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Abstract 
!
The world’s population is rapidly increasing and so is the demand for energy. Problems 
with increased CO2 production and global warming makes the need for clean and cheap 
energy one of the most important challenges facing the future human society.  
Solar energy is the most abundant energy source accessible to humankind and this energy 
could be captured and stored as chemical bonds with a device mimicking the process of 
light driven photosynthesis in plants. 
This work explains how an artificial protein could perform charge separation and the first 
trials for synthesis of two different co factors, Azido Viologen and Tetra methyl azido 
viologen has been carried out. It also suggests a way of attaching the co factors to the 
protein by incorporating the unnatural amino acid Homopropargylglycine in the protein 
and use Huisgen cycloaddition for the attachment.  
Azido Viologen seems to have been successfully synthesized but needs to be further 
characterized by mass spectrometry and NMR but the Tetra Methyl Azido Viologen was 
not. The Homopropargylglycine was not successfully incorporated in the protein but the 
likely reason for this seems to be the usage of the wrong expression system.  

 

Abstrakt 
!
Jordens befolkning ökar ständigt och därmed också behovet av energi. Problem med en 
ständigt ökande halt av CO2 och global uppvärmning gör behovet av ren och billig energi 
till en av mänsklighetens viktigaste framtida utmaningar.  
Solen är mänsklighetens största energikälla och den energin skulle kunna tas tillvara och 
lagras i form av kemiska bindningar genom att använda sig av metoder liknande de som 
växter använder i fotosyntesens ljusreaktioner. 
I det här arbetet beskrivs hur ett artificiellt protein kan utföra laddningsseparation samt 
de första försöken till syntes av två olika co faktorer, Azidoviologen och Tetrametyl 
Azidoviologen. Jag föreslår också ett sätt att sätta fast co faktorerna i proteinet genom att 
byta ut aminosyran Metionin mot den artificiella aminosyran Homopropargylglycin och 
sen använda Huisgen cykloaddition. 
Syntesen för Azidoviologenen verkar ha lyckats men molekylstrukturen behöver 
karaktäriseras vidare med masspektrometri och NMR medan syntesen för Tetrametyl 
azidoviologenen inte verkar ha fungerat. Det verkar inte som att Metionin har blivit 
utbytt mot Homopropargylglycin men det beror förmodligen att fel expressonssystem 
har använts.  
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Nomenclature 
 
Symbol 
 

Description 
 

Unit 
 

hv Energy for one photon kJ 
kET Electron transfer rate constant Ms-1 
OD600 Optical density at 600 nm A.U 
T Temperature Kelvin 
ΔG* Gibb's free energy kJmol-1 
ΔG0 Standard Gibb's free energy for the reaction kJmol-1 
λ Reorganization energy kJ 
 

Abbreviations 
 
Symbol 
 

Description 
 

A Electron acceptor 
A.U Absorption unit 
ADP Adenosine diphopshate 
ATP Adenosine triphopshate 
Cyt b6f Plastoquinol—plastocyanin reductase 
C Quasi-stable charge separated state  
C-18 18 carbon polymer matrix 
C6H12O6 Glucose 
cm 10-100 meter 
CO2 Carbon dioxide 
D Donor 
DI water Deionized water 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
e- Electron 
E. coli Escherichia coli 
FeHm Ferrus Heme 
FeHm* Excited Ferrus Heme 
G Ground state of the primary electron donor 
G* Excited ground state of the primary electron donor 
h Hour 
H2O Water 
HPG Homopropagylglycine 
HPLC High performance liquid chromatography 
I Intermediate state in charge separation 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
LB Luria Bertani 
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MeCN Acetonitrile 
mL 10-3 L 
mM 10-3 M 
MNQ Menaquinone 
NADP+ Nicotinamide adenine dinucleotide phosphate+ 
NADPH Nicotinamide adenine dinucleotide phosphate 
NMR Nuclear magnetic resonance 
O2 Molecular oxygen 
ºC  Degrees Celsius 
P Primary electron donor 
P* Excited Primary electron donor 
PC Plastocyanine 
Pi Organic phopsphate 
PS I Photo system I 
PS II Photo system I 
rpm Revolutions per minute 
SDS Sodium dodecyl sulfate 
TEV Tobacco Etch Virus 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
UV Ultraviolet 
V/V Volume % 
Zn Zinc 
ZnHm Zinc Heme 
ZnHm* Excited Zinc Heme 
µL 10-6 Liter 
µM 10-6 M 
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Introduction 
The world’s population is rapidly increasing [1] and so is the demand for energy. 
Problems with increased CO2 production and global warming [2] makes the need for 
clean and cheap energy one of the most important challenges facing the future human 
society.  
 
Solar energy is by far the most abundant energy source accessible to humankind but as of 
today there are no efficient ways to capture and store this energy to be used when needed 
[3]. One approach is to store this energy in form of chemical bonds in organic 
compounds just like the plants do by using photosynthesis. This energy can then be 
released by combustion when there is need for energy.   
 
The first step in photosynthesis is light activated charge separation that creates a 
potential energy gradient, which can be used for driving chemical reactions [4]. We 
believe that such a device can be created in a protein using the tools of molecular biology 
and protein design.  

Photosynthesis 
Photosynthesis evolved around 3,6 billion years ago [5] and around 2,45 billion years ago 
bacteria acquired the ability to photo oxidize water to molecular oxygen [6]. This was a 
huge biological event that resulted in the oxygenic atmosphere that is crucial for many of 
the living organisms in this world we know today.  
 
