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Abstract 

Photosynthetic organisms harvest sunlight through antenna light-harvesting 

complexes. Light absorbed by chromophores is transferred down an energy 

gradient to a reaction centre (RC) where photoinduced electron transfer occurs. 

A charge-separated state is generated that preserves some of the original light 

energy as electrochemical potential. By studying these RCs allows for us to 

deduce how they function through the elucidation of their structure, which 

ultimately allows for artificial mimics to be made. 

Chlorobaculum tepidum (C. tepidum) is a green sulphur photosynthetic 

bacterium that contains a type I RC. Light energy is transferred to the RC from 

chlorosomes via a soluble Fenna-Mathews-Olson (FMO) protein. Although the 

structure of FMO has been solved on its own, little is known about the molecular 

organization of the reaction centre complex.  

This thesis looks at two of the RC sub-units (PscB and PscD) that are water-

soluble. To understand the contribution that these proteins make to RC function, 

they have been made in E. coli using an in-house expression vector. Using a 3C 

protease - iLOV - biotin acceptor domain - His10 (CLBH) tag, both PscB and PscD 

can be readily purified on a milligram-scale in four simple steps (Ni2+-affinity, 

subtractive IMAC (immobilized metal affinity chromatography) after cleavage 

with 3C protease, gel-filtration). PscD and PscB have been labelled with 15N and 
13C for structural analysis by NMR, so far PscD has shown to partially disordered 

implying that a potential binding partner may be required. PscB has shown to be 

well structured and is in the process of having its structure elucidated. The 

binding PscD with FMO and ferredoxin from Arabadopsis thaliana has also been 

assessed by isothermal calorimetry to help identify the function of this protein.  

Here it is also observed that when the RC is coupled to plasmons a near 5 fold 

increase is observed in fluorescence enhancement as compared to RC by itself. 

Plasmonic metallic nanoparticles are able to drastically alter the emission of 

vicinal fluorophores. Metallic nanoparticles can influence the fluorescence 

emission of nearby molecules by enhancing the absorbance of the molecule, and 

by modifying the radiative decay rate of that molecule. And this is what is 
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observed. This can further be increased when coupling the RC to the Plasmon by 

placing a silicon dioxide (SiO2) spacer in-between the RC and nanoparticle. This 

is the highest flouresence enhancement observed to date.  

As yet, no green sulphur bacterial RC has had its structure determined. Here, 

purification protocols have been developed that allow milligram quantities of a 

complex between the RC and FMO to be prepared. As well as identifying the best 

suitable detergents for solubilising and purifying the RC, two different 

populations of the RC have been discovered that can be separated by sucrose 

density gradients. Vapor diffusion, lipidic-cubic phase (LCP), bicelle, and co-

crystallisation trials have been performed with pure RC-FMO. Thus far, promising 

crystals have been obtained when the RC has been co-crystallised with 

ferredoxin to 60 Å. These promising crystals are the first of its type, as this is 

the first type 1 RC crystal obtained. 
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Figure 5.28 Phyre2 homology model of PscB with seco ndary structure prediction  
A. Shows homology model produced with 99.6% confidence. B. Secondary structure prediction 
produced by Phyre2. All the beta strands and alpha helices have high confidence values.  
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5.13 Expression and purification of Ferredoxin from  
Arabadopsis thalina for binding experiments 

To show that ferredoxin and PscD may interact with each other, for binding 

experiments it is important that  high quantities of ferredoxin is firstly obtained. 

The ferredoxin construct (pET21a NOVAGEN) was a gift from Rhys Grinter 

(Walker group, University of Glasgow). The ferredoxin, isolated from 

Arabadopsis thaliana was expressed and purified as described in section 2.17. 

Ferredoxin was grown in 8 x 500 ml flasks at 37oC until an OD of 0.6 was reached 

and then was induced with IPTG (1 mM) and was left to induce O/N at 28oC. 

Following induction, the next day, the cells were spun down and resuspended in 

cell breakage buffer (50 mM NaPi pH 7.5, 150 mM NaCl, 10% Glycerol 0.1 mM 

EDTA) before subjecting it to 3 passes through the cell disrupter (at 20 kpsi). 

The broken cells were spun down (4,000 x g for 30 min) before retaining the 

supernatant to pass it over a nickel column (as described in section 2.14.1 & 

2.14.2). Nickel purification of the ferredoxin protein could easily be followed by 

observing the brown colour bound to the nickel column (Fig 5.29 A). The 

ferredoxin was eluted with a high imidazole buffer (50 mM NaPi pH 7.5, 150 mM 

NaCl, and 500 mM imidazole) and was concentrated before passing over the size 

exclusion column (Superdex S-75) (Fig 5.29 B). 

     
Figure 5.29 A. Ferredoxin bound to nickel and B. Af ter elution of the Nickel column 
 
Fractions from the SEC were monitored based on the brown colour, as the 

ferredoxin does not contain any Tryptophans it would be difficult using the 

detector attached to the Akta prime machine. Fractions containing brown colour 

A. B. 
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were taken to run on a 4-12% SDS-page gel (Figure 5.30). Bands were observed at 

around 14 kDa, the ferredoxin is a 10 kDa protein that runs as a diffuse band on 

a SDS-page gel. The selected samples were also confirmed by the unique 

absorption spectra of ferredoxin (Fig 5.31), with absorption bands at 330 nm and 

the maxima at 415 nm with a shoulder at 460 nm. 

 
Figure 5.30 SDS-page gel of ferredoxin after passin g it over the Superdex S75 SEC column 
Fractions containing a brown color were taken and run on a 4-12% SDS-page gel were bands at 
around 14 kDa were observed. These bands were off Ferredoxin which runs as a diffuse bands on 
a SDS-page gel. 

 
Figure 5.31 Absorption spectra of ferredoxin 
Absorption of ferredoxin from Arabadopsis thaliana after SEC purification in 50 mM NaPi pH 7.5, 
and 150 mM NaCl with absorption bands at 330, 415 and 460 nm, indicative of the ferredoxin. 

415 nm 
460 nm 

330 nm 
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5.14 ITC of PscD with FMO and ferredoxin 

Any interaction between molecules can usually be detected and measured by 

isothermal titration calorimetry (ITC). ITC allows for any changes to be 

measured by heat which may occur between a target protein and its ligand. A 

normal ITC set up consisits of 2 cells, the first cell is known as a reference cell. 

This cell is kept constant, as opposed to the other cell, which is a sample cell. 

Both of these cells temperature are monitored and kept constant. To the sample 

cell, an injection syringe, containing the ligand, also in buffer solution, is 

connected. Pre-selected volumes of the ligand are then injected into the target 

solution. Any binding interactions between the ligand and target will result in a 

temperature change in the sample cell. This can be an endothermic or an 

exothermic reaction. 

