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Abstract

A range of photosynthetic integral membrane pigment-protein complexes were purified 

from several species of purple bacteria. The light-harvesting complexes that were isolated were 

the RC-LHI conjugate (also called the core conjugate) and the B800-850 peripheral light- 

harvesting complex (LHII). Uniform growth and protein purification protocols were 

established for each species.

The stability of the RC-LHI conjugates was species dependent. The most stable cores 

were obtained from Rp. acidophila, Rp. cryptolactis and Rp. pa lustris. The least stable RC-LHI 

conjugates were from R. centenum  and Rb. sphaeroides.

Biochemical analysis of the RC-LHI conjugate found that all the species investigated 

had a similar RC:BChla ratio of approximately -1:30. An experimentally determined 

extinction coefficient for BChl a at 880nm (which is used to calculate the RC:BChl a ratios) for 

each species was obtained and found to lie within the range of 100-120 mM 1 cm'1. When the 

RC:BChl a ratios were recalculated using the experimentally determined extinction 

coefficients the average RC:BChl a ratio increased to -1:34.

The purified membrane proteins were then screened to see if suitable crystals could be 

obtained for structural analysis. Two Dimensional and Three Dimensional crystallisation

techniques were utilised and the results compared.

2D arrays of the RC-LHI conjugate from Rp. p a lu stris  a n d  Rp. acidophila  were obtained. 

Initial image analysis the Rp. acidophila  RC-LHI conjugate suggests a hexagonal lattice with 

a centre-to-centre distance of approximately 115±5A,y =120°) at a resolution of 19A. Such an 

hexagonal arrangement of the RC-LHI conjugate further substantiates the hypothesis that the 

RC is surrounded by six LHI complexes with a theoretical RC:BChl a  stociometry of 1:28. A 

square 2D array (unit cell of 62.2A x 62.2A, y=90°) was obtained from R p. cryptolactis B800-

850 (LHII) but was too small for detailed image analysis.

Screening the integral membrane pigment-proteins using the more conventional 3D 

crystallisation methods of vapour diffusion also produced uniform crystal-like structures for 

the RC-LHI conjugates from R. rubrum  and Rp. p a lu stris  but these were too small (<0.2 mm) 

for x-ray analysis. 3D crystals of LHII were obtained from Rp. sphaeroides  and Rp. p a lustris  

(low light form). The 3D LHII crystals from Rp. p a lu s tr is  diffracted to between 9-1 lA.

It is clear that both crystallisation approaches can produce suitable lattices for 3D 

structural analysis. The results also indicated that although the method of structural 

determination may be important it may not the most significant. Probably the most important 

factor is the choice of pigment-protein complex, its purity, stability and whether or not it will 

crystallise.
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d ad b BChl a  special pair
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fi-OG n-ocytl-6-D-glucopyranoside

RC reaction centre
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PC phosphatidylcholine
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PEG polyethylene glycol

PG phosphatidyglycerol
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Chapter 1: Introduction

1.1 An Overview of Photosynthesis:

Photosynthesis is the  conversion of electromagnetic energy to useful 
chemical energy by a group of organisms, called phototrophs. They utilise the 
converted energy to grow and reproduce. The energy originates from the sun 
and is trapped by the photosynthetic apparatus of these organisms. It is then 
transform ed into a utilizable energy source. In  the first instance this source of 
useful energy is ATP, and NADPH2 . Photosynthesis has historically been 
divided into two parts; the  light and dark reactions based on the work by 
Blackman, (1905) as described by Ganong, (1908) and Spoechr, (1926). These 
two reactions were separated temporally by Emerson and Arnold, (1932) 
indicating th a t two separate processes were involved. I t is now known th a t the 
light reactions are responsible for the  conversion of electromagnetic energy to 
ATP and NADPH2  followed by the dark reactions which are involved with 
carbohydrate synthesis. The carbohydrates are used as the building blocks for 
general cell metabolism. The role of the dark reactions is outw ith the scope of 
th is thesis but for a general introductory overview Gregory, (1989) can be 
consulted.

Phototrophs utilise specific wavelength ranges of the electromagnetic 
spectrum  for photosynthesis. These ranges are often called light (i.e. man's 
photoreceptive range), however a better term  is Photosynthetically Active 
Radiation (PAR).

C.B. van Neil (1941) produced a general equation for photosynthesis 
where the  electron donor is H 2A. This allows all photosynthesis to be described 
by a single general equation;

C O 2 +  2 H 2A  PA**chl ) C H 2 0  +  H 2 0  + 2 A  ( 1 )

where CH 2 O is a fixed carbohydrate storage pool. H 2 A is w ater in plants and 
cyanobacteria, hydrogen sulphide in sulphur bacteria and organic compounds 
such as succinate in non-sulphur bacteria. 2A, the  oxidised product, is 
m olecular oxygen in p lants and cyanobacteria. In su lphur bacteria 2A is 
sulphur, while the  non-sulphur bacteria produce organic compounds such as 
fum arate. In p lants the general equation for photochemical reduction has been 
adapted to:

hi;

6 CO2  + I 2 H 2 O--------------------» 6 O2 + C gH i206  + 6 H 2 O (2 )

1



ORDER

SUBORDER

FAMILY

Rhodospirillaceae 
(non-sulphur bacteria)

Chloroblaceae 
(Sulphur bacteria)

Chromatiacae 
(Sulphur bacteria)

Chloroflexaceae

Rhodotncrobium

Rhodospirillineae 
(Purple bacteria)

Chlorobiineae 
(Green bacteria)

Photocytes

Rhodospirillales

GENEUS

Figure 1.1: Classification of the Rhodospirillales including the genera of 
Rhodospirillacae. The Rhodospirillales are those bacteria that contain 
bacteriochlorophyll that are capable of anoxygenic photosynthesis. (Pfennig and 
Truper, 1979). The order Rhodospirillales splits into two suborders using 
bacteriochlorophyll compostion and ultra-structure as the taxonomic criteria. The 
suborders are Chlorobiineae (Bacteriochlorophylls c,d, or e are present in vesicles 
called chlorosomes located on the innerside of the plasmallema) and 
Rhodospirillineae (Bacteriochlorophylls a or b are present in intra-vesicluar 
membranes). Both suborders split into families on the basis of their ability to use 
sulphur as the electron donor. The non sulphur Rhodospirillineae are the 
Rhodospirillacae which are subdivided into the genera as shown above (Imoff et 
at., 1984). The origin of photosynthesis is depicted by the photocytes (Lake et a!., 
1985).