The simplest explanation of oxygenic photosynthesis is the formula shown in  
equation (1). 
 

6!!!! + 6!!!! + ℎ! → !!!!!"!! + 6!!!          (1) 
!

 
The light driven photosynthetic reactions take place in membrane embedded proteins 
(see figure 1) and starts with the absorption of one photon by photo system II (PSII). 
This results in the excitation and transfer of one electron to a primary electron acceptor. 
This is often referred to as photoinduced charge separation and is the beginning of an 
electron transport chain that will finally result in the reduction of NADP+ to NADPH 
by photosystem I (PSI). This also creates a proton gradient across the thylakoid 
membrane that is used for driving the synthesis of Adenosine triphosphate (ATP) from 
Adenosine diphosphate (ADP) and organic phosphate (Pi). ATP can then be used to 
power cellular metabolism [4].  
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Figure 1: A cartoon representation of the light driven part of photosynthesis. The brown arrows describes light, the red 
arrows describe electron flow and the blue arrows descbribe proton flow. Electrons orginate fom the oxidation of 
water thorugh Photo system II (PSII) and flow thorugh quonines to Cytochrome b6f (b6f) where it is transported by 
the soluble protein Plastocyanin (PC) to Photo system I (PS I) where it reducec NADP+ to NADPH. Protons are 
transported thorugh the membrane by quinones and cytochrome b6f complex and thorugh the ATPase to drive the 
reaction of ATP formation from ADP and Pi. 

Charge separation 
The minimal construct needed to achieve charge separation consists of three elements, a 
primary electron donor, primary electron acceptor and secondary electron donor (see 
figure 2) [7]. This is referred to as a photosynthetic charge separation triad (PCT).  In 
photosynthesis the primary donor is chlorophyll, which is excited by light and is the 
beginning for the electron transport chain [4]. 
 

 
Figure 2: An energy diagram for the different components needed for charge separation. The red arrows show forward 
electron transfer and the green arrows show backward electron transfer. B energy diagram of the states in C. C the 
different steps in the formation of a charge separated state C. [7] 

Figure 2 shows how the ground state (G) of the primary donor (P) is excited by light to 
give the excited state G*. After excitation the primary donor (P*) transfers its electron to 
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an nearby acceptor (A), creating an unstable intermediate state (I) with two opposite 
charges close to each other. To get a fully charge separated state a secondary donor (D) 
transfers an electron to the ground state (P) of the primary donor to create a quasi-stable 
charge separated state (C)[7]. 

Marcus Theory  
Marcus Theory describes the electron transfer rate between an electron donor and an 
electron acceptor and involves three steps [8]. First the molecules come together to form 
a complex. This complex then forms an intermediate where electron transfer can occur 
and finally the newly formed products dissociate. This is what is shown in figure 2 and 
can be compared to Eyring’s transition state theory [9].  
 
The energy of the reactant (electron donor) and the product (electron acceptor) can be 
described as a harmonic oscillator (see figure 3).  
 

 
Figure 3: Marcus Parabolas for the reactant state (R) and the product state (P) with the same potential. λ is the 
reorganization energy. The vertical axis shows Gibbs free energy and the horizontal axis shows reaction coordinate 
[10]. 

Figure 3 shows the potential energy curve for the electron donor (R) and the electron 
acceptor (P).  λ is the reorganization energy, which is often described as the energy 
needed for the reactant curve to reach the same nuclear equilibrium configuration as the 
product curve without any electron transfer taking place.  
 
A bimolecular electron transfer can be described with following equations: 
 

!!k!" = Ae
!∆!∗
!!!                          (2) 

 

∆G∗ = !!∆!! !

!"                          (3) 
 
where ΔG0 is the standard Gibb’s free energy of a reaction, kb Boltzmann’s constant and 
T temperature in Kelvin. Equation (2) is the electron transfer rate according to Eyring 
transition state theory [9] and the derivation for equation (3) can be found in appendix  
A1.  
 
When looking at equation (3) and (4) one can see that the electron transfer rate will 
increase with increasing ΔG* until ΔG*= λ and then the rate will actually start to decrease 



! 10!

with increasing ΔG*. This is referred to as Marcus inverted region and is shown in figure 
4. 
 

 
Figure 4: A-D Marcus Parabolas showing the effect on electron transfer rate when changing ΔG from 0 to a value 
larger than λ. E. Plot of electron transfer rate versus driving force that shows the inverted Marcus region [10]. 

Dutton-Moser Ruler 
The Dutton-Moser ruler are two empirical equations describing the rate of electron 
transfer as a function of distance between the electron donor and the electron acceptor 
and also the difference in Gibb’s free energy, ΔG, between these [11,12].  
 

logk!"↓ = 15− 0.6 R− 3.6 − 3.1 !!!!!! !
!!               (4) 

 

logk!"↑ = 13− 0.6 R− 3.6 − 3.1− !!!!!! !
!! + !!↑

!.!"          (5) 
 
The importance of these equations for this project is that they show that in order to 
optimize the rate of electron transfer within a protein, the only parameters one needs to 
manipulate are the distance between the electron donors and the electron acceptor and 
the difference in the potentials for these which is the ΔG driving force for the reaction.  

Design of a Photosynthetic charge separation triad 
In order to get a forward electron transport it is important that the forward electron 
transfer reaction, which is described by equation 5, is faster than the backward reaction 
described by equation 4. It is also important that the secondary donor has time to fill the 
ground state after excitation of the electron and trap the charge separated state (see 
figure 2 C).  
 