Three reactions were initially looked at, and were carried out as described in 

section 2.20. The first reaction involved titrating buffer in to buffer (20mM NaP 

buffer pH7, 75 mM NaCl), to make sure that there was no interactions (Figure 

5.32 A). This was also repeated with PscD into buffer, FMO into Buffer and 

Ferredoxin into buffer all gave the same data as observed in figure 5.32 A. The 

second reaction involved having the PscD (0.01 mM) in the cell and titrating FMO 

(0.06 mM) into PscD through the syringe. No heat was given off or no 

endothermic reaction observed (Fig 5.32 B), indicating that initial experimental 

data had shown no interactions of FMO with PscD. The third reaction involved 

having PscD in the cell and titrating the purified ferredoxin (0.1 mM) into PscD 

(Fig 5.32 C). Initial data showed that there was a possibility of an interaction 

taking place, but if there was it was observed at the end of the reaction, hence 

the slight incline as observed in Figure 5.32 C just before levelling off. Another 

possibility could be that the on and off rates are so fast for these reactions that 

ITC might not be a sensitive technique. This data may also suggest that more 

than two proteins might be needed for interactions to take place, for example 

PscD might require the presence of PscB for the interaction of ferredoxin. These 

preliminary data would have to be repeated to obtain conclusive answers of 

what is happening.   
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Figure 5.32 ITC experiments of PscD with FMO 
and Ferredoxin. 
A. Shows ITC data with buffer being titrated into 
buffer, to show there is no interactions to allow for 
any artifacts. B. Shows FMO being injected into the 
cell containing PscD. FMO into PscD is similar to 
that of buffer into buffer. Initial data shows that 
there is no interaction. C. Shows ferredoxin injected 
into the cell containing PscD. Initial data suggests 
that there is the possibility of an interaction and if 
one is present it is at the end of the reaction as 
observed the peak is leveling off. 
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Chapter 6 – Structural studies on the C. tepidum 

RC and the two pheripheral proteins PscB and 

PscD 

  

6.1 Introduction 

This chapter describes the work towards structural determination by means of 

NMR and and X-ray crystallography for the two peripheral proteins associated 

with the C .tepdium RC; PscB and PscD, as well as the C. tepidum RC complex 

itself. 

To date there is no known structure of a green sulphur type I RC, this is the only 

RC that is homodimeric as compared to the other RC structures which have been 

solved to date (Table 1.1) [112]. Work towards the structure over the past 20 

years, by many different research groups, has yielded no positive results in 

elucidating its structure. None the less it has given insightful information, 

through homology modelling, to help elucidate how it functions [73, 111-112, 

129]. However, there is still a lot to be understood about the RC and for this, 

amongst other reasons i.e. designing a type I green sulphur RC mimic, a crystal 

structure is required. 

6.2 NMR of PscD and PscB 

Two of the peripheral RC proteins PscB and PscD are water soluble proteins that 

have not been characterised. PscD and PscB were both grown for NMR studies 

and purified as described in section 2.14 and 2.16 with the difference being that 

the cells were grown in M9 minimal media (section 2.2.3) for NMR studies. The 

NMR media was supplemented with 15N-labelled media, which replaced the 

NH4Cl to 15NH4Cl (98% 15N), when carrying out the HSQC (Heteronuclear Single 

Quantum Coherence) experiments. And to allow for backbone assignments of 

PscB the 15N, 13C-labelled media, replaced the NH4Cl with 15NH4Cl (98% 15N) and 

D-glucose with D-Glucose (99% 13C). Uniformly (15N) and double (15N & 13C) 

labelled samples of PscD and PscB for NMR were expressed in M9 minimal media 
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enriched with the relevant isotope(s) and purified as described in Chapter 5 

section 5.8 and 5.9. Pure, labelled protein samples were exchanged into 50 mM 

NaPi pH 7.7, 75 mM NaCl, using a PD-10 column and concentrated to 570 µL, 

before the addition of 30 µl of D2O (5% deuterated water) for field frequency 

locking, and then transferred into a 5 mm diameter NMR tube to be placed into 

the NMR magnet. 

6.2.1 1D NMR spectra of PscD and PscB 

A 1D proton experiment (Fig 6.1 & 6.2) and a 2D 15N-HSQC experiments (Fig 6.3 

& 6.4) was carried out on both PscD and PscB. A 1D NMR spectrum is indicative 

of the structure of the sampled protein. The 1D shows peaks for hydrogen (1H) 

nuclei, except for the ones that exchange rapidly with water.  The secondary, 

tertiary and quaternary structure of the sample protein has a great effect of the 

resonant frequencies of the NMR active nuclei within the protein. If a protein is 

not folded the protein shows a low dispersion of chemical shifts in nuclei such as 

protons in backbone amide or aliphatic groups. A broad peak at a chemical shift 

at around 8.3 ppm indicates disorder of the protein as this is indicative of a 

chemical shift of the backbone amides in random-coil. Alternatively, well 

dispersed signals at 8.5 ppm or higher show varying chemical environments 

experienced by amide protons in a folded protein. Similarly a range of signals 

within the -1.0 to 1.0 ppm region, as opposed to a broad peak at 1.0 ppm, is 

indicative of aliphatic protons in a folded protein. Figure 6.1 and 6.2 shows a 1D 

NMR spectra of both PscD and PscB. PscB (Fig 6.2) shows dispersed resonance 

frequencies in both the aliphatic (-1.0 to 1.0 ppm) and the amide (7-10 ppm) 

regions indicating that PscB is well folded. PscD, in comparison, also shows 

dispersed resonance in both the aliphatic and amide regions, but not as well 

dispersed with broadened regions in comparison to PscB, which could indicate 

unstructured elements of the protein. 
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Figure 6.1 1D 1H-NMR spectrum of recombinant PscD. 
The horizontal axis is chemical shift in parts per million, p.p.m and the vertical axis is signal 
strength (in arbitrary units). Each peak originates from an H atom within the protein, i.e. to the right, 
some of the peaks are from aliphatic and methyl groups, and to the left the NH2

+ and back bone 
amides. 

 

Figure 6.2 1D 1H-NMR spectrum of recombinant PscB. 
The horizontal axis is chemical shift in parts per million, p.p.m and the vertical axis is signal 
strength (in arbitrary units). Each peak originates from an H atom within the protein, i.e. to the right, 
some of the peaks are from aliphatic and methyl groups, and to the left the NH2

+ and back bone 
amides. 
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6.2.2 2D HSQC NMR spectra of PscD and PscB 

The 2D 15N-HSQC correlates resonances of covalently bonded 1H and 15N nuclei. 

Thus, each cross peak originates from a backbone amide -NH or the side chains 

of Asn (asparagine), Glu (glutamine), Trp (tryptophan) or Arg (arganine). If the 

protein is folded, the peaks are usually well-dispersed, and most of the 

individual peaks can be distinguished. The NH2 peaks belonging to the side 

chains of Asn and Glu usually appear as doublets on the top right corner of the 

spectra, and a smaller peak may appear on top of each peak due to the 

exchange with D2O. The side chain amine peaks from Trp are usually shifted 

downfield and appear near the bottom left corner, normally around 10 ppm. The 

backbone amide peaks of Gly (glycine) normally appear near the top of the 

spectrum. 

If there is a large cluster of severely overlapped peaks around the middle of the 

spectrum, that would indicate the presence of significant unstructured elements 

in the protein, as observed in figure 6.3, which shows the 15N-HSQC of PscD. This 

spectra is indicative of the protein having unstructured elements, as a large 

cluster of overlapped peaks are observed in the middle as well as single peaks 

around the cluster, which are quite broad indicating a part of the protein as well 

as being unstructured is also structured. This information, along with the 

information obtained from chapter 5 section 5.11 and 5.13 may indicate that the 

structure of PscD cannot be resolved until the unstructured elements take up a 

structured conformation; this might require the addition of Ferredoxin and/or 

PscB. Based on the 15N-HSQC of PscD, the structure on its own cannot be 

resolved until conditions are found allowing for a much better 15N-HSQC spectra.  

In comparison to PscD the 15N-HSQC of PscB (Fig 6.4) shows sharp, well dispersed 

individual peaks, which is indicative of a well structured protein. 
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Figure 6.3 2D, 15N-HSQC, spectrum of recombinant Ps cD 
The horizontal axis is the proton chemical shift and the vertical axis is the 15N chemical shift. Each 
signal, in a 15N HSQC spectrum, represents a proton that is bounded to a nitrogen atom.  
Temperature 308K, in 50mM sodium phosphate buffer pH 7.7, and 75 mM NaCl. Large cluster of 
severely overlapped peaks around the middle of the spectrum indicate unstructured elements of 
PscD. 