Figure 1.2: Types of Intra-cytoplasmic membranes. There are three types of invaginated 
cytoplasmic membranes (ICMs) which are called are tubular, vesicular and lamella. Most 
species of photosynthetic bacteria develop invaginations of the cytoplasmic membrane, 
however some do not, e.g. Rc. gelatinosus. (A): Tubular membranes from Thiocapsa pfennigii. 
Scale: Bar represents 0.5pm (B): vesicular, represented by Rb. sphaeroides. Magnification: 
x90,0000. (C): lamella, represented by Rp. palustris. Magnification: x90,0000. (D): no 
membrane invagination, Rc. gelatinosus. Magnification: x90,0000. All images were obtained in 
the Biological EM suite at Glasgow University except plate A. Plate A was obtained from 
Clayton and Sistrom, (1978).

A

---------------------------
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Chapter 1: Introduction

where carbohydrates are formed from carbon dioxide w ith the oxygen 
originating from water.

Investigations of photosynthesis a t the atomic level require a detailed 
macromolecular structure which can be used as the basis for understanding 
function. Such investigations are underway in m any laboratories and forms 
the basis of th is thesis.

1.2 Taxonomy of the Rhodospirillales:

The order Rhodospirillales, a subset of all phototrophic bacteria, are 
classified by their ability to undergo anoxygenic photosynthesis using 
bacteriochlorophylls (Pfennig and Triiper, 1971; Pfennig and Trliper, 1974; 
Triiper, 1976). The taxonomy w ithin Rhodospirillales is based on morphology, 
pigm ent composition and u ltra-structure characteristics (Figure 1.1). The 
order Rhodospirillales splits into the sub-orders Chlorobiineae and 
Rhodospirillineae, each then  splits into families and species.

The Chlorobiineae, or green bacteria, are those species th a t posses BChl 
c,d or e located in organelles called chlorosomes which are not derived from the 
plasm alem m a (Staehelin et al., 1980). The Chlorobiineae are fu rther divided 
into two families, the Chlorobiacae and Chloroflexaceae (Triiper and Pfennig, 
1978).

The Sub-Order Rhodospirillineae is characterised by having BChla or b 
(Cohen-Bazire and Sistrom, 1966) located in the highly invaginated intra- 
cytoplasmic m em brane (ICM) which originates from the cytoplasmic 
m em brane (Pfennig, 1967; Pfennig and Triiper, 1973). This extended cell 
m em brane comes in  three basic forms: vesicles, lam ellae and tubules (Figure 
1 .2 ). The Sub-Order Rhodospirillineae is split into th ree families, the 
Ectothiorhodospiraceae, Chrom atiaceae and Rhodospirillaceae (Imoff et al., 
1984). Both the  Ectothiorhodospiraceae and Chrom atiaceae utilise sulphur for 
photosynthesis and are generally strict anaerobes (which implies th a t they are 
obligate phototrophs). The Rhodospirillaceae on the  other hand generally do 
not utilise su lphur for photosynthesis. For th is reason they are often referred 
to as the  non-sulphur purple bacteria (Pfennig and Triiper, 1973). The 
Rhodospirillaceae comprise the following genera; Rhodomicrobium, 
Rhodospirillum  (Molisch, 1907), Rhodocyclus (Pfennig, 1978), Rhodobacter 
(Imhoff et al., 1984), and Rhodopseudomonas (Molisch, 1907).

5
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Figure 1.3: Absorption characteristics of the photosynthetic pigments from a member of 
the Rhodospirillacae. The absorption spectra where collected from Rhodopseudomonas 
acidophila strain 7750. (A): Whole cell absorption spectrum. There are two NIR (Qy) 
peaks (801 nm and 860nm) which represent the absorbance due to bacteriochlorophyll a 
protein interaction. There is are also peaks at 590nm (Qx) and 380nm (soret) which are 
also due to bacteriochlorophyll absorption. Between 380nm and 590nm there are three 
absorption peaks. These peaks are due to carotenoids. (B): Solvent extracted pigments 
from (A). The two NIR bacteriochorophyll a peaks are blue shifted to a single peak at 
772nm. This blue absorption shift represents the separation of the pigments from the 
protein. (C): Isolated bacteriochorophyll a, the soret (380nm), Qx (590nm) and Qy 
(772nm) peaks are marked. (D): Isolated carotenoid (rhodopin). Rhodopin shows the 
characteristic triplet absorption peaks associated with visible carotenoids.



Chapter 1: Introduction

1.3 Rhodospirillineae Photosynthetic Systems:

The Rhodospirillineae photosynthetic system is located on the highly 
invaginated intra-cytoplasmic mem brane (ICM), see Figure 1 .2 . Their 
photosynthetic system consists of a m em brane associated reaction centre (RC) 
surrounded by other transm em brane pigment-protein complexes called light- 
harvesting an tenna complexes (LHs). Energy is captured by the pigments 
bound to the an tenna complexes and funnelled to the RC. Electron transfer 
occurs through the RC which produces the initial driving forces which 
ultim ately perm its the creation of useful energy (ATP and NADPH2 ).

The composition of the bacterial photosynthetic system will be discussed 
in  the  next m ain section (1.4) but before th a t a description of the 
nom enclature, prim ary structure, and function of the light-harvesting 
complexes is required. Analysis of the prim ary sequences of a range of 
bacterial photosynthetic light-harvesting complexes has suggested th a t they 
consist of sm all transm em brane-spanning polypeptides. Bound to these 
polypeptides are the photosynthetic pigments, bacteriochlorophylls and 
carotenoids (Amesz, 1985; Cogdell, 1983; Cogdell et a l ., 1983; Cogdell and 
Crofts, 1978; Drews, 1985; Feick and Drews, 1978; Sauer and Austin. 1978; 
Shiozawa et al., 1982; Thonber et al., 1983; and Zuber, 1985).