We have been working with de novo designed four helix bundles (see figure 5), placing 
the co-factors that act as electron donors and acceptor in a linear position. This 
positioning makes it easy to adjust the distances between the co-factors to optimize the 
electron transfer rate and minimize the charge recombination. 
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Figure 5. Photo Loop with methionine in one of the loops 

The difference in ΔG between the electron acceptor and the electron donor is very 
important for the electron transfer rate and this value can be manipulated by choosing 
different co-factors with different electrochemical potentials (see figure 6). 
 

 
Figure 6:   The molecular strcture for Menaquinone (MNQ), Methyl Viologen, Ferrus Heme (FeHm) and Tetra Methyl 
Viologen. 

Figure 7 shows energy diagrams for four different electron acceptors (see figure 6) when 
using Zinc Heme (ZnHm) as a donor and the plot of electron transfer rate versus ΔG 
for these different electron acceptors. The parabolas are derived from the Marcus term in 
the Dutton Ruler (see equation 5).  λ was assumed to be 0.7 which in reality could be a 
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different value for our four helix bundle protein but for most proteins it is a value 
between 0.7 and 1.4 [12]. 
The green color shows the rate for the forward reaction and the red color shows the rate 
for the backward reaction. In the first three cases where Menaquinone (MNQ), Ferrus 
Heme (FeHm) and Methyl Viologen (see figure 6) is used as electron acceptors, the back 
reaction is faster than the forward reaction. In the case where Tetra Methyl Viologen (see 
figure 6) is used as electron acceptor the forward reaction is actually faster than the 
backward reaction and is therefore a good candidate to use as electron acceptor co-factor 
in our protein. 
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Figure 7: Energy diagrams for Zinc Heme as electorn donor and four different electron acceptors, Ferrus Heme, 
Menaquinone, Methyl Viologen and Tetra Methyl Viologen. Also the plot for electron transfer rate for these four 
electron acceptors [Image courtesy of Eskil Andersen]. 
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Huisgen cycloaddition and Homopropargylglycine 
Huisgen cycloaddition belongs to a group of chemical reactions often referred to as 
“click reactions”. Click reactions are used to join small molecules together in a fast and 
efficient way. The Huisgen reaction was first understood by the scientist Rolf Huisgen in 
the 60’s [13] and is also called 1,3-dipolar cycloaddition. In the Huisgen cycloaddition an 
azide group and an alkyne group are joined together to form a five membered ring 
structure (see figure 8). 
 

 
Figure 8: 1,3 dipolar cycloaddtion between an alkyne in red and azide in black 

In 2001 an article was published describing a Copper (I) catalyzed 1,3 cycloaddition that 
could be used to join azides with alkyne peptides [14]. This reaction can be very useful 
when working with protein design since it can be used to covalently attach small 
molecules, such as co-factors, to a polypeptide.  
 
 

 
Figure 9: Attachment of a methyl viologen to HPG using Huisgen cycloaddition.  

Homopropargylglycin (HPG) (see figure 9) is a Methionine analogue that has been 
shown to incorporate in proteins [15]. In order to use Huisgen cycloaddition to attach a 
molecule to HPG the molecule would need an azide group that could react with the 
alkyne on HPG (see figure 9).  
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Aim 
The aim of this project was to create a protein that can perform charge separation, 
similar to what happens in photosynthesis. The minimal construct that can perform such 
a thing contains a primary electron donor co-factor placed in between an electron donor 
co-factor and an electron acceptor co-factor (see figure 2).  
 
The protein design has been carried out by Andrew Mutter [10] and Eskil Andersen and 
my main priorities in this project was to synthesize these co-factors and find a way to 
attach them to the protein using click chemistry.  

Strategies 
As we have seen, the distances between the co factors are important. To attach the co-
factors to the protein click chemistry will be used to covalently bind them to HPG that 
will be incorporated in to the protein.  
 
In order to incorporate HPG in the protein, methionine has to be present at those places 
where we want HPG to be and nowhere else. Site specific mutagenesis will be carried out 
using a Quick change-lightening site directed mutagenesis kit from Agilent technologies 
and the gene will be transferred into Escherichia coli B834 (E. coli B 834), a methionine 
auxotrophic strain.  
 
E. coli B834 will be grown on a minimal media giving methionine depletion at the time 
for induction which is when the growth reaches an OD600 around 0.8. IPTG is used to 
turn on the gene for overexpression of the protein and HPG will be added to the media 
together with IPTG resulting in the incorporation of HPG in the overexpressed protein 
instead of methionine [15].  
 
In order to find out if HPG has been incorporated in the protein the click reaction will 
be carried out with Cy5 Azide 10 mM/DMSO from Lumiprobe and then run on the 
HPLC. 
 
These experiments will first be carried out on a protein where methionine is present only 
in the loops (see figure 5) which will hopefully make it easier to analyze the result of the 
incorporation due to less steric hindrance for the Cy5 Azide 10 mM/DMSO.  
 
Due to its redox potential two different molecules have been chosen to work as co-
factors. These are Methyl Viologen and Tetra methyl Viologen (see fig 10). These will be 
synthesized with an azide group linker (see figure 10), making them possible to work in 
the Husigen click reaction with HPG (see figure 9).  
 