 

Figure 6.4 2D, 15N-HSQC, spectrum of recombinant Ps cB 
The horizontal axis is the proton chemical shift and the vertical axis is the 15N chemical shift. Each 
signal, in a 15N HSQC spectrum, represents a proton that is bounded to a nitrogen atom. 
Temperature 314K, in 50mM NaP pH 7.7, and 75 mM NaCl. Sharp, well dispersed peaks, 
indicative of structured protein 
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6.2.3 PscB – NMR temperature studies to increase tu mbling 

As the M9 minimal media is not as rich media as TB or LB, the amount of protein 

expressed is automatically reduced to less than half in M9, especially when you 

change the nitrogen and carbon source to their labelled counterparts (15N and 
13C). Therefore, growing and purifying PscB from 16 litres of M9 media gave less 

than 0.2 mM of protein, which is not ideal for NMR studies. This required further 

optimisation on the NMR magnet to allow for better signals to be detected in the 

NMR spectra. There are two ways to allow for better spectra to be obtained if 

there are limited concentrations of the target protein. The first way is by using a 

NMR machine with a higher magnetic field allowing for higher resolution in the 

direct-detection dimension (free induction decay or FID). Another way to obtain 

a better signal is to speed up the tumbling of the protein in the NMR machine, 

which requires heating the protein. The higher the temperature the faster the 

tumbling of the protein this in turn allows for better signals. The lower the 

temperature the slower the protein will tumble, which gives broader NMR peaks. 

The temperature has both advantages and disadvantages, since increasing the 

temperature allows for a better signal it also means that the protein has a 

propensity to precipitate faster, which is not advantageous for the triple 

resonance experiments as some can take weeks. Another disadvantage would be 

that some of the NMR signals might be lost due to the fast tumbling. So an 

optimal temperature would be required. As the NMR machine available within 

the University of Glasgow was a Bruker AVANCE 600 MHz NMR spectrometer it 

was opted to go down the temperature route to allow for better NMR spectra. 

PscB labelled with 15N was placed in the NMR machine to allow for a 2D-HSQC 

spectrum to be obtained at 298 K (Kelvin), which is observed in figure 3.6 A & B, 

on the far right hand side as blue peaks. An additional 5 HSQC spectra were 

obtained by increasing the temperature by 5oC after each NMR HSQC 

experiment, up until 323 K. On close observation, figure 6.5 B, it was observed 

that the optimal signal was around 313 K- 323 K. Comparing the last three peaks 

(far left hand side, pink to red) observed in figure 6.5 B to the first three peaks 

(far right hand peaks, blue to purple), as the contour levels had increased due to 

the increase in temperature, indicative of better signal. The peaks at higher 

temperatures, between 318 K to 323 K, also meant that peaks in other parts of 

the spectra had disappeared due to the fast tumbling. Even thought the protein 

was stable at 323 K all the NMR experiments were carried out at 314 K, as this 
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was the optimal temperature to give the best signal without the loss of any 

peaks. 

 
Figure 6.5 2D-HSQC spectra of PscB. Temperature eff ects of PscB ranging from 298 K to 
323 K. 
Effect of  temperature on PscB going from peaks on the right hand side to the left. 298 K (Blue), 
303 K (maroon), 308 K (purple), 313 K (pink), 318 K (blue), 323 K (red). A. Shows the whole 2d-
HSQC spectra with the temperature series. B. Shows the spectra focused on specific peaks to 
show the effect of temperature on PscB. Peaks going from right to left as the temperature 
increases have much sharper peaks with more contours, indicative of better signal. 

323 K   298 K 

323 K   298 K 

A. 

B. 
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6.2.4 PscB - T2 (Spin-spin relaxation) experiments 

Another parameter, which is commonly looked at in NMR, is the relaxation of the 

protein. Information obtained from the relaxation of protons and other spins in 

the protein are essential for the optimal setup for the NMR experiments. Spin-

spin (or transverse) relaxation time T2 is used to qantify the rate of the decay of 

the magnetization within the xy plane. After a 90° pulse the nuclear spins are 

aligned in one direction (are said to be phase coherent), but this arrangement is 

gradually lost due to field inhomogeneities and/or direct interactions between 

the spins without energy transfer to the lattice. T2 relaxation does not affect the 

total amount of z-magnetization, but the degree of synchronization of the 

transverse magnetization components. T2 is related to the linewidth at half-

height of the NMR signal.  

The T2 value was measured utilising a pseudo 3D 15N HSQC format experiment 

with selected time points as the third dimension. In order to measure T2 the 

contribution from sample in homogeneity and chemical shift evolution must be 

removed. This is achieved through a series of CPMG (Carr-Purcell-Meiboom-Gill) 

pulses resulting in signal decay proportional to the pure rate of T2 relaxation. 

Delay times used were 16.96 ms, 33.92 ms, 50.88 ms, 67.84 ms, 101.76 ms, 

135.68 ms, and 169.6 ms  with experiment delay of 16.96 ms within each loop of 

the delay experiment. Figure 6.6 A shows the T2 experiments over the delay 

times mentioned, and figure 6.6 B shows the peaks that are normalised on over 

the first signal (Marked by an red arrow), this shows the scale at which the peaks 

have been normalised over. For the T2 experiment a relaxation time and 

associated error were calculated for each peak by applying an exponential 

fitting function (I = A. e-Bt) to peak intensity by height (I) plotted against delay 

time (t) (figure 6.7). The T2 was calculated to be at 65 ± 4 ms 
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Figure 6.6 T 2 (Spin-Spin) relaxation delay of PscB 
A. Shows the relaxation delay over the delay times used (1) 16.96 ms, (2) 33.92 ms, (3) 50.88 ms, 
(4) 67.84 ms, (5) 101.76 ms, (6) 135.68 ms, and (7) 169.6 ms. B. shows the scale when 
normalised on the peak marked by the red arrow.   
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Figure 6.7 T2 relacxation of PscB  
The T2 experiment a relaxation time and associated error was calculated for each peak by 
applying an exponential fitting function (I = A. e-Bt) to peak intensity by height (I) plotted against 
delay time (t). The T2 was calculated to be at 65 ± 4 ms 

6.2.5 Triple resonance experiments 

Triple resonance experiments were used to identify specific resonances 

correlated to the NH (2D HSQC) resonances. Complementary pairs of 

experiments allowed for identification of both resonances for the same, and the 

preceding residue as the NH group (intra and inter-residue i and i-1) resonances. 

For example, HNCA, HNCO and CBCA(CO)NH experiments were used to correlate 

intra residue and inter-residue Cα and Cβ resonances to the amide cross peaks. 

Here, in the CBCA(CO)NH, the magnetisation is transferred from 1Hα and 1Hβ to 
13Cα and 13Cβ, respectively, and then from 13Cβ to 13Cα. From here it is 

transferred first to13CO, then to 15NH and then to 1HN for detection. The chemical 

shift is evolved simultaneously on 13Cα and 13Cβ, so these appear in one 

dimension (Figure 6.8, blue peaks). In the case of HNCA the magnetisation is 

passed from 1H to 15N and then via the N-Cα J-coupling to the 13Cα and then back 

again to 15N and 1H hydrogen for detection. Since the amide nitrogen is coupled 

both to the Cα of its own residue and that of the preceding residue, both these 

transfers occur and peaks for both Cα’s are visible in the spectrum. In each NH 
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strip two Cα’s should be visible. The stronger one belongs to the same residue 

Cαi and the weaker one belongs to the preceding residue Cαi-1 (Fig 6.8, red 

peaks). For the HNCO the magnetisation passes from 1H to 15N and then to the 

carbonyl 13C via the 15NH-13CO J-coupling. Magnetisation is then passed back via 
15N to 1H for detection, in each HNCO strip there is one CO visible belonging to 

the preceding residue (Fig 6.8, green peaks). 

