped with a fiber (UV grade fused 
silica) connected to (i) an Nd:YAG pulsed laser Surelite-Continuum Performance 
(ranging from 450–800 mJ at 1064 nm and harmonic options for 532 and 355 nm 
outputs). In situ excitations were performed with =355 nm. Typical intensity values 
on the sample were 5 mW cm−2. 
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Samenvatting 

 De cel is de structurele en functionele eenheid van alle ons bekende levende 
organismen. Elke cel is in staat zichzelf te onderhouden: het kan voedingsstoffen 
opnemen en deze vervolgens omzetten in energie. De cel kan specifieke functies 
uitvoeren en, indoen nodig, kan een cel zich reproduceren. 

 Alle cellen worden omsloten door een membraan, en dit membraan definieert 
dan ook de buitengrens van de cel. Binnenin de cel spelen membranen een belangrijke 
rol in het compartimenteren van biochemische processen en producten. Het 
celmembraan zorgt ervoor dat moleculen die in de cel gemaakt worden, niet uit de cel 
kunnen lekken. Moleculen die de cel niet binnen mogen diffunderen, worden buiten 
gehouden. Om bepaalde moleculen binnen of buiten de cel te krijgen, zijn specifieke 
transportsystemen in membranen aanwezig. 

 De focus van dit proefschrift ligt op de modificatie van in de natuur 
voorkomende transportsystemen, poriën en kanalen met kleine organische moleculen, 
om controle te krijgen over de  functie en eigenschappen van deze transportsystemen. 
Daarnaast worden volledig kunstmatige kanalen, opgebouwd uit kleine organische 
moleculen, besproken.  

 Alamethicine is een in de natuur voorkomend peptide dat poriën kan vormen. 
Alamethicine werd gemodificeerd met een door licht schakelbaar azobenzeen molecuul 
om met licht controle te krijgen over het functioneren van dit molecuul.  

 De functionele grootte van de SecYEG pore is achterhaald door starre 
sferische moleculen aan OmpA vast te maken. 

 MscL werd gemodificeerd met redox- en pH-gevoelige labels om het 
functioneren van het kanaal elektrochemisch te kunnen controleren, of door de pH 
van de omgeving de veranderen. 

 In hoofdstuk vijf wordt de synthese van kunstmatig kanaalvormende 
moleculen beschreven en daarnaast ook electrofysiologische en cryo-TEM studies van 
deze verbindingen. 

 Ten slotte ligt de focus van het laatste hoofdstuk op de synthese en 
eigenschappen van het diaryletheenschakelaar-ijzer(II)-complex, om met licht controle 
te kunnen krijgen over de magnetische eigenschappen van dit complex. 
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Summary 

 

The cell, the basic building block of every living organism, is surrounded by a 
membrane which defines it. In order to sustain the cell alive, a constant flow of 
molecules into the cell through the membrane is necessary; on the other hand active 
transport of unwanted molecules out of the cell is also required. To do so, pores and 
channels were formed in long time of evolution. To this end, cells evolved to contain 
such pores and channels. 

 Organic chemists have long been inspired by the sophistication of natural 
pores/channels and the synthesis of artificial pores and channels has been developed to 
mimic those in nature. The effort to mimic natural pores/channels has two main goals. 
Firstly, the synthesis and study of simpler analogs of natural systems can bring about a 
better understanding of the function of those in nature and secondly, the certain 
functions of natural systems may have potential applications in a pharmaceutical or 
technological context. 

 This thesis focuses on both aspects of this effort to build artificial pores and 
channels. In the first chapter, a short overview is given on the efforts to date to 
successfully build an artificial system. A variety of different methods for synthesis of 
artificial pores/channels as well as the requirements for the construction of artificial 
channels is discussed. 

 The second chapter focuses on the modification of the naturally occurring 
pore forming molecule, alamethicin. An azobenzene molecule was attached at a 
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Scheme 1 The switching process of azobenzene switch. The switch undergoes cis-trans isomerization
around the nitrogen-nitrogen double bond after irradiation with UV or visible light.  
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specific position in the -aminoacid sequence of the protein and the activity of the 
newly prepared peptide was monitored using the planar lipid bilayer technique. The 
azobenzene molecule was subsequently irradiated with different wavelength of light to 
obtain the two isomeric forms of this switch (cis/trans isomerization, Scheme 1). 
Considerable differences in pore formation were observed between alamethicin protein 
with two forms of azobenzene attached. 