 
Figure 10: Methyl Viologen and Tetra Methyl Viologen with azide linkers 
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To detect charge separation an Edinburgh Instruments LP20 flash photolysis 
spectrometer will be used. If electron transfer occurs the Viologen will be reduced which 
results in its change of color to intense blue. 
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Material and methods 

Protein design 
The gene for Photo Loop (see figure 5) is situated on a pET32(+) plasmid from 
Novagen between BgII and XhoI restriction sites. The protein is expressed as a fusion 
protein with thioredoxin.  
The mutation H104M was carried out by using a Quick change-lightening site directed 
mutagenesis kit from Agilent technologies according to manufacturer’s instructions on 
the gene in figure 11 and using the primers in table 1. 
 

 
Figure 11: aa sequence for Photo Loop H104, the histidine that will be exchanged for a methionine is marked with red. 

Table 1: Primers for the mutation Photo Loop H104M 

Photo Loop H104M reversed GCCGCTGCCCATACCGCTACCGCCCAGTTGT 
Photo Loop H104M forward ACAACTGGGCGGTAGCGGTATGGGCAGCGGC 
!
E. Coli B834 was thawed on ice and 1 µL pET32(+) plasmid with the gene for Photo 
Loop H104M was  then added to 50 µL of cells. The cells and the plasmid were heat 
shocked at 42 ºC for 45 seconds and then on ice for 5 minutes. After that 1 mL of LB 
was added to the cells and incubated in a shaker at 37 ºC for 30 minutes. 100 µL was 
then spread on an agar plate with Ampicillin resistance and incubated over night in 37 
ºC. As control E coli B 834 without plasmid was streaked at agar plates both with and 
without Ampicillin and transformed E. coli B 834 was streaked on an agar plate without 
Ampicillin.  
 
After the transformation the plasmid with the inserted Photo Loop genes were purified 
using a QIAprep Spin Miniprep Kit from Qiagen according to manufacturers 
instructions and the plasmid was sent to GeneWiz for sequencing.  

Protein expression 
E. coli B 834 was grown on LB plates with Ampicillin at 37 ºC overnight and then stored 
in 4 ºC. One colony was picked and used for inoculation of 100 mL LB with 10 µL 
Ampicillin overnight. In the morning 5 mL from the 100 mL LB growth was transferred 
to 100 mL minimal media in a 500 mL Erlenmeyer flask with 100 µL of 1000x 
Ampicillin, 5 mL 40 % glucose, 200 µL VitaNuts, 200 µL 2M MgSO4, 10 µL 1M CaCl2 
and put in an incubator at 37 ºC and 200 rpm. OD300 was measured every 30 minutes 
with a UV visible spectrophotometer UV160U from Shimadzu until it reached OD = 0.8 
and then the expression was induced with 20 mg of IPTG and HPG giving a final 
concentration of .5 mM. The expression was carried out in 25 ºC at 250 rpm for 5 hours 
before it was spun down for 10 min at 10 000 rpm in Sorvall RC5Cplus centrifuge. 
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Supernatant was discarded and the bacterial pellet collected and frozen overnight in – 20 
ºC. 

Protein purification 
The cells were resuspended in 30-40 mL 1x wash buffer and run 3 times through a 
French press cell disrupter from Thermo Electron Corporation. The sample was then 
spun down for 30 minutes at 15 000 rpm and the supernatant was collected and the 
pellet discarded. Proteins were purified using a Flex Column 420400-2520 2.5 * 20 cm 
from Kimble Chase column with a nitrilotriacetic acid agarose (Ni-NTA agarose) matrix 
from Qiagen, for column quick charge see appendix A 5.3. 
The column was equilibrated with 50 mL 1x wash buffer before the sample was loaded 
and the flow through collected. After the sample was loaded the column was washed 
with 50 mL of 1x wash buffer that was collected in 50 mL falcon tubes and stored on ice. 
The sample was eluted with 50 mL 1x elution buffer and collected in 5 mL fractions that 
were stored on ice.  
 
All the fractions including the flow through and the wash was analyzed by running a 
Novex NuPAGE 4-12% Bis-Tris gel from life technologies at 200 mV for 30 min. Each 
well in the gel was loaded with 5 µl dye, 5 µl sample and 5 µl DI water and Thermo 
scientific Page Ruler was used as a weight maker. To visualize the proteins the gel was 
stained with protein gel stain for 10 min after 30 min heating in microwave and then 
destained with protein destain for 2 x 10 min and deionized water for 10 min. 
 
Fractions containing our protein was then collected and dialyzed into TEV working 
buffer using a Spectra/Por 6 Dialysis membrane with a cut off size of 3.5 kD. The 
dialysis was carried out in 6 L of TEV working buffer at 4 ºC overnight. 
 
The dialyzed protein was collected in a 250 mL screw top bottle and DTT was added to 
a final concentration of 1 mM and 2% V/V TEV protease was added and left to cut in 
room temperature for 6 hours.  
 
After the cutting the protein was dialyzed into wash buffer using the same procedure as 
above. 
 
To get rid of the His-tag the protein was once again run over the same Ni-Column but 
this time the flow through was collected and the His-tag eluted with elution buffer. A 
SDS gel was run on both flow through and elution fractions to make sure the protein 
was cut and the protein separated from the His-tag.  
 
The protein was then dialyzed into lyophilization buffer using the same dialysis 
procedure as above and then lyophilized using a FreeZone 4.5 table top lyophiliser from 
Labconco. 
 
After lyophilisation the protein was brought up in 10 mL of phosphate buffer pH 8 and 
purified with a HPLC from Shimadzu with an C-18 column from HigginsAnalytical Inc 
using a H2O:Acetonitrile gradient and then lyophilized again.  