 

Figure 6.8 Triple resonance experiments HNCO, HNCA and CBCA(CO)NH 
HNCO triple resonance experiments in red showing the peak Cαi and the weaker peak which 
belongs to the preceding residue Cαi-1 (in red). HNCO shows the CO belonging to the preceding 
residue (green). And the CBCA(CO)NH shows the Cα and the Cβ (in blue) of the residue preceding 
the NH group. 

The HBHA(CO)NH experiment is similar to that of CBCA(CO)NH in that the 

magnetisation is transferred from 1Hα and 1Hβ to 13Cα and 13Cβ, and then from 
13Cβ to 13Cα. From here it is transferred first to13CO, then to 15NH and then to 1HN 

for detection. Each strip in this experiment contains a Hα and an Hβ peak of the 

Cαi 

Cαi-1 

CO 

Cαi-1 

Cβi-1 
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preceding residue, sometimes there are two Hβ peaks for the preceding residue 

as observed in figure 6.9. 

 

Figure 6.9 HBHA(CO)NH triple resonance experiment o f PscB 
Strip shows Hα and an Hβ peak of the preceding residue, sometimes there are two Hβ peaks as 
observed. 

As the triple resonance experiments are well on its way more date is required to 

resolve the structure, for this more protein is needed at a much higher 

concentration as some experiments are more sensitive than others. This part of 

the project is still ongoing. 

Hβ2 

Hβ1 

Hα 
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6.3 Crystallisation of the C. tepidum RC 

The ultimate goal of this project was to obtain crystals of the RC to elucidate 

the structure. Obtaining a structure would not only be intellectually satisfying, 

as this would be the first 3D crystal structure of a homodimeric RC, but it would 

also aid in being able to design an artificial mimic that could be coupled to 

plasmons.  

To allow for the structure of RC to be solved the protein has to be surrounded 

(micelle formation) with the shortest chained detergent while having the 

characteristics mentioned earlier in section 1.3.1 for the protein to be able to 

crystallise. By being able to put the protein in the shortest chained detergent, 

greatly aids in protein-protein contact when setting up crystal trays. As the RC is 

stable and monodisperse only in DDM, as shown in chapter 3, this meant that this 

detergent would also be extremely challenging to crystallise in. All vapour 

diffusion crystal trays set up at the University of Glasgow on the Cartesian robot 

yielded no RC crystals. This had lead on to other crystallisation methods that 

had to be adopted. The first of which was the In-meso method, as described in 

section 1.3.2.2. 

The In-meso method has major advantages as compared to the vapour diffusion 

method for the C. tepidum RC. The first one being that a lot more conditions 

could be measured with the In-meso method as compared to the vapour 

diffusion. For one 96-well commercial screen, for the vapour diffusion method, 

would require 60 µl of pure RC. In comparison the In-meso method would only 

need 2 µl of pure RC protein to test in a 96-well commercial screen. Since only a 

small concentration of protein is purified from such large quantities of cells that 

are grown, as discussed in section 3.1.5.1, means that the purified RC can be 

tested in many different conditions. This also allows for a higher concentration 

to be obtained since such little volumes are needed for crystallisation. 

6.3.1  In meso Crystallisation 

Pure RC was prepared as previously mentioned in chapter 3 as described in 

section 2.4 of the methods and materials. A final concentration of 50 mg/ml in a 

final volume of 100 µl was obtained, before sending it off to Trinity college 



  157 

Dublin to Prof Martin Caffrey’s lab. Before setting up in meso trays the 

absorption spectrum of the C. tepidum RC was measured, in solution, for 

allowing the detection of any changes to reassure that the RC was not damaged 

by seeing if there were any spectral changes to the RC over the two weeks it had 

been sent. The spectrum showed no changes, and was the same as observed in 

figure 6.10, the RC had the characteristic peaks with the 816 nm peak, and the 

Qx transition band 610 nm and the Soret band at 370 nm. 

 

Figure 6.10 Absorption spectrum of the C. tepidum RC 
C. tepidum RC measured in solution at room temperature.  At 340, 370, 603 and 816 nm, the 
characteristic absorption bands of BChl a, and additionally, the shoulder at 837 nm indicating the 
primary donor, are seen. The peak at 670 nm contributes to the primary electron acceptor, which is 
the Chl a. Absorption bands in the wavelength range from 437 to 505 nm arise from the 
carotenoids, rhodopin and/or hydroxychlorobactene. 

This allowed for us to proceed and mix the sample with the lipid monoolein (9.9 

MAG) (as stated in the section 2.23). Monoolein (NuChek Prep., Inc. a gift from 

the Caffrey lab) and 53 mg/ml of RC protein solution (in 20 mM Tris pH 8, 75 mM 

NaCl, and 0.01% DDM) were mixed 3:2 (Lipid:Protein, in a final volume of 85 µl) 

The sample and lipid were mixed until the sample was no longer birefringent and 

could be seen transparently (Fig 6.11). 
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Figure 6.11 In-meso set up using the lipid syringe to mix the monolein and the RC 
(A). Protein sample and lipid (monoolein) mixed in the syringe until the sample becomes 
transparent (B), allowing the formation of a solid cubic phase. 

 
6.3.2 In meso absorption spectrum 

The RC, after putting it in to cubic phase, was then put in a 96 well plate 

reader, as described in section 2.23 to measure the absorption of the sample in 

meso. This yielded an interesting absorption spectrum of the RC. As the C. 

tepidum RC has a unique absorption spectrum, with the absorption maxima at 

around 816 nm, the stability of the protein can be measured by the decrease in 

the RC spectrum at 816 (Fig 6.12 A) nm and the increase/release of  

bacteriochlorophyll a at 786 nm (Fig 6.12 B). 

(A) 

(B) 
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Figure 6.12 Spectral changes on the breakdown of th e C. tepidum RC 
A. Shows the absorption spectra of the purified C.tepidum RC with the absorption maxima at 816 
nm. B. Absorption spectrum of C. tepidum RC broken down by the addition of 0.5 % SDS. The 
main Peak observed at around 786 nm is of the bacteriochlorophyll a released after the RC is 
broken down. 

 

A. 

B. 

816 

786 
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When the RC in meso absorption spectra was measured, the absorption spectrum 

of the RC looked similar to that when it was measured in solution, it had the 

same over all shape but there was a shift at the 816 nm peak (Fig 6.13). At first 

glance it looked similar to that of the release of Bchl a, as the peak shifted from 

816 nm to 786 nm, which for the C. tepidum RC is the characteristic breakdown 

product. But on further analysis it was observed that even though there was a 

decrease in absorbance and the shift from 816 to 786, the characteristic shape 

of the RC peak was still there, more so the shoulder of the RC (at 837 nm) 

seemed to be more defined in this spectrum (Fig 6.13) as this is where the 

absorption maxima is of the PscA dimer, at 837 nm (as mentioned in the 

introduction section 1.2.5.1).  

 
Figure 6.13 Spectral difference of RC in solution w ith RC in monolein 
Absorption spectrum of C. tepidum RC In solution (black line) and RC in 9.9 (red line). The RC in 
solution has been normalised to the 505 nm carotenoid band of the RC in 9.9 MAG. All the 
pigments and carotenoids are still present, there is a slight shift. No change in the 670 nm region. 