W hen in an organic solvent monomeric bacteriochlorophyll a has three 
absorption maxima; the soret (380nm), Q x  (590nm) and Q y  (772nm) bands 
(Figure 1.3). W hen bound to protein the Qy band is red shifted to absorb 
betw een approxim ately 800nm to 900nm. The nom enclature for the 
bacteriochlorophyll containing proteins is derived from th e ir absorption 
m axim a a t the ir longer wavelengths (Vrendenberg and Amesz, 1967). Isolation 
of the light-harvesting complexes (using detergents) shows th a t  two types of 
an tenna exist. These are called the core and peripheral an tenna. The core 
an tenna  (LHI) in BChl a-containing species has a single NIR Qy maximum 
betw een 870nm and 890nm. In wild type organisms th is class of protein is 
always associated w ith the  reaction centre in  a fixed stoichiom etry (Aagaard 
and Sistrom, 1972). The peripheral antenna, or LHII differ from LHI in th a t 
they have two Q y  bands between 800nm and 860nm and the stoichiometry 
w ith the  reaction centre is variable. The expression of the different types of 
peripheral an tenna  complex and their pigm ents is dependent on 
environm ental factors such as tem perature, light quan tity  and quality 
(Clayton and Sistrom, 1978; Cogdell et a l ., 1983; Heinem eyer and Schmidt, 
1983; Robert et al., 1985; Brunisholz et al., 1987; Deinum et al., 1991). All 
Rhodospirillaceae species produce core antenna. Some such as R. rubrum, R.
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viridis, R. centenum  and R. marina only produce core antenna. Others, such as 
Rb. sphaeroides, produce a  peripheral antenna as well as the core antenna. 
Still o ther species such as Rp. cryptolactis (Stadtwald-Demchick et al., 1990,), 
Rp. acidophila (Pfennig, 1969) and Rp. palustris (Hayashi et al., 1982b) can 
produce two distinct species of peripheral an tenna complexes.

1.3.1 Peripheral Light-Harvesting Antenna Complex Variability:

There is variation in the  antenna composition in the Rhodospirillaceae. In 
some species the am ount of LHII relative to RC-LHI varies, while in other 
species m ultiple types of LHII can also be produced. Examples of species th a t 
do not a lte r the ir type of LHII composition are Rb. sphaeroides and Rb. 
capsulatus. Species such as Rp. cryptolactis and Rp. acidophila can produce at 
least two forms of LHII: the  B800-820 and B800-850 complexes (Cogdell et al., 
1983b; Heinem eyer and Schmidt, 1983; Brunisholz et al., 1987; Bissig et al., 
1988;). In  Rp. acidophila 7750 and 7050 the m ain environm ental stimuli 
responsible for the  switching between B800-850 and B800-820 expression is 
different. Low tem perature is the m ajor environm ental factor in  stra in  7750 
while low light is the  major stim ulus in  stra in  7050.

The light-harvesting BChls are located w ithin the RC-LHI conjugates and 
the  variable LHII complexes. The bacterial photosynthetic un it (BPSU) is 
defined as the averaged num ber of bacteriochlorophylls per reaction centre. 
Since the ir is variation in  the occurrence and am ount of LHII present in 
growing cells there is variation in the size of the BPSU. Consequently the 
BPSU size is directly linked to the photosynthetic growth conditions which 
in tu rn  is dependent on the am bient habitat.

8
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1.3.2 The Polypeptides and Bacteriochlorophyll:

The an tenna complexes of the Rhodospirillaceae consist of two membrane 
associated polypeptides called a  and p which form an a,p-heterodimer. The a,p 
-heterodim er contains bacteriochlorophylls and carotenoids (Amesz, 1985; 
Cogdell, 1983; Cogdell et al., 1983; Cogdell and Crofts, 1978; Drews. 1985; 
Feick and Drews, 1978; Sauer and Austin. 1978; Shiozawa et al., 1982; 
Thonber et al., 1983; and Zuber, 1985). The two polypeptides present, a  and 13, 
are  in a m olar ratio  of 1:1 (Brunisholz et al., 1981a; Brunisholz et al., 1981b; 
Bissig et al., 1988; Bissig et al., 1990; Cogdell et al., 1983; Cogdell and Thonber 
1980; Fuglistaller et al., 1984; Tadros et al., 1983; Tadros et al., 1984; Tadros et 
al., 1985; Theiler et al., 1984a; Theiler et al., 1984b). In some complexes such 
asRfe. capsulatus B800-850 (LHIIXShiozawa et al., 1982) andi?. viridis B1020 
(LHI)(Jay et al., 1984) a th ird  colourless polypeptide (7) is also present. Again 
the  m olar ratio  is 1:1:1. This 7 polypeptide has been found in all B1020 species 
of the Ectothiorhodospiracae which show a characteristic core structure 
determ ined by electron microscopy (Engelhardt et al., 1983; S tark, 1984; S tark  
et al., 1986).

The m olar ratio  of a:13 is 1:1, however there are an tenna complexes th a t 
produce m ultiple a  and p polypeptides. Examples of m ultiple a  polypeptide 
species are found in  Ectothiorhodospira halophila  B890 (a i , 012) and Rp. 
palustris  s tra in  2.6.1. B800-850 (a j , (X2 > a 3 > and 0C4 ). V ariation in the p 
polypeptide also occurs, e.g. the p]_, P2  and P3  B800-850p polypeptides in Rp. 
palustris  s tra in  2.6.1. and the p^and P2  polypeptides in C. vinosum  B800-820 
(Hayashi et al., 1982a; Bissig et al., 1990; Cogdell et al., 1990).

Evans, (1989) has suggested th a t the B800-850 complex from Rp. 
palustris  s tra in  2 .6 .1 . grown under high light conditions has an  a i : 0C2 :0C3 :a4  

m olar ratio  of 2:2:2:1 (giving a high 850/800 absorbance ratio) b u t under low 
light conditions the molar ratio  is 2:6:2:1 (giving a reduced 850/800 absorbance 
ratio). A daptation of LHII polypeptide composition can help to maximise the 
am ount of PAR capture in  bacterial photosynthesis. This ability, however, 
appears to be both species and stra in  specific (Evans, 1989; G ardiner, A.T., 
personal communication).
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PERIPLASM

Figure 1.6: A structural model for the Rhodosprillaceae light-harvesting minimal unit. It is 
based on one a and one p apoprotein from R. rubrum LHI (B890). In this model two BChls are 
attached to the grey shaded histidines located on membrane spanning hydrophobic a-helices, 
flanked by two polar head groups (Zuber, 1986). Amino acid sequences follow the IUPAC-IUB 
Joint Commission on Biochemical Nomlenclature (1984).