Minimal media optimization and HPG incorporation 
A minimal media was made (see appendix A 3.) with 8 different methionine 
concentrations. E. coli B834 (with pET32(+) plasmid with Photo Loop H104M) was 
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grown overnight in 500 mL shake flasks containing 100 mL media and in the morning 
OD_600 was measured.  
 
The media with a methionine concentration that gave a final OD_600 of ≈ 0.8 was 
chosen for the incorporation of HPG. E. Coli B 834 was grown and purified according 
to above described expression and purification procedures with the only difference that 
the growth was carried out in 100 mL media and at the time of induction 100 mg HPG 
was added to the media together with the IPTG, resulting in a final concentration of 0.5 
mM HPG. 

Viologen synthesis and purification 

Azido viologen (1-(3-azidopropyl)-1’-methyl-4,4’-bipyridinium) 
A mixture of 4,4´-bipyridine (10 g) and methyl iodide (25) was run in 500 mL chloroform 
for 40 hours in room temperature and then filtered and washed with 4 mL of cold 
MeCN. The solid was then dried on the lyophilized to give 1.23 g of product [16].  
A mixture of 1-methyl-4,4’-bipyridine (1 g) and 1.3-dibromopropane (1.95 g) was run at 
reflux for 40 hours in 50 mL of dry acetonitrile. The precipitate was filtered and dried 
under vacuum. 1.13 g of product was then reacted with NaN3 0.49 g) in 2.5 mL DI water 
at 80 ºC over night and the reaction was then evaporated and lyophilized to give a red 
brown solid. The solid was then washed with methanol and filtered to remove excess 
NaN3 [17]. 

 
Figure 12: synthesis route of Azide Viologen and azide Tetramethyl Viologen 

2,2’,6,6’-Tetramethyl-4,4’-bipyridine 
The starting material, 2,2’,6,6’-Tetramethyl-4,4’-bipyridine,  for Tetramethyl Viologen 
Azide is very expensive and therefore it was decided that this should be synthesized. 
 
A mixture of 4-bromo-2,6-lutidine (1 g), Zn powder (0.521 g), NiBr2PPh3)2 (1.191 g) and 
Et4NI (1.362 g) was refluxed in dry THF (30 mL) for 18 h (see figure 13) [18]. One of 
the following two purification processes was then carried out. 
 

1. The mixture was filtered and evaporated to contain a brown oil. The oil was then 
treated with 10 % ethylenediamine and extracted with CHCl3 three times. 1 N 
HCl was added to the organic layer and after separation the aqueous layer was 
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treated with 1 N NaOH and then extracted with CHCl3 three times. The organic 
layer was dried with MgSO4 and then evaporated. [18] 
 

2. The mixture was filtered and evaporated to contain a brown oil. Thin layer 
chromatography (TLC) was carried to find a solvent system resulting in a 
separation of the products that gave approximately 1 rf separation. A silica flash 
column was run with 4:1 Hexane/Ethylacetate and the flow through was 
collected in 10 mL fractions until nothing could be seen on TLC in the flow 
through.  

 
All products were analyzed using H-NMR with CDCl3 as solvent.  
 

 
Figure 13: Synthesis route of 2,2’,6,6’-T etramethyl-4,4’-bipyridine 

Click reaction with protein incorporated with HPG and Cy5 Azide 
In order to see if HPG had been incorporated in the protein a mixture of sodium 
ascorbate (final concentration 25 mM), purified protein (final concentration 50 µM), 
CuSO4 (final concentration 500 µM), Cy5 Azide 10 mM/DMSO (final concentration of 
200 µM) from Lumiprobe and Cu-wire (1 mg) were added in an 2 mL eppendorf tube 
and dissolved in 50 mM phopshate buffer pH 8 to a volume of 1 mL. The tube was 
closed and inverted a few times and then incubated and continuously shaken at 50 °C for 
48 hours.  
 
After that the sample was analyzed with HPLC a gradient 0-100 % BufferA:BufferB in 
50 minutes. 
 
The sample was also run on a gel and visualized with a fluorescence filter using 
Chromeo494.  

Click reaction with HPG and Cy5 Azide 
In order to see if the click reaction works under these conditions at all, the click reaction 
was carried out with only HPG and Cy5 Azide 10 mM/DMSO. The reaction was carried 
out in the same way as above but with 50 µM HPG instead of protein. The reaction was 
then analyzed with HPLC using a gradient 0-100 % BufferA:BufferB in 50 minutes.  

Click reaction with HPG and Azide Viologen 
In order to see if we could get the Viologen to click to HPG at all, the click reaction was 
carried out with only HPG and Azide Viologen. The reaction was carried out in the same 
way as above but with 50 µM HPG instead of protein and 200 µM Azide Viologen 
instead of Cy5 Azide 10 mM/DMSO. The reaction was then analyzed with HPLC using 
a gradient 0-100 BufferA:BufferB in 50 minutes.  
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Results 

Protein design 
The DNA sent in to Genewiz for sequencing turned out to be: 
 

 
 
This shows that the 104 Histidine was exchanged for Methionine. The plasmid with this 
gene was used for the transformation into the methionine auxotroph E. coli B 834. 
 
Table 2: Results for the agar plates that were grown to confirm the transformation of the gene for Photo Loop H104M 
into E. Coli B 834 

 Agar plate with ampicillin Agar plate without ampicillin 
Transformed  Growth Growth 
Non transformed  No growth Growth 
 
The agar plates showed that only the transformed E. coli B 834 could grow on ampicillin 
and therefore it was assumed that the transformation had worked. These colonies were 
then used for the Minimal media optimization and for he incorporation of HPG into the 
protein. 