As the 837 nm peak does not shift, it was hypothesised that FMO was being 

disassociated from the complex. This could be further analysed by normalising 

the absorption spectra at 837 nm and taking away the RC in 9.9 from the RC in 

solution. By superimposing the difference spectra (Fig 6.14, red line) on top of 

the RC in solution (Figure 15 black line) and normalising at 837 nm we are able 
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to observe the difference spectrum containing no shoulder at ca. 800 nm, which 

potentially could be from the FMO, which absorbs at around 800-808 nm. 

 
Figure 6.14 Absorption spectrum of the difference o f C. tepidum RC in 9.9 MAG taken away 
from the RC in solution.  
The RC in solution (black line) and RC in 9.9 MAG taken away from the RC in solution (red line). 
The RC 816 nm and 837 nm is still present in the difference spectrum, but the shoulder at ca. 800 
nm is no longer present. 

6.3.3 C.tepidum RC in 7.7 MAG 

The absorbance of the RC was also measured in 7.7 MAG (Fig 6.15, green line), 

this was a much harder to measure as it would phase separate at higher 

temperatures compared to 9.9 (Fig 6.15, red line), regardless of this data was 

still collected. Unlike the RC in 9.9 MAG, the RC in 7.7 MAG seemed to have 

completely broken down, the pigments and carotenoids, again, a slight shift in 

comparison to the RC in 9.9 MAG, but the main RC peak had completely 

disappeared and the appearance of the 770 nm peak (Fig 6.15, green line) 

indicated that the BChl a had been released due to the breakdown of the FMO 

and the RC. 
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Figure 6.15 Absorption spectrum of C. tepidum RC In solution (black line) and RC in 9.9 (red 
line) and the RC in 7.7 MAG (Green line). 
 
As 9.9 seemed to be more stable, in comparison to 7.7, it was concluded that 

setting up the LCP trays would be done in monoolein. As it is more desirable to 

have crystals of FMO+RC, the RC by itself is just as interesting. The structure of 

FMO has been solved, but the RC structure has yet to be determined. Leading 

further from this, we might be able to hypothesis that not all FMO has been 

dissociated from the RC. Figure 6.16 depicts diagram of three possible outcomes 

of what potentially might crystallise, if any crystals are obtained (Fig 6.16).  

 

Figure 6.16 Three possible outcomes of the in meso crystalisation of the C. tepidum RC. 
(A) The FMO, which is unaffected by the lipid might co-crystalise with the RC. (B) The 
core RC crystallises by itself. (C) The water soluble parts of the RC may also have been 
affected by the lipid (PscB and PscD), leaving the core intact and possibly allowing the 
core to crystalise. 
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6.3.4 Lipid Bicelles for the crystallisation of C. tepidum RC 

As there was a spectral change with the C. tepidum RC when incorporated with 

the monoolein (9:9 MAG) and the 7:7 MAG lipid, there was no way of knowing if 

the FMO was dissociating from the RC, or if the RC was breaking down. If this 

was the case the chances of crystal formation would be highly unlikely (as 

observed to date). This would mean an alternative method would have to be 

adopted. A happy medium where by the RC was taken out of it’s detergent 

micelle (DDM) and incorporated in to an environment that would have least 

change to the RC spectrally. One such method utilised was by incorporating the 

RC in to artificial bicelles. Bicelles have been used extensively for both solid and 

solution state NMR, and are believed to be a lipidic medium for the 

crystallisation of membrane proteins in a native like bilayer environment [186]. 

Bicelles are a aqueous lipid–detergent assemblies in which discrete bilayer 

fragments are edge-stabilised by certain detergents. 

Pure RC was prepared as previously mentioned in chapter 3 according to the 

methods described in section 2.4 in 20 mM Tris pH 8, 75 mM NaCl, and 0.01% 

DDM. The bicelles were prepared as described in section 2.24, with 

lipid:amphiphile combinations of DMPC:CHAPSO. The molar ratio of 

DMPC:CHAPSO was chosen to be 2.8:1 and the final bicelle concentration was 

40%. To obtain homogeneous lipid in water it was subjected to repeated cycles 

of heating (40-50oC), cooling (on ice) and vortexing for the lipid to go in to 

solution. After completion the bicelles were stored at -20oC to stop hydrolysis of 

the phospholipd head group.The bicelle was added to the purified RC 

(~20mg/ml) in a 1:4 (v/v) ratio, giving a final bicelle concentration of 8%. As the 

bicelle is temperature sensitive going from a viscous liquid at low temperatures 

to turning in to a gel at higher temperatures, the RC-bicelle mixture was done 

on ice at 4oC. The mixture of RC-bicelle was gently pipetted until the solution 

was clear and homogenous. The sample was incubated on ice for 30 min to allow 

for complete reconstitution of protein in to bicelle. To detect for any changes 

off the RC an absorption spectra was measured of the RC in solution and when 

incorporated into the bicelles (Fig 6.17). Figure 6.17 shows the absorption 

spectra of the RC in solution (Fig 6.17, blue line) with the characteristic 816 nm 

peak with a shoulder at 837 nm and 800 nm. The spectra of the RC in solution 

was normalised at 816 nm with the absorption spectra of the RC incorporated in 
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to the bicelles (Fig 6.17, red line). As it can be seen from figure 6.17 all the 

characteristic peaks are present when the RC is incorporated in to the bicelles, 

and most importantly there is no shift within the absorption spectra. The only 

noticeable difference is the increase in absorbance near the 250 nm region when 

the RC is in the bicelles, and this is expected as the RC when incorporated in to 

the bicelles have a different phase to that of RC when in solution making the 

sample more turbid and allowing for light passing through to the sample to be 

scattered. 

 

Figure 6.17 RC absorption comparison of RC in solut ion and RC in bicelles 
RC in solution (in blue) contains the characteristic absorption spectra peaks at 816, 800, 837, 670 
and 603 nm. When RC is in Bicelles (in red) there is no shift. Increase in absorbance near the 250 
nm region when the RC is in the bicelles is due to scattering of the light. 

Crystal trays were set up using the in house Cartesian robot. The trays used for 

the bicelles were made by the Cartesian by dispensing the percipetants in there 

allocated wells (500 nl) but the RC-bicelle solution was added to each well by 

hand with a pipette (500 nl) as the robot could not dispense the RC-bicelle due 

to the room temperature being too high causing the change in phase for the RC-

Bicelle.  

 

 

816 

837 

800 

670 

603 
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6.3.5 Interaction of RC with Ferredoxin using light  induced 
oxygen consumption assay and SPR 

The RC had been taken out of its detergent micelle and put in to an environment 

where there was an increased chance of protein to be able to crystallise. As 

incorporating the RC in to the bicelle seemed to be a success, in that when its 

absorption spectra were measured there were no visible changes. But one more 

final method can be used and that is to co-crystallise with a protein that 

associates with your target protein, in this case it was ferredoxin. This provides 

a soluble anchor to allow for protein-protein contacts to form. In 2002 Petra 

Fromme lab managed to successfully co-crystallise the homologue of the C. 

tepidum RC, PS I with its electron acceptor ferredoxin [187]. Using similar 

methods as described in this paper the hope was to attempt test if co-

crystallisation experiments could be set up with the RC and then use this in 

conjunction with the artificial bicelles. 