Chapter 1: Introduction

1.3.2.1 Antenna Polypeptide Sequence Homology:

Exam ination of the prim ary structures of the a  and (3 polypeptides which 
m ake up the  light-harvesting complex reveals th a t there are regions of 
conserved amino acid sequences. The sequences all show a central membrane- 
spanning hydrophobic region flanked by polar N- an C- term ini. Figures 1 .4  

and 1.5 illustra te  the conserved sequences for the a  and (3 polypeptides which 
were collated and redraw n from Zuber and Brunisholz, 1986; Zuber, 1990; and 
W agner-Huber et al., 1992; (and references therein). The prim ary sequences 
have been analysed using the conserved Histidine (H or His) as a reference 
point.
Labelling (Jay et a l ., 1983), protease digestion (Brunisholz et a l ., 1986), UV-CD 
and IR spectroscopy (Breton and Nabdryk, 1984; Cogdell and Scheer, 1985) 
experim ents have indicated th a t the polypeptides contain a central 
hydrophobic a-helix located w ithin the m em brane (Breton and Nabdryk, 1984). 
All th is biochemical da ta  has enabled a model for the  m inim al a/p light- 
harvesting  heterodim er of R. rubrum  B890 (LHI) to be proposed (Brunisholz et 
al., 1986), see Figure 1.6. The model predicts both the a  and P N-term ini are 
located on the cytoplasmic side while both C-termini are on the periplasmic 
side w ith  a single m em brane-spanning region between them . For R. rubrum  
B890 (Figure 1.6) the cytoplasmic N-term inus of the  a  polypeptide forms a two 
tu rn  am phipathic helix (12-14 amino acids), and the conserved Proline (see 
Figure 1.4), located a t H-19 is where the polypeptide tw ists into the 
m em brane. A 20-23 amino acid a-helix results leaving the m em brane a t the 
periplasmic C-terminus. The C-term inus can be up to 36 amino acids long in 
some species (e.g. Rc. gelatinosus) but generally is approxim ately only 18 
amino acids in  length. Although Figure 1.6 represents R. rubrum  B890 it is 
generally thought to apply equally well to the other light-harvesting antennae. 
On exam ination of Figures 1.4 and 1.5; there are m any regions of prim ary 
sequence homology as indicated by the shaded boxed regions. Much of the data  
derives from Edm an protein degradation analysis bu t sometimes has been 
determ ined using DNA sequences. These two independent approaches act as 
double checks for the true  prim ary structure. Occasionally these checks do 
resu lt in sequence discrepancies. For example the derived B800-850a 
polypeptide in Rc. gelatinosus DSM 151 has been sequenced from a genomic 
DNA library  open reading frame corresponding to the a  and (3 polypeptides. 
The derived DNA sequence for the a  polypeptide a t residues H + l to H + 6  is 
GLAGK (Simmons, A.E., personal communication) instead of GLLAK as
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Figure 1.7: NIR absorption maxima and primary sequence homology for a polypeptides of 

Rp. acidophila and Ftp. palustris. The amino acid locations associated with the observed NIR peaks 

(H+10, H+13, H+14) are shaded light grey as is the conserved histidine. The NIR shifts (850nm-» 

820nm and HL-B800-850->LL-B800-850) are correlated with amino acid changes at H+10 (Y->F) 

and at H+13,+14 (YW->F#). The # character represents one of three possible amino acid 

substituions. The amino acid changes that cause the NIR shifts descibed in the text are shaded 

dark grey. Amino acid lettering follows the IUPAC-IUB Joint Commision on Biochemical 

Nomlenclature (1984).



C hapter 1: Introduction

m easured by Edm an degradation (Figure 1.4, Brunisholz et al., 1982). 
However the apparent degree of homology for all the a  and p polypeptides is 
very high giving sim ilar prim ary structures and proposed functional properties 
of the apoproteins. A greater divergence of prim ary structural sequence would 
surely have resulted if the regions of homology do not have very sim ilar roles 
in all the  light-harvesting an tenna of all the Rhodospirillineae.

For both the  a  and p polypeptides there is a three amino acid consensus 
sequence of [Arginine/Lysine] -[Isoleucine/Leucine/Valine]-[Tryptophan] in  the 
vicinity of the conserved H istidine (see Figures 1.4 and 1.5). There is always a 
large arom atic residue a t H+4, and located approxim ately one helical tu rn  
away, a sm all one a t H-4. This suggests a conserved function, possibly 
pigm ent-protein interaction in  the in vivo complexes due to the ir proximity to 
the BChl a binding histidine. Analysis of the peripheral an tenna polypeptides 
provides evidence th a t a change in residue type produces an absorption shift in 
the NIR absorption peaks. Figure 1.7 illustrates th a t highly homologous 
prim ary sequences between different strains or different a-polypeptides w ithin 
the sam e stra in , differing only a t specific aromatic residues (located a t 
H+10,+13 and +14), can cause significant absorption changes a t the NIR 
wavelengths. These specific changes give rise to the absorption characteristics 
of the B800-850 and B800-820 complexes in Rp. acidophila and the absorption 
shifts observed in Rp. palustris 2.6.1. Figure 1 .8  shows the blue shift 
phenom ena (850nm —» 820nm NIR absobance peak) for two of the  examples 
described above. The above examples only correlate NIR absorption with 
prim ary sequence data. This however does suggest th a t specific amino acid 
changes in the vicinity of the BChl a are capable of influencing the  Qy 
absorption peak. Indeed Fowler et al., (1992), using directed m utagenesis 
proved th a t single amino acid substitution can cause a blue absorption shift in 
B800-850 complexes.