Minimal media optimization  
8 different methionine concentrations were tested and at 200 µM it seems that 
methionine is no longer the limiting factor for bacterial growth (see figure 14). 60 µM 
was used for the incorporation of HPG since it made the cells go into the stationary 
phase due to methionine depletion at OD600 0.8 which is the OD600 where we want to 
induce protein expression.  
 
Table 3: OD_600 values for overnight growths of E. Coli B 834 in minimal media containing different concentrations 
of methionine 

[met] 
uM 

OD_600 
1 

OD_600 
2 

OD_600 
average 

40 0.651 0.641 0.646 
60 0.802 0.793 0.798 
80 0.523 0.564 1.087 
100 1.392 1.404 1.398 
120 1.662 1.696 1.679 
160 2.056 1.968 2.012 
200 2.348 2.260 2.304 
240 2.208 2.340 2.274 
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Figure 14: OD_600 values  in Absorption units (A.U) for overnight growths of E. Coli B 834 in minimal media 
containing different concentrations of methionine 

Protein purification 
Accidently the gels were discarded before they were scanned and can therefore not be 
part of the report but the protein was successfully expressed and purified.  
 
The yield was very low and ended up being 1 mL of 23 µM.  

Viologen synthesis and purification 

Azido viologen (1-(3-azidopropyl)-1’-methyl-4,4’-bipyridinium) 
H-NMR on the azido viologen gave the spectrum in figure 15 and the structure could be 
solved. Nothing but noise could be seen on the N15-NMR.  
 
Table 4: Data from H-NMR of azido viologen in CDCl3 

Peak Shift  
[ppm] 

Integral Multiple Corresponing hydrogens 

1 9.10 4 dublet aromatic hydrogen 
2 8.51 4 dublet aromatic hydrogen 
3 4.80 2 triplet CH2 
4 4.79  singlet H2O 
5 4.45 3 singlet CH3 
6 3.50 2 triplet CH2 
7 2.33 2 five-tuplet CH2 
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Figure!15:!NMR!spectrum!of!Azido!Viologen 
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2,2’,6,6’-Tetramethyl-4,4’-bipyridine 
The TLC run after the flash chromatography column showed three well separated peaks 
(see figure 16). 
 

 
Figure 16: Thin Layer Chromatography of the Flash chormatography on 2,2’,6,6’-Tetramethyl-4,4’-bipyridine synthesis 

After lyophilization peak 6-7 gave 3 mg product, peak 10-15 gave 5 mg product and peak 
18-30 gave 8 mg product.   
None of the peaks from the flash column gave H-NMR spectrum that made it possible 
to solve a structure. There was too much noise and too many different peaks and these 
products were discarded  

Click reaction with protein incorporated with HPG and Cy5 Azide 
No results due to break down of the HPLC. The reaction has to be run again. 
 
Protein could be seen on the gel but no Cy5 Azide.  

Click reaction with Viologen 
No results due to break down of the HPLC. The reaction has to be run again. 

Click reaction with HPG 
No results due to break down of the HPLC. The reaction has to be run again. 
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Discussion 

HPG incorporation and click reaction 
In the end we ended up with 1 ml of 23 µM protein, which is not very much. Also the 
click reaction with the protein did not work. 
 
One problem could be that the click reaction actually did not work. The protocol was 
modified from a protocol where the azide was situated on the protein and the alkyne 
worked as the other click reagent but we used the same protein concentrations and the 
same click reagent concentrations. This protocol has never before been used with our 
proteins or used by this lab and there are probably several different factors that need to 
be optimized.  
 
Huisgen cycloaddition does not take place under these mild conditions without a 
working copper catalyst so there could be problems with the catalyst [13]. The reason 
why this protocol is used for click reaction is because proteins normally require mild 
conditions but our four helix bundles have shown to be very stable [10] and it could be 
worth trying to run the cycloaddition reaction in higher temperatures. 
 
Another problem could be that HPG was never incorporated in the protein and 
therefore there is no alkyne that can react with the azide. This could also explain the low 
protein yield. Our experiments show that there is a depletion of methionine around 
OD600 0.8 but there is always some methionine left in the media. If the bacteria by some 
reason cannot incorporate HPG and no methionine is added at the time of induction the 
protein production will be highly suppressed.   
 
After searching the literature for known problems when trying to incorporate unnatural 
amino acids into proteins by using E. coli it was found that we were using the wrong 
expression system. The pET expression system is not very sufficient when trying to 
incorporate HPG whereas the pQE system works very well [19]. Therefore it seems most 
likely that the problem is that HPG does not incorporate in the protein and that our next 
approach should be to change expression system to a pQE system.  

Viologen synthesis and purification 

Methyl Viologen azide 
The H-NMR spectrum of Methyl Viologen looks like it could be the right structure. 
However nothing can be said about whether the azide is there or not since nothing could 
be seen on the N15 NMR. The N15 NMR did probably not work due to the low 
concentration of N15.  In nature this isotope is not present in very high concentrations 
and often when you want to do N15 NMR the sample is labeled with N15 to get a stronger 
signal. Another approach could be to run a mass spectroscopy to get the whole structure.  

Tetra methyl Viologen azide 
The synthesis of 2,2’, 6,6’-Tetramethyl-4, 4’-bipyridine  (see figure 13) did not give any 
good results.  No end product could be recognized as 2,2’,6,6’-Tetramethyl-4,4’-
bipyridine.  
 