As ferredoxin, from Arabadopsis thaliana, could already be expressed and 

purified in large quantities in E. coli (as described in section 5.12) this was to be 

tested to observe if any interactions were taking place with the RC. An obvious 

experiment to carry out to see if any interactions were taking place was by using 

the assay activity of the RC, the light induced oxygen consumption using a Clark-

type electrode. Instead of using the electron acceptor MV, ferredoxin would be 

used. An electron donor, which had been used successfully used in the Cogdell 

lab with this assay was Cyt (Cytochrome) c from horse heart (a gift from Dr 

Heiko Lokeinstein), who had also utilised the light induced oxygen consumption 

using a Clark-type electrode to obtain rates for PSI using Cyt c and ferredoxin 

(results not shown). 

The light induced oxygen consumption was carried out as previously described in 

section 3.1.7.  Around 0.6 mg/ml of RC was prepared for this assay, at first to 

insure that the RC had activity both DCPIP and MV were added to measure if 

there was any light induced oxygen consumption. This was observed in figure 

6.18 were in the first reaction the amount of reduced oxygen was at around -7.4 

nmol/ml/min. The second reaction had the addition of Cyt c as the electron 

donor and no DCPIP (Fig 6.18), when the light was turned on (indicated by the 

red arrow in figure 6.18) there was no oxygen reduced, on addition of DCPIP a 
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rate was measured of reduced oxygen at -8.8 nmol/ml/min. The final reaction 

was replacing MV with ferredoxin, as observed in figure 6.18 experiment 3. The 

third reaction showed a similar rate to that of the first reaction of RC with DCPIP 

and MV as its electron acceptor, and this gave a rate of -7.3 nmol/ml/min. 

 

 

Figure 6.18 Clarke-type electrode trace of ferredox in reduction of dissolved oxygen 
Shows the trace of the dissolved oxygen (black line) and the amount of oxygen consumed (red 
line). First reaction shows DCPIP and MV as electron donor and acceptor, reduced oxygen 
calculated as -7.4 nmol/ml/min. Second reaction in with Cyt c and MV as electron donor and 
acceptor, no reaction is observed until the addition of reduced DCPIP as electron donor. The last 
reaction was of DCPIP and ferredoxin as an electron acceptor were the reduced oxygen was 
calculated as -7.3 nmol/ml/min. Red arrows indicate the light being turned on. 

These results indicated that the RCs had successfully accepted electrons from 

the donor and passed them on to the acceptor (ferredoxin). This however does 

not conclusively prove that there is an interaction. One might argue that the RC 

and ferredoxin came in to close enough proximity to allow for electrons to pass 

from donor to acceptor. Another method that can be utilised is SPR to show that 

an interaction is taking place.  
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Initially ITC experiments had shown no interaction between the RC and 

ferredoxin, this could have been due to either the on and off rates being too fast 

or potentially due to the difference in sizes of the RC compared to ferredoxin 

where no change could be measured. So a more sensitive method was employed 

and this was SPR. SPR detects refractive index changes at the surface of a sensor 

chip. The protein of interest, ferredoxin, at a concentration of 0.5 mg/ml was 

prepared as described in section 5.12. The ferredoxin was covalently coupled to 

the chip by amine coupling (as described in section 2.21) until all of the chip had 

been saturated. To the chip the RC, at a concentration of 0.5 mg/ml, was 

passed over to observe if any interactions were taking place. Figure 6.19 shows 

the results of the interactions, were in the first step the ferredoxin in 20 mM 

NaPi pH 7.5, and 75 mM NaCl was passed over the chip. The decline in figure 

6.19 at around 600 s indicates that the chip has been saturated. At around 1100 

s the RC at a flow rate of 40 µl/min in 20 mM NaP pH 7.4, 150 mM NaCl, and 

0.01% DDM was passed over the chip to observe an interaction, as indicated by 

the increase in response units observed in Figure 6.19. 

 
Figure 6.19 SPR of RC and ferredoxin 
Ferredoxin at a concnetratuon of 0.5 mg/ml was bound to the chip. Once the chip was saturated 
any unbound ferredoxin flow offas observed at around 600 s. once level the RC was passed over 
the chip at around 1100 s showing an increase in response unit indicative of binding of RC to 
ferredoxin 
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These initial experiments would have to be repeated to obtain rates of binding 

and dissociation, but as an initial experiment they had shown that there is an 

interaction of the RC with ferredoxin, and had provided enough data to attempt 

a co-crystallisation experiment with these two proteins. 

6.3.6 Co-crystallisation with Ferredoxin 

Co-crystallisation experiments were set up of RC + ferredoxin in 7 different 

commercial screens (Table 7) using our in house robot. The ferredoxin was 

prepared as described in section 5.12 at a concentration of 85 mg/ml in a final 

volume of 1 ml. The ferredoxin was added to the RC at a 2:1 (ferredoxin:RC) 

ratio, were the final concentration of the ferredoxin was 40 mg/ml and the RC 

had a final concentration of 20 mg/ml in a buffer containing 20 mM Tris pH 8, 75 

mM NaCl, and 0.01% DDM. This was then left incubating on ice for 30 mins before 

setting up the crystal screen using the Cartesian robot.  

Screen Manufacturer 

Cryo 1 + 2 Emerald Biosystems 

JCSG Emerald Biosystems 

MemGold Molecular Dimensions 

MemGold 2 Molecular Dimensions 

MemSys/Start Molecular Dimensions 

Morpheus Molecular Dimensions 

PegIon Emerald Biosystems 

Table 7 Sparse matrix crystal screens used to set u p crystal trays of RC + ferredoxin 

The trays were left incubating at 20oC, and checked weekly at regular intervals. 

It was noticed that the only screens to produce crystals were cryo 1 & 2 and 

JCSG as observed in figure 6.20 and 6.21. 
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35% (v/v) 2-ethoxyethanol   35% (v/v) 2-ethoxyethanol  
100 mM CaCodylate    100 mM Na/K phosphate 
      200 mM Sodium Chloride 

Figure 6.20 Examples of crystals of RC + ferredoxin  in the Cryo 1 & 2 screens 
 

  

0.1 M Phosphate/citrate pH 4.2          0.2 M Sodium Chloride 
40% v/v Ethanol            0.1 M Bis Tris pH 5.5 
5% PEG 1000             25% w/v PEG 3350 
 

 

Figure 6.21 Examples of crystals of RC + ferredoxin  in the JCSG screens 

0.1 M Bicine pH 9.0 
20% w/v PEG 6000 
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Most of the crystals obtained were star shaped, some had 2 or more crystals that 

over lapped one and other. All the crystals obtained were too small to shoot in 

house and had to be tested at the Diamond Light Source (DLS), Oxford UK. These 

crystals did not diffract well, as was expected with such small crystals. The main 

purpose for attempting to shoot these crystals was to allow for conformation 

that what was being seen was in fact protein crystals and not aggregates of some 

sort of spheroplasts that had formed. Due to the crystals being so small a grid 

scan of the loop containing a bunch of crystals was shot, as observed in figure 

6.22 A. Out of 14 crystals collected only one had given clear indication that the 

crystals obtained were in fact protein crystals. These crystals showed high 

anisotropy with a high level of mosaic spread and only a few spots visible at 60 Å 

from a crystal grown in 35% (v/v) 2-ethoxyethanol and 100 mM cacodylate. 

Figure 6.22 B shows an example of the defraction of the RC + Ferredoxin crystal 

when exposed to the synchrotron radiation. 

 

 
Figure 6.22 Grid loop and diffraction pattern of th e C. tep RC + ferredoxin crystal 
A. Shows the mesh loop that was used to collect a few of the RC + ferredoxin crystals, since they 
were so small and hard to observe they were shot as grids and each individual grid was exposed to 
the synchrotron beam. B Shows the diffraction pattern of the crystal a 60 Å resolution was obtained 
indicating that the crystals were in fact protein crystals. 