Bacteriochlorophyll-protein interactions are often discussed in  relation to 
absorption characteristics bu t carotenoids also play a role in the location of the 
Q y  maximum. The carotenoidless m utan t G9+ of R.rubrum  has a Q y  

m axim um  of 872nm compared to 881nm for the wild type (Parkes-Loach et al., 
1988). Both stra ins of R.rubrum  have the same amino acid sequences 
(Brunisholz et al., 1984), consequently the carotenoids account for the red shift 
in  S I. I t  is clear th a t the absorption characteristics of the  light-harvesting 
an tenna  complexes resu lt from intricate interactions between pigments 
(bacteriochlorophylls and carotenoids) and the ir polypeptide backbones. These 
complex interactions enable heterologous energy transfer to occur from the
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(A): Rp. acidophila strain 7050 B800-850
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wavelength (nm)

800 900

(B): Rp. acidophila strain 7050 B800-820

400 500 600 700
wavelength (nm)

800 900

(C): Rp. palustris strain 2.6.1. B800-850 (High Light Form)

700
wavelength (nm)

800600 900400 500

(D): Rp. palustris strain 2.6.1. B800-850 (Low Light Form)

900700
wavelength (nm)

800500 600400

Figure 1.8: Absorption spectra of the different forms of LHII. (A): B800-850 complex of 
Rp. acidophila 7050. (B): B800-820 complex of Rp. acidophila 7050. The only difference 
between the two complexes are the amino acid sequences illustrated in Figure 1.7. 
Therefore the amino acid changes at positions H+13 and +14, from YW to FL, cause the 
change in the far-red NIR absorption peak from 850nm to 820nm. (C):B800-850 complex 
from Rp. palustris 2.6.1 (high light form). (D): Low light form of the B800-850 complex of 
Rp. palustris 2.6.1. The amino acid changes at the positions described in Figure 1.7 
cause the NIR maxima to blue shift from 850nm to 800nm. From these two examples it is 
evident that minor amino acid changes can cause major bathochromic shifts in the 
absorption spectrum of a pigment-protein complex.
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light-harvesting an tenna to the reaction centre. Heterogeneous energy transfer 
is simply the movement of energy from an excited molecule (donor) to a 
recipient molecule who's excited sta te  is less th an  th a t of the  donor's. The best 
documented example of heterogeneous energy transfer occurs in the 
phycobilisomes of cyanobacteria. Excitation energy is transferred  downhill 
w ith in  the  phycobilisomes via phycoerythrin (PE), phycocyanin (PC) and 
allophycocyanin (APC) to chlorophyll (Chi) then  to the reaction centre trap:

PE (565nm) —> PC (615nm) —» APC (650nm) —» Chi (680nm) —> RC (3)

For reviews on the structure, function and kinetics of the phycobilisomes see 
Glazer, (1982), Glazer et a l., (1985) and Zuber, (1990).
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1.3.3 The Carotenoids:

The carotenoid pigm ents are unsatu rated  hydrocarbons consisting of 
eight isoprenoid units (Isler et al., 1971; Cogdell and Frank, 1987), and their 
oxygenated derivatives. The photosynthetically associated carotenoids in vivo 
have two roles: photoprotection (Sistrom et al., 1956), and accessory light- 
harvesting  (W arburg and Negelein, 1923; Goedheer, 1959). They absorb 
energy betw een 450nm and 570nm (Figure 1.3D). Both functions of 
carotenoids will be discussed.

1.3.3.1 Photoprotection:

In 1956 Sistrom and co-workers, using a carotenoidless m u tan t (strain  
R26) and wild type Rb. sphaeroides, showed th a t the  m u tan t stra in , which only 
had  BChl, was killed by the  combination of light and oxygen, due to the 
photodynamic effect. The photodynamic effect results from the production of
singlet oxygen (M  O2  ) (Foote et al., 1970). Singlet oxygen is produced when

8
BChl (or Chi in plants) is irrad iated  in the presence of oxygen. Singlet oxygen 
is a very powerful oxidant capable of destroying lipids, proteins and nucleic 
acids eventually causing cell death  (Foote et al., 1970). Singlet oxygen can also 
resu lt in  the  form ation of the other biological dangerous species; hydrogen 
peroxide and hydroxyl free radicals, which in tu rn  can cause irreparable 
cellular dam age (Foote et al., 1970).

The carotenoids, however, prevent the photodynamic effect. The 
m echanism  th a t the carotenoids use to prevent the photodynamic effect can be 
best sum m arised by a series of simple generalised equations. W hen irradiated 
BChl is excited to the singlet s ta te  BChl (iBChl*) th is then  produces trip let 
BChl (SBChl*):

BChl — 'BChl* >3BChl* (4)
The trip le t BChl reacts w ith ground (triplet) s ta te  molecular oxygen to from

%
singlet oxygen ( 'a 02* and ground sta te  BChl:

o

iBchl*+i 0 2 ---- > BChl +' &*Oi (5 )

The carotenoids prevent the photodynamic effect by elim inating the  singlet 
oxygen by two routes. The carotenoid's m ain route of photoprotection occurs by 
reacting directly w ith the  trip le t bacteriochlorophyll.

BChl +Carot >BChl+ Carot* >Carot + HEAT (g)

18
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The second route of photoprotection relies on the trip let carotenoid having 
a lower or equal energy level compared to singlet oxygen. This is 
approxim ately 94.1 K J m o l'l (Foote and Denny, 1968). The energy from 
singlet oxygen is transferred  to the carotenoid forming trip let carotenoid :

3 3

'a*  02 + Carol > *+ (7)

The resu lt is ground sta te  molecular oxygen and carotenoid trip let which is 
quickly converted to ground state  carotenoid w ith energy dissipating as heat 
as described by equation 6 . Only Carotenoids w ith nine or more conjugated 
carbon-carbon double bonds are capable of removing singlet oxygen from the 
environm ent (Cogdell et al., 1992; Crouse, J.B  et al., 1963; Foote et al., 1970, 
and references therein).