Three distinct peaks could be seen on the TLC after the flash column and two of these 
peaks separated from the starting material when run on a TLC. However none of the 
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peaks gave H NMR spectrum that could be solved since there were too many signals in 
the spectrum and too much noise. Thus no conclusion could be drawn. 
 
There are several reasons why the reaction might not have worked. The laborant is 
unaccustomed to do organic synthesis, why the human factor might be the reason for the 
reaction not working 
 
One reason could be that water came in to the reaction. This reaction is supposed to run 
under dry conditions but due to poor handling of chemicals and material some water 
might have been present. 
 
Also the zinc powder that was used as catalyst was old and might not have worked 
properly.  
 
Since the reason for the bad results could not be found and the time was running out the 
2,2’,6,6’-T etramethyl-4,4’-bipyridine was ordered from Carbosynth.com to be used as 
starting material for the synthesis of Tetra Methyl Viologen azide (see figure 12). 
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Conclusion and future work 
The goal for this project was not reached but the work took us further down the road 
and hopefully closer to a working charge separation triad. 
 
The incorporation of HPG into the protein did not work but this is probably due to us 
using the wrong expression system. To overcome this problem the gene need to be 
cloned into another vector. Since the pQE expression system has been shown to work 
for incorporation of HPG in E. coli proteins this plasmid should be tried.  
 
Viologens need to be synthesized and characterized. In order to find out if the azide has 
attached to the Methyl Viologen a new N15 NMR needs to be carried out. Since the first 
try didn’t work out it could be a good idea to saturate the solvent with Methyl Viologen 
azide to get a concentration as high as possible and increase the chances for the NMR to 
detect the N15 isotopes.  
Also the Tetra Methyl Viologen azide needs to be synthesized from the 2,2’,6,6’-
Tetramethyl-4,4’-bipyridine that was bought from carbosynth.com. The same reaction 
scheme as the synthesis for methyl Viologen azide should be used but since this 
compound never has been synthesized all the intermediates need to be characterized.  
 
When the Viologens have been successfully synthesized and the HPG is incorporated in 
the protein it is time to make the Huisgen cycloaddition work. Optimal conditions for 
this reaction can be found by making more experiments with Viologens and HPG or Cy5 
Azide and HPG. Parameters that could be tested are for example different concentration 
of reactants and different reaction temperatures.  
 
In this project the Viologens were supposed to be attached to the loops since this was 
assumed to be easier than the attachment of Viologens to the inside of the four helix 
bundle. However since the distances between the co factors are important the Viologens 
need to be attached inside the protein or maybe outside one of the helices. Further 
protein design need to be carried out to make this possible and amino acids situated 
where we want the Viologens to be need to be mutated into methionine, making it 
possible to incorporate HPG on those spots. 
 
Finally the laser flash spectroscopy experiments need to be carried out in order to find 
out if this construct can perform electron transfer. 
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Appendix 

A 1. Derivation of equation 6 

 
It is assumed that these two parables are of equal shape and the only difference is the 
displacement of the right one by y-a and x-b. The point for crossing of the two parables 
can be solved by solving the y value where they both are equal. 

! = !! 
 

(! − !) = ! − ! ! 
 

! = !! − 2!" + !! + ! 
 

!2 = !2 − 2!" + !2 + ! 
 

0 = !−2!" + !! + ! 
 

2!" = !! + ! 
 

! = !! + !
2!  

 

! = !! = !!!! !

!!!                              (4) 
 
The y value of the intersection between the two parables is equal to ΔE, a is the 
displacement in the y direction and is therefore equal to ΔG and b is the displacement in 
the x direction making b2 equal to λ. Equation (4) can therefore be written as: 
 

ΔE = λ+ ΔG !

4λ  
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A 2. Cultivation  

A 2.1. Ampicillin Stock Solution (100mg/ml) 
Dissolve 4 g in 40 mL de-ionized water. Sterile filter the solution and aliquot 1 ml into 
green 1.5 ml eppendorf tubes. Store in -20˚C. 

A 2.2. LB (Luria-Bertani) solution 
Combine the following into 500 mL de-ionized water: 10 grams bacto typtone or bacto 
peptone, 5 grams of yeast extract, and 10 grams of NaCl. Adjust to 7.5 pH with NaOH. 
Adjust final volume to 1 L with de-ionized water. Pour out in 100 ml flasks and 
autoclave. 

A 2.3. LB(Luria-Bertani) Agar (for plates) 
Make 500 mL in 1 L flask.  Add 5 g bacto tryptone, 2.5 g yeast extract, 5 g NaCl and 7.5 
g Bacto Agar (this is just agar).  Adjust to pH 7.5 with NaOH. Autoclave the solution 
with a stirring bar inside the container. Two stacks of plates will be created with 500 mL 
volume.  
Once out of autoclave, slowly cool to baby-bottle warmth stirring to prevent 
solidification, so that it does not hurt to touch.  Only once to baby-bottle warmth is it 
time to add antibiotics if making antibiotic plates. Pour solution to form a half-moon in 
the plate, then rotate plate to cover full surface. 

A 2.4. 40% Glucose 
Slowly add 400 g of glucose or sucrose to 600 ml of de-ionized water while stirring until 
dissolved. Add de-ionized water to make a final volume of 1 L. Autoclave the solution. 