  171 

Chapter 7 – Conclusions and Future Outlook 

  

Photosynthesis is one of the most important biological processes on earth, 

converting light into chemical energy. More energy, in the form of light, falls on 

the surface of the earth per hour (~4.3 x 1020 Joules) than the whole world 

consumes per year (~4.1 x 1020 Joules) [188]. Research into future alternatives 

has been and is still being conducted aiming to solve the complex problems of 

rising energy requirements of a constantly growing world population and 

environmental pollution [189]. Globally the energy consumption, to date, is 

estimated to be 22 billion kWh yr-1 (kilowatts-hour per year), and 53 billion kWh 

yr-1 by the year 2020. As the average population increases, by higher than 2% per 

year, the need for more energy is also exacerbated. The energy provided from 

sunlight is less than 0.1% of the world’s electricity [190]. Major challenges in the 

area or renewable energy are being able to devise sustainable ways of making 

fuels, as using photosynthesis directly to make fuels (biofuels), is the rather low 

efficiency conversion of solar energy into fuel. By studying photosynthesis at the 

level of primary reactions then, in principle, higher energy conversions are 

possible allowing us to design devices and photosynthetic mimics capable of 

producing solar fuels [188, 191]. Here, the green sulphur RC C. tepidum was 

used as a model organism to study in conjunction with plasmons to allow for a 

possible device to be constructed allowing for higher energy conversions.  

Green sulphur bacteria are obligatory anaerobic photoautotrophic bacteria C. 

tepidum is a green sulphur, anaerobic, thermophilic bacteria, that contains a 

homodimeric Type I RC. The Cofactors involved in electron transfer are similar 

to those of photosystem (PS) I (bacterial analogue) in plants and cyanobacteria 

[114]. The C. tepidum RC is a type 1 RC, the only type of RC that is homodimeric 

and does not have its structure solved to date. The only information on this RC is 

STEM data. By obtaining a 3D-structure of the RC it will reveal the details of the 

electron transfer pathway and enable us to understand its unique thermophilic 

properties. 

As there was limited information on the C. tepidum RC expression and 

stabilisation experiments had to be carried out from the offset. As the C. 
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tepidum RC was thermophilic the initial growth temperatures had to be between 

43-50oC to allow for optimal growth, and as these organisms utilised elemental 

sulphur it was evident that they were oxygen sensitive and therefore had to be 

grown under limited oxygen environments. As the RC is a membrane protein it 

had to be solubilised and purified using detergents. It was important, from a 

structural aspect that the detergent used would not only aide in keeping the RC 

monodisperse and stable, but it would also allow for the RC to form protein-

protein contacts for crystallisation purposes. Here, it was discovered that the 

best detergent to solubilise with was β-OG, but was later on buffer exchanged in 

to DDM as this detergent proved to be more stable. This detergent, however, 

would prove to be challenging to crystallise in.  

One of the major issues faced with crystallising the RC in DDM was that initial 

attempts had shown crystals forming but of FMO by itself. The hope was that the 

RC would co-crystallise with FMO. This proved not to be the case, and reinforced 

the belief that other structural means would have to be studied to elucidate the 

structure of the RC. One of the major challenges faced when studying the RC 

and the FMO protein is the question of how many FMO proteins are there per RC. 

Robert E. Blankenship [162], Georgios Tsiotis [163] and Gϋnter Haϋska [164] 

have reported 1, 2 or 3 FMO trimers attached per RC, and this proves to be an 

issue. In this research when studying the C. tepidum RC, it became evident that 

there were two different populations of the RC. It was hypothesised and shown 

spectrally that these two populations had different ratios of 808:816 nm. After 

looking at different ways to separate these two populations the best method 

proved to be by sucrose density gradients, between 30-35%. These could also be 

observed on the SEC. Successful separation of these two different populations 

proved to be beneficial, as with any type of crystallisation, to obtain crystals of 

a protein it is essential if there is any heterogeneity that it is removed. By being 

able to express and purify the protein in a stabilising detergent it also became 

apparent that the concentration of pure protein that had to be expressed was 

important. For structural studies the standard minimum concentration required 

is around 10 mg/ml, and for any repetition of experiments required needs to be 

assured that the concentration of a target protein would not be a variable. Since 

the green sulphur community that worked on the RC would relate their 

concentration in OD, or mg/ml of membranes rather than pure protein a simple 
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assay was carried out to deduce the amount of pure RC obtained from 10 l of 

cells. This proved to be greatly informative as initial expression and purification 

experiments that were carried out revealed that the concentration of protein 

that was being purified would never have had a chance of crystallising as the 

concentration was too low.        

Being able to successfully purify these RCs allowed for the Plasmon 

enhancement techniques to be utilised, by coupling the RCs to silver 

nanoparticles. There have been many systems reported that use plasmons in 

conjunction with photosynthetic pigments, but none with the RCs that work at 

such high efficiency. Here, we reported a 50 fold increase in fluorescence 

enhancement with an additional 2 fold increase when a 5 mm SiO2 spacer is used 

between the RC and nanoparticle. Similar experiments of pure FMO were also 

carried out to identify if the high fluorescence was due to the RC or the FMO 

trimer. As these techniques are quite novel and in their infancy stages a lot 

more work has to be done. One of the issues that was not addressed was due to 

the difference in size of the FMO compared to the size of the RC, how would one 

be able to measure the distance between the Plasmon and the protein-pigment 

complex as this would have an effect on the fluorescence emission. Another 

issue not addressed was the orientation of these molecules, there is no way that 

can be said conclusively all the RCs on the SIFs are active, or all are upside down 

or right side up. One way to however tackle this is, since the RC is His tagged, 

the tagged can be utilised to orient the protein in a specific way. 

Here, it is also reported the construction of a modified CLBH tag (gift from Dr 

Niall Fraser), for the purification of two of the peripheral proteins PscD and 

PscB. Both these soluble proteins are associated with the C. tepidum RC. PscD 

contains no pigments and is of unknown function where as PscB is the Fe-S 

protein that donates electrons to ferredoxin. A modified CLBH tag was 

constructed and successfully ligated with the target proteins to be expressed in 

E.coli. The iLOV within the CLBH tag proved to be useful in allowing for 

expression levels to be measured and for also the observation of PscD along 

every purification method. Once pure protein had been obtained C3 protease 

was used to cleave the CLBH tag from the target protein. When the CLBH tag 

was cleaved from PscD the hope was that pure protein would be obtained, 
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instead the protein was not present anywhere. On further analysis it was made 

evident that the PscD had 3 histidines on its N- and C- termini. It was 

hypothesised that PscD was weakly binding to the nickel column after it had 

been cleaved from the CLBH tag, this issue was resolved when passing very low 

concentrations of imidazole over the sample allowing for PscD to be observed. 

The PscB also had similar issues, in that when cleaved with C3 it would most 

likely precipitate. Since iron sulphur proteins are not well expressed in E.coli 

they is a low concentration to begin with, due to the addition of C3 when 

cleaving the CLBH tag showed that the protein was in some way percipetating 

leading onto the design of another construct that contained no CLBH tag. Once 

both proteins had successfully been purified they were compared to with both 

there homologues from PSI PsaD and PsaC.  

Lagotte reports that the C-terminus of PsaD plays a critical role on the stability 

of the complex and is part of a docking site for ferredoxin [74]. Structural 

homology programs were used to look at the similarities of the sequence and of 

the structure, from this a 3D model was produced of PscD, which showed a 

flexible C- terminus tail which could play an important role in the docking of 

ferredoxin. Initial ITC experiments had shown that PscD did not interact with 

FMO, but there was a high chance that ferredoxin did. As these experiments are 

in their infancy stages more work has to be carried out on using different 

combinations of PscD, PscB and ferredoxin to see if there is an interaction. 