1.3.3.2 Accessory Light-Harvesting:

The carotenoids have a second function, they act as accessory light- 
harvesting  pigm ents (Goedheer, 1959). They absorb in the visible wavelengths 
of the electromagnetic spectrum, typically between 470-570nm (e.g. rhodopin, 
Figure 1.3D) giving the bacteria the ir distinctive red-purple colour. The energy 
absorbed by the  carotenoids is then  passed to the bacteriochlorophylls. Since 
the  carotenoids absorb energy in a region the bacteriochlorophyll does not (i.e. 
470-570nm), they increase the overall energy capture suitable for 
photosynthesis.
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1.4 The Structure of the Rhodospirillaceae PSU:

1.4.1 The Light-Harvesting Complexes:

In itially  x-ray analysis of 3D crystals of an tenna complexes showed th a t they 
only diffracted x-rays to low resolutions. Among these crystals are: Rb. 
capsulatus B800-850 (Mantele et al., 1985; Welte et al., 1985), Rp. acidophila 
B800-820 (Guthrie et al., 1992), Rb. sphaeroides s tra in  2.4.1 B800-850 (Allen et 
al., 1985a; Allen et al., 1985b), Rb. sphaeroides B875 (Nunn et al., 1992), Rp. 
acidophila s tra in  7750 (Cogdell et al., 1985), Rp. acidophila s tra in  10050 
(Papiz et al., 1989), Rp. palustris B800-850 (Wacker et al., 1986) and R. 
salexigens B800-850 (Wacker et al., 1988). However high resolution (sub. 3A) 
has now been achieved for a num ber of an tenna pigment-proteins. The high 
resolution da ta  to date are; 2.4A for R. molischianum B800-850 (Michel, 1991), 
2.5A for Rp. acidophila B800-850 (Papiz et al., 1989; Cogdell and 
H aw thornthw aite, 1993) and 2.8A for Rb. sphaeroides B875 (Nunn., R., 
personal communication).

The lack of a high resolution structure has however not deterred people 
from creating models. Based on pigment ratios and other biochemical 
inform ation K ram er et al., (1984), used spectroscopic techniques to study the 
positions of the  photosynthetic pigments in Rb. sphaeroides B800-850, thereby 
producing a model for their orientation w ithin the B800-850 complex (see 
Figure 1.9). Papiz (see Cogdell and H aw thornthw aite, 1993) has produced a 
model based on crystallographic data  for the relative packing of the two 
a-helices of the Rp. acidophila s tra in  10050 light-harvesting B800-850 
an tenna  complex. The Rp. acidophila B800-850 model is based on Patterson 
projections. Figure 1.10A is a Patterson projection through the a/b axis of 
sym m etry of the B800-850 crystal. The Patterson projection shown in Figure 
1.10A indicates th a t there  are rings of density a t 1.05nm, 1.42nm, and 2.40nm. 
These rings are proposed to represent the distances w ithin and between a 
trim er of a/p B800-850 tetram ers (Figure 1.10C). Figure 1.10B indicates th a t a 
single a-helical domain probably is present by the regular spaced repeating 
regions of electron density. These dense regions are thought to represent the 
tu rn s in  an a-helix (Figure 1.10B, see Cogdell and H aw thornthw aite, 1993).

A 3 D modelling algorithm  for predicting the a-helical arrangem ent in 
transm em brane m em brane proteins has been produced by Donnelly et al., 
(1993). They successfully created 3D models for the transm em brane a-helical
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Figure 1.9: Structural models for the Rhodosprillaceae B800-850 light harvesting complex
(A): Membrane spanning a-helical model for Rb. sphaeroides B800-850 (Kramer, 1984). The 
squares represent BChla. The Qy (open arrows) and Qx (filled arows) transitions are 
depicted. The four upper Bchl’s are 850nm absorbing, the lower two are 800nm absorbing. 
The sprials are the a-helices, with the zig zags illustrating the positions of the carotenoids.
(B) 3D a-helical model along the c-axis of symmetry (using Papiz’s model; see Codell and 
Hawthornwhaite, 1993) for Rp. acidophila B800-850 light harvesting complex (Donnelly and 
Cogdell, 1993). As with Kramer’s model the B800-850 is a a/p tetramer, one a-helix (one of 
the a-B800-850 polypeptides) is shown in bold. The conserved histidines are also depicted in 
bold. Note that all the conserved histidines in the a/p polypeptides are arranged in a ring. The 
two conserved histidines of the p-B800-850 polypeptides are also located opposite each 
other. (C): A perpendicular view with respect to the membrane. Again one of the a-B800-850 
polypeptides and all conserved histidines are shown bold. It should be evident from this 
figure that the conserved histidines are located between the helices. The location of the 
bacteriochlorophylls and carotenoids cannot however be determined. However using 
Kramer’s model (Kramer, 1984; figure 1.9A) and the model by Donnelly and Cogdell (1993) 
their general location can be estimated. The authors of the Rp. acidophila model assume that 
the addition of the cofactors to the model will not significantly alter the helical arrangement of 
the model. If this is the case (and can be determined once the x-ray structure has been 
solved) then the algorithms that produced it may prove useful in modeling other 
transmembrane structures.
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Figure 1.10 : Patterson Projections and Resulting Structural Model for Rp. acidophila B800-850. 
(A): Patterson projection in the a/b axis of crystallographic symmetry. There are regions of density 
at 1.05nm(A), 1.42nm(B) and 2.40nm(C). Since part (A) indicates eighteen fold symmetry (and not 
the six fold normally associated with space group R32) Papiz has produced a model for the 
B800-850 a-helical packing: a trimer of tetramers. (B): Patterson projection map on the c-axis of 
symmetry. (C) Proposed model for the B800-850 a-helix packing in Rp. acidophila strain 10050 
crystals. The distances marked A,B, and Care 1.05nm,1.42nm and 2.40nm respectively.