A 2.5. TPP solution (per liter)  
Add 20.0 g bactotryptone, 15.0 g yeast extract, 8.0 g NaCl, 4.0 g Na2HPO4, and 2.0 g 
KH2PO4. Adjust to pH 7.5 with NaOH. Autoclave the solution.  After autoclaving, (for 
growth) Add 1% glucose (25ml 40% sterile stock solution) and whatever antibiotic you 
are selecting against. 
 

A 3. VitaNuts for minimal media 
Add in 400 mL DI water 
 
(NH4)6Mo7O24 7,4 mg 
H3BO3 5,0 mg 
CoCl2 1,1 mg 
Cu SO4 5 ,0mg 
MnCl2 3,2 mg 
ZnSO4 6,0 mg 
Biotin 200,0 mg 
Thimanin 10 g 
Nicotinic acid 10g 

 
Add 15 mL 5 M KOH and make sure everything is dissolved and sterile filtered before 
adding it to the minimal media  
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A 3. Minimal media 
 
Add in order to 3,8 L hot DI water, adjust to pH 7,4 and autoclave  
 
Group 1 
 

 

Group 2 
 

 

Group 3 
 

 Adenine  1,0 g Alanine 1,00 g Sodium acetate (dry) 6,0 g 
Guanosine 1,3 g Arginine 0,80 g Succinic acid 6,0 g 
Thymine 0,4 g Asparagine 0,34 g Ammonium chloride 3,0 g 
Uracil 1,0 g Aspartic acid 0,80 g NaOH 3,4 g 
Cytosine 0,4 g Cysteine 0,10 g K2HPO4 (dry) dibasic 42,0 g 

  
Glutamine 0,80 g 

  
  

Glutamic acid 1,30 g 
  

  
Glycine 0,90 g 

  
  

Histidne 0,20 g 
  

  
Isoleucine 0,46 g 

  
  

Leucine 0,46 g 
  

  
Lysine 0,84 g 

  
  

Phenylalanine 0,26 g 
  

  
Proline 0,20 g 

  
  

Serine 4,20 g 
  

  
Threonine 0,46 g 

  
  

Tryptophan 0,10 g 
  

  
Tyrosine 0,34 g 

  
  

Valine 0,46 g 
   

A 4. French Press  

DNase I (2 mg/mL) (200 X) 
Place 20 mg DNase I in 10 mL 20% glycerol, and 75 mM NaCl. Aliquot the solution into 
1 mL eppindorfs and freeze it at -20°C. To digest DNA during bacterial lysis, add to 
pellet for a final concentration of 10 µg/mL in lysis or wash buffer, including 5 mM 
MgCl2. 

A 5. His Tagged Protein purification 

A 5.1. 5X Wash Buffer (per liter) 
Combine 250 mM NaH2PO4 34.50g, 1.5 M NaCl 87.66 g, 100 mM Imidazole 6.808 g, 
and 0.1 g Sodium Azide.  Adjust to pH 8.0 with NaOH. This is prepared in 6 L batches 
and stored for future dilution. 

A 5.2. 1X Elution Buffer (per liter) 
Combine 50 mM NaH2PO4 6.9 g, 300 mM NaCl 17.53 g, 250 mM Imidazole 17.00 g, 
and 0.02 g Sodium Azide. Adjust to pH 8.0 with NaOH.  This is prepared in 6 L batches 
and stored for future use. 

A 5.3. 1X Ni-NTA Regeneration Buffer (Per Liter) 
Combine 6 M Guanidine Hydrochloride 573.18 g, 0.2 M Acetic Acid 11.4 mL. Adjust to 
pH 7.4.  The guanidine displaces a large volume of water.  As a result, begin with 200 mL 
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of hot de-ionized water and with high stirring slowly add solids.  Once everything has 
been added, fill to 1 L with additional de-ionized water. 

A 5.4. Borate Buffer: 4X (per liter) 
Add 0.5 M KOH. Add this base first or the boric acid will not dissolve.  Then add 1.0 M 
Boric Acid and 0.4 M KCl.  Adjust to pH 9.0. 

A 5.5. TEV working buffer 20X (per liter) 
Combine 1 M Tris-HCl, 121.1 g, and 10 mM EDTA, 3.72 g.  Adjust to final volume to 1 
L.  Adjust to pH 8.0. 
To use, dilute to 1x and add 0.5M DTT to make the final concentration 1 mM DTT. 

A 5.6. Lyophilization Buffer 
Combine 20 mM Ammonium Bicarbonate, and 2 mM glucose or sucrose.  Adjust pH to 
7.5. 

A 5.7. HPLC buffer A 
Combine 3996 mL HPLC water and 4 ml Tetraflouric acid 

A 5.8. HPLC buffer B 
Combine 3996 mL Acetonitrile and  4 mL Tetrafluoric acid 

A 6. Protein/SDS-Page Gels 

A 6.1. Protein Gel Stain: 600 mL  
Combine 1.2 g coomassie blue, 300 mL methanol, 60 mL acetic acid, and 240 ml de-
ionized water.  This can be reused for three to six months. 

A 6.2. Protein De-stain: 1 L 
Combine 400 ml methanol, 100 ml acetic acid and 500 ml de-ionized water. 

A 6.3. MES/SDS Running Buffer (20X) (1 Liter) 
Mix together 195.2 g of MES (1 M), 121.2 g TRIS Base (1 M), 20 g SDS (69.3 mM) and 
6g of EDTA (20.5 mM). Bring the final volume up to 1 liter with de-ionized water.  This 
will take time to dissolve, heating the water will decrease wait time. 
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