The third chapter focuses on the study of SecYEG transport protein 
responsible for transport and insertion of proteins through or into the membrane. 
Unique spherical molecules (Fig. 1) were designed, synthesized and subsequently 
attached to the specific protein (proOmpA) in order to translocate them through the 
SecYEG protein. Our study suggested that the active diameter of the translocation 
pore of SecYEG is as large as 29 Å.  

Fig. 1 Overview of the structures of the different tetraarylmethanes used to label proOmpA S254C.
Compounds 3.2a (8.5 Å), 3.2b (15Å), 3.2c (hydrophilic, 18 Å), 3.2d (hydrophobic, 18 Å) and
3.10 (29 Å). 
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 The fourth chapter deals with the modification of the Mechanosensitive 
Channel of Large Conductance (MscL). Two different molecules (thiaxanthylidene 
and spermine) were prepared and attached at a specific position in the restriction area 
of MscL channel. Studies with spermine suggested that after protonation of three 
nitrogen atoms in the spermine molecule (Scheme 2) the threshold for channel 
opening can be reduced. 

  

 The fifth chapter of this thesis focuses on the synthesis of artificial channels 
from simple organic molecules. Carbazole and phenanthrene molecules were used as a 
simple building block for this synthesis. It was discovered that a carbazole molecule 
(Fig. 2) containing a long alkyl chain and a protected amine can form tubular and disc 
like structures. Black lipid membrane studies suggested that these structures generate 
temporary defects in the lipid bilayer. These defects are characterized by unitary 
conductance; hence the pore size can be estimated. 

  

 The last chapter of this thesis focuses on the synthesis of diarylethene switches 
as optoelectronic storage systems. The complex of iron(II) and a diarylethene 
containing a pyridyl moiety was synthesized in order to obtain a complex which 
magnetic properties can be controlled by light. This was achieved by combination of 
the spin-crossover complex (iron(II)) and a photoresponsive ligand (the diarylethene 
switch). 
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Scheme 2 A spermine molecule attached to MscL channel protein. After decreasing pH, the
nitrogen atoms can be protonated resulting in opening the MscL channel. 
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Fig. 2 The structure of a carbazole molecule which is forming tubular and disc like structures. 
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Zhrnutie 

Bunka je základná stavebná jednotka všetkých živých organizmov. Každá 
bunka je schopná seba-udržiavania: ak je to potrebné, je schopná prijímať potravu, 
premeniť ju na energiu, vykonávať špeciálne funkcie a ak je to potrebné vie sa deliť.  

Všetky bunky sú obklopené uzatvorenou membránou, ktorá definuje celú 
bunku. Dokonca aj vo vnútri bunky sú organely a v nich prebiehajúce procesy, 
izolované membránami. Tieto membrány zabraňujú úniku molekúl von z bunky 
a taktiež zabraňujú prechodu nežiadúcich molekúl z okolitého prostredia do bunky. 
Ale membrány obsahujú taktiež prepravné systémy, ktoré sa starajú o prevoz 
špecifických molekúl von a dnu z bunky. 

Táto dizertačná práca sa sústreďuje na modifikáciu v prírode sa 
nachádzajúcich prepravných systémov, pórov a kanálikov, s malými organickými 
molekulami za účelom kontrolovať ich funkcie a vlastnosti. Na druhej strane, syntéza 
úplne umelých kanálikov vybudovaných z organických molekúl bude tiež 
prediskutovaná. 

Alametacín, prírodne sa vyskytujúce, póry tvoriace antibiotikum bolo 
modifikované so svetlom kontrolovaným spínačom za cieľom kontrolovať jeho funkciu 
pomocou svetla. 

Funkčná velkosť SecYEG proteínu, ktorý je zodpovedný za transport 
bielkovín cez mebránu bude študovaná pomocou veľkých neohybných guľových 
molekúl, ktoré budú pripojené na špeciálny proteín proOmpA.  

Mechanosenzitívny kanálik s veľkou vodivosťou bol modifikovaný s redox- 
a pH-senzitivnými molekulami za cieľom kontrolovať jeho funkciu elektrochemicky 
a pomocou zmeny pH prostredia. 

Piata kapitola tejto dizertačnej práce sa zaoberá syntézou úplne umelých 
kanálikov z jednoduchých organických molekúl. Bolo taktiež objavené, že malá 
karbazolová molekula dokáže vytvárať kanáliky v membráne a taktiež kryo-elektrónová 
mikroskopia odhalila, že táto molekulula vytvára dlhé rúrkové objekty, ktoré majú 
rovnaký priemer. 
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Posledná kapitola tejto práce sa zaoberá vlastnosťami komplexu železa 
a spínača za cieľom vytvorit nový systém na ukladanie dát v počítačoch. 
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