Chapter 1: Introduction

dom ains in bacteriorhodopsin and bacterial reaction centres. This was 
achieved by applying the algorithm  for the transm em brane a-helical regions to 
the  prim ary sequences of these known structures. Donnelly and Cogdell, 
(1993) la te r applied the same algorithm s to prim ary sequence data  from 60 
light-harvesting a  and p polypeptides to predict a 3D model for the 
transm em brane a-helical domain in Rp. acidophila B800-850. Combining 
Papiz's crystallographic information (crystal packing consists of a trim er of a/p 
tetram ers) the  location of amino acid residues can be postulated for th is a- 
helical domain. Figure 1.9 illustrates the 3D model proposed by Donnelly and 
Cogdell for Rp. acidophila B800-850. The conserved histidines are depicted 
and can clearly be seen located between the a-helices (Figure 1.9C). Donnelly 
and Cogdell's model predicts the tyrosine residues th a t affect BChl absorbance 
(Brunisholz and Zuber, 1988) are positioned a t the boundary of the  lipid 
bilayer (on the  periplasmic side) w ith the conserved a  and p histidines located 
0.7nm and l.Onm from the cytoplasmic border respectively.

Using the a:p ratio for the antenna complexes (Bissig et a l ., 1988), 
Zuber's m inim al light-harvesting unit for R.rubrum  B890 (Zuber, 1986; see 
Figure 1.6) and Papiz's crystallographic data  (Cogdell and H aw thornthw aite, 
1993) and pigm ent location (Kramer, 1984; Figure 1.9A) a  probable model for 
Rp. acidophila can be created. Figure 1.9 illustrates Kram er's, Donnelly's and 
Cogdell's models for the B800-850 light-harvesting an tenna complex in vivo. 
Once a solved x-ray structure of Rp. acidophila B800-850 has been achieved 
the  usefulness of the  a-helical predicting algorithm s will be evident. If the 
algorithm s are found to have successfully predicted the  orientation and 
structu re  of the a-helices then  other non-related transm em brane a-helices can 
be modelled w ith a degree of certainty.
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1.4.2 The Reaction Centre:

Deisenhofer, Michel and their co-workers (Michel, 1982; Deisenhofer et 
al., 1984; Deisenhofer et al., 1985; Deisenhofer and Michel, 1989) first 
produced three dimensional crystals giving atomic resolution of the reaction 
centre from Rhodopseudomonas viridis. Since Deisenhofer's and Michel's 
breakthrough, the only other RC’s which have had their structure  solved are 
those from Rb. sphaeroides: stra in  R26 (Chang et al., 1986; Allen et al., 1987a; 
Allen et al., 1987b; Yeates et al., 1987; Chang et al., 1991); s tra in  R2.4.1 (Allen 
et al., 1988; Yeates et al., 1988) (Figures 1.11, 1.12 and 1.13); and the wild type 
s tra in  Y (Reiss-Husson et al., 1992). For reviews regarding the structure  and 
function of the  reaction centre see Feher et al. (1989), Rees et al. (1989), 
Deisenhofer and Michel (1989), Deisenhofer and Michel (1991a), and 
Deisenhofer and Michel (1991b).

The structure  of the reaction centre from R. viridis shows the positions of 
the  different cofactors and proteins in the complex. Knowing the location of the 
cofactors and proteins enables investigations into the specific roles played by 
all the constituents (amino acid motifs, polypeptides and co-factors) of the 
reaction centre to be made.

The Rb. sphaeroides bacterial reaction centre consists of three 
polypeptides Light (L), Medium (M) and Heavy (H) w ith a m olar ratio  of 1:1:1 
(Clayton and Haselkorn, 1972; Feher and Okam ura, 1978; O kam ura et al., 
1982) bu t in R. viridis a fourth polypeptide is present, the cytochrome c (cyt c) 
which is located on the  periplasmic side. Again the m olar ratio  is 1:1:1:1. In 
both Rb. sphaeroides and R. viridis the RC contains four bacteriochlorophylls 
two of which are term ed the 'special pair' or D ^ P e , two bacteriopheophytins ((j) 
A and <(>3 ) and one (R. viridis) or two (Rb. sphaeroides) quinones. The quinones 
(QA and Qg) can be either ubiquinone (e.g. Rb. sphaeroides) or m enaquinone 
(e.g. R. viridis and C. vinosum). In wildtype reaction centres there  is one 
carotenoid molecule (labelled C in Figure 1.11B). Both the Carot and Carot+ 
reaction centres contain one non-heme (Fe^+) iron (Feher and O kam ura, 1978; 
Pasron, 1978; Cogdell et al., 1976; Jolchine and Reiss-Husson, 1974; Straley et 
al., 1973).
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Figure 1.11: Rb. sphaeroides strain 2.4.1. reaction centre structure. L and M polypeptides (blue), H 

polypeptide (green) with the cofactors in red. In Rb. sphaeroides strain 2.4.1. the associated 

cytochrome is only loosely associated with the RC but in R. viridis, the x-ray structure shows an 

integrated, four heam cytochrome. In R. viridis the above diagram would have the cytochrome C2  

located on the periplasmic (top) side.



Figure 1.12: Rb. sphaeroides strain 2.4.1 reaction centre axis of symmetry. The axis of symmetry 

lies vertically in the plane of the page. (A):Stereo view of the LM-complex carbon backbone. The M 

polypeptide has been rotated by 180° onto the L polypeptide. The white indicates where the carbon 

backbone of L and M occupy the same space when one is rotated by 180° onto the other. (B): 

Symmetry of the cofactors. D^Dg: special pair (BChl a dimer, red). B/^Bg: BChl a monomers 

(green), (t>A><t>B: bacteriopheophytin (blue). Qa: primary acceptor (quinone, yellow). Fe: non-heam 

Fe2+(white). Qg: primary acceptor (quinone, yellow). C: carotenoid (purple). (C): Stereo view of the 

co-factor structure within the bacterial reaction centre.
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Figure 1.13: The a-helixes of Rb. sphaeroides reaction centre. The five 
transmembrane helices of both the L (right) and M (left) polypeptides are labelled A 
to E. The only unlabelled transmembrane helix belongs to the H polypeptide. The 
a-helixes are shaded cylinders against a carbon backbone. The black circle depicts 
the location of the non-heam iron.
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1.4.2.1 The L and M Polypeptides:

Both the L and M polypeptides contain five m em brane-spanning helices 
labelled A to E (Michel, 1982; Deisenhofer et al., 1984; Deisenhofer et al., 1985; 
Allen at al.. 1987a; Allen at al., 1987b). The orientation of these helices is 
perpendicular to the m em brane plane (Figure 1.11) with the D and E helices 
from both polypeptides forming a supportive cage for the cofactors (Figure 
1.13). The reaction centre has an approximate C2  symmetry (Figure 1.12A). 
The resu lting  peudosymmerty produces the cofactor structure as illustrated  in 
Figure 1.12C. To distinguish between the two BPheos and two non P870 
BChl as, the  peudosymmertrical halves of the cage have been designated A 
and B (Deisenhofer and Michel, 1989).