As there is no structure of PscD and PscB the next steps were to attempts look at 

these proteins in more structural detail. Both these proteins were expressed and 

purified for both crystallography and NMR. As no crystals were obtained the 

investigation led down the NMR path, which revealed that a part of the PscD 

protein was unfolded, this would also explain why no crystals of this protein had 

yet been obtained. Due to PscD being partially unfolded measures had to be 

taken to allow the structure of PscD to be resolved. A solubility and stability 

screen for soluble proteins was ordered, this contained 96 different conditions 

that would be tested for PscD, precipitation of the protein within each condition 

would imply that the protein was not “happy” in those conditions. Secondly, a 

trypsin cleavage will be undertaken for this protein to allow for the removal of 

any flexble regions, which might play a role in the disorder of the protein. PscB, 
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however was the opposite. Under the NMR machine the protein was beautifully 

folded, and the pursuit of the NMR structure went on its way. It was as the 

experiments were proceeding that it was realised that due to the lack of protein 

being expressed it may not be financially viable to purse the NMR structure. 

The overall aim of the project was to successfully establish an expression and 

purification protocol of the C. tepidum RC in an attempt to couple the RCs to 

plasmons and to also allow for the structure to be obtained. As mentioned no 

type I RC structures from green sulphur bacteria have ever been obtained, in 

fact no one has reported a crystals of a type I RC to date. One of the aims of this 

research was to elucidate the RC structure and many methods were utilised, 

such as the in-meso method. This however was challenging as there were 

changes to the RC when putting the RC in-meso. Other methods such a lipidic 

bicelles were more promising and leading on from this a co-crystallisation 

experiment with ferredoxin revealed, for the first time, crystals of the C. 

tepidum RC that diffracted to 60 Å. These crystals however, being so small 

would most likely be better suited for the electron-free laser. As these crystals 

obtained are in their infancy stages more optimisation will have to be carried 

out. By using the bicelles in conjunction with the ferredoxin may increase the 

chances of better protein-protein contact or bigger crystals. 
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Appendices 

  

Appendix 1. 

 
Solutions for the growth of Chlorobaculum tepidum 
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Appendix 2. 

LB recipe  

(Sambrook and Russell, 2001 Gerhardt, et al. 1994).  

 

Tryptone                       10 g 

Yeast Extract                   5 g 

NaCl                             10 g  

 

Dissolve components in 1 liter of distilled or deionized water.   

For LB agar* add agar to a final concentration of 1.5%. 

Heat the mixture to boiling to dissolve agar and sterilize by autoclaving at 15 

psi, from 121-124°C for 15 minutes. 

* Strictly speaking, LB agar should be called LA.  

TB recipe 

Deionized H2O, to 900 mL  

Tryptone, 12 g 

Yeast extract, 24 g 

Glycerol, 4 mL  

For solid medium, please see “Media containing agar or agarose.”  

Shake until the solutes have dissolved and then sterilize by autoclaving for 20 

min at 15 psi (1.05 kg/cm2) on liquid cycle. Allow the solution to cool to 60°C or 

less, and then add 100 mL of a sterile solution of 0.17 M KH2PO4, 0.72 M 

K2HPO4. (This solution is made by dissolving 2.31 g of KH2PO4 and 12.54 g of 

K2HPO4 in 90 mL of H2O. After the salts have dissolved, adjust the volume of 

the solution to 100 mL with H2O and sterilize by autoclaving for 20 min at 15 psi 

[1.05 kg/cm2] on liquid cycle.)  
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Appendix 3. 
 
M9 minimal medium 

1 x M9       5 x M9 (Stock solution) 
To make 1L of M9     To make 1L of 5 x M9 
 
Na2HPO4.7H2O – 6.78g    Na2HPO4.7H2O – 34g 
KH2PO4 – 3g     KH2PO4  – 15g 
NaCl   – 0.5g      NaCl   – 2.5g 
H2O up to   – 1L     H2O up to   – 1L 
 
(Can be split in to 2 x 500ml   (Has to be first diluted to 1 x M9 
Flasks)       and then can be split) 
 
Autoclave. 
 
Salt Mix 
Added just before use to 1 x M9 medium. 
 
        50 ml of 1 x M9                   500 ml of 1 x M9 
MgSO4  (1M)    100ul     1000ul 
CaCl2 (1M)    10ul     100ul 
20% Glucose    1ml     10ml 
Amp (1M)    50ul     500ul 
Cells     1ml     5-10ml 
NH4Cl 15N (1g in 2mls) Do not need to add small scale  800ul  
 
NB. When you plan to double label with 15N and 13C the 20% Glucose can be 
replaced when labelling with 13C. 
 
Also add 100uL of the trace elemnts to every 500ml flask of M9, 
 
 
Trace element solution (Vishniac and Santer, 1957):  
Na

2
-EDTA 50.00 g  

ZnSO
4 
x 7 H

2
O 22.00 g  

CaCl
2 
x 2 H

2
O 5.54 g  

MnCl
2 
x 4 H

2
O 5.06 g  

FeSO
4 
x 7 H

2
O 5.00 g  

(NH
4
)
6
Mo

7
O

24 
x 4 H

2
O 1.10 g  

CuSO
4 
x 5 H

2
O 1.57 g  

CoCl
2 
x 6 H

2
O 1.61 g  

Distilled water 1000.00 ml  
Adjust pH to 6.0 with KOH. 
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Appendix 4 

 

Homemade screens 
Buffer pH 

Sodium acetate pH 4.5 

Sodium citrate pH 5.5 

MES pH 6.5 

ADA pH 6.5 

HEPES pH 7.5 

Tris-HCl pH 8.5 

 

Commercial Screens 

Memsys & Memstart  

MemGold  

HT Structure screen  

MemMeso  
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Salt Stocks 100 mM 400 mM 

ammonium acetate A1 E1 
ammonium chloride A2 E2 
ammonium phosphate monobasic A3 E3 
ammonium fluoride A4 E4 
ammonium formate A5 E5 
ammonium citrate A6 E6 
ammonium phosphate dibasic A7 E7 
ammonium nitrate A8 E8 
ammonium sulfate A9 E9 
ammonium tartrate A10 E10 
calcium acetate A11 E11 
calcium chloride A12 E12 
lithium acetate B1 F1 
lithium chloride B2 F2 
lithium citrate tribasic B3 F3 
lithium nitrate B4 F4 
lithium sulfate B5 F5 
Magnesium acetate B6 F6 
magnesium chloride B7 F7 
magnesium formate B8 F8 
magnesium nitrate B9 F9 
magnesium sulfate B10 F10 
nickel chloride B11 F11 
potassium acetate B12 F12 
potassium chloride C1 G1 
potassium citrate tribasic C2 G2 
potassium phosphate monobasic C3 G3 
potassium fluoride C4 G4 
potassium formate C5 G5 
potassium phosphate dibasic C6 G6 
potassium nitrate C7 G7 
potassium sodium tartrate C8 G8 
potassium thiocyanate C9 G9 
sodium acetate C10 G10 
sodium chloride C11 G11 
sodium citrate tribasic C12 G12 
sodium phosphate D1 H1 
sodium fluoride D2 H2 
sodium formate D3 H3 
sodium phosphate dibasic D4 H4 
sodium malonate D5 H5 
sodium nitrate D6 H6 
sodium sulfate D7 H7 
sodium tartrate dibasic D8 H8 
sodium thiocyanate D9 H9 
succinic acid D10 H10 
zinc acetate D11 H11 
zinc sulfate D12 H12 
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