1.4.2.2 The H Polypeptide:

The function of the H subunit is unclear. Its removal can still produce a 
photosynthetically active unit (Agalidis and Reiss-Husson, 1983; Feher and 
O kam ura, 1984) bu t results in impaired electron transfer from the quinone Q a  
to Q b (Debus et al., 1985). In  some species the H subunit can be expressed 
under aerobic growth conditions where the  L and M subunits expression is 
suppressed (Donohue et al., 1986). This leads to speculation th a t it may be 
required for RC structural integrity. DNA analysis and Edm an protein 
degradation analysis of Rb. sphaeroides (Williams et al., 1983,1984,1985), Rb. 
capsulatus (Youvan et al., 1984; Vouvan and Ismail, 1985) and R. viridis 
(Michel et al., 1985; Michel et al., 1986) indicate th a t regions of the H subunit 
have homology w ith the L an M subunits. Two regions of high homology exist; 
60% betw een amino acids H30-H42 (Rb. sphaeroides) and 69% between H229- 
H240 (Rb. sphaeroides) compared to an overall homology of only 31%. The high 
homology a t these residues is where the H polypeptide is in contact w ith the 
conserved regions of the L and M polypeptides. This region of homology may be 
due to an evolutionary conserved tertia ry  structure between H, M and L which 
is conducive to RC structural integrity and functional electron flow through 
the  RC. Unlike the  L and M polypeptides, the H polypeptide has only one 
m em brane protruding a-helix (Figure 1.13). The m ajority of H is located a t the 
cytoplasmic surface forming a globular domain. This domain consists of a 
sm all a-helix and two regions of p-sheet. This globular domain is the site 
w here the H polypeptide is bound to the L and M polypeptides. As already 
sta ted  the role of the H polypeptide is unclear, other th an  its structural 
im portance to the electron flow by m aintaining cofactor te rtia ry  structure  by
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creating rigidity in the  L and M polypeptides (Debus et al., 1985). Its globular 
domain may act as a site for antenna attachm ent or as a site for new 
photosynthetic unit synthesis (Michel and Deisenhofer, 1986).

1.4.3 The Reaction Centre Light-Harvesting Conjugate:

As already stated, it is very difficult to crystallise m em brane proteins for 
conventional x-ray crystallography. I t is even more difficult to crystallise a 
supra-complex such as the reaction centre light-harvesting conjugate (RC- 
LHI). This is due to the fact th a t when the core (RC-LHI) is isolated it is 
usually  inherently  unstable although Wacker et al. (1986), Welte et al. (1986) 
and M antele et a l., (1988), have succeeded in producing small crystals of RC- 
LHI, or core, from Rp. palustris. The crystals are however not suitable for 
detailed x-ray analysis.

Using detergents, intact cores can be isolated and studied using electron 
microscopy (E.M.). 2D crystallography (which uses E.M.) has perm itted the 
m olecular shell of the  RC to be determined. The core of R. viridis was studied 
by comparing EM studies of the reaction centre with the solved 3D x-ray 
structure  (Miller, 1979; Miller , 1982; Miller and Jacob, 1983; Engelhardt et 
al., 1983; Ja y  et al., 1984, S tark  et al., 1984; Deisenhofer et al., 1984; 
Deisenhofer et al., 1985). The data suggests th a t the reaction centre is 
surrounded by LHI having six-fold symmetry. Cross section analysis of 2 D 
(Miller and Jacobs, 1983) and 3D crystals (Deisenhofer et al., 1984) for R. 
viridis reaction centre indicates that it cannot have a sym m etry greater than  
two-fold (S tark  et al., 1984). Using STEM-mass m apping and TEM for E. 
halochloris a  model for the structure for the BPSU has been proposed (Figure 
1.14, E ngelhardt et al., 1986). The presence of the  colourless 7-polypeptide in 
the Ectotiorhodospiracae has lead to the  hypothesis th a t th is polypeptide has a 
unique r61e in forming the  core structure as determ ined by electron 
microscopy. For reviews on STEM see Engel, (1982) and Wall and Hainfeld, 
(1986). The hexagonal array observed in  the E. halochloris BPSU (Engelhardt 
et al., 1986) has a symmetrical RC. The six-fold sym m etry for the core is 
however an  artefact due to d a ta  averaging. The data processing relied on an 
averaged d a ta  set obtained from a lipid bilayer containing an  array. This 
however does not m ean th a t the  antenna complexes are not arranged w ith six
fold sym m etry. The light-harvesting polypeptides may be arranged with six
fold sym m etry, but the RC could be oriented in  any direction norm al to the 
plane of the  m em brane axis resulting in the  rotationally averaged RC
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Figure 1.14: Cross-section of the surface relief map of the photosynthetic core of 
Ectothiorhodospira halochloris. These data were collected using TEM and STEM 
electron micrographs from both stained and unstained specimens. The micrographs 
illustrate that the reaction centre can be in various orientations within the plane of the 
membrane. The core complex protudes from both sides of the lipid bilayer forming 
elliptical structures. (Engelhardt etal, 1986).



Figure 1.16: Localisation of detergent (R-OG) in the reaction centre crystals of Rb. sphaeroides 

strain Y. The reaction centre polypeptides (yellow) enclose the cofactors (blue). There are two 

contour levels of detergent rings surrounding the RC (violet colours). The two contours depict the 

extremes of the detergent reconstruction and are very similar to each other. The LHI (B1020) model 

from Stark et al., (1984) has been added (green) to the model and indicates that the detergent rings 

(violet) probably replace the membrane lipids in vivo. Redrawn from Roth etal., (1991).
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structure  (Figure 1.15A). Indeed, conformation th a t isolated LHI (lacking RC) 
has a six-fold sym m etry (Figure 1.15C) has come from R. marina 
(Meckenstock et al., 1992; Meckenstock et al., 1993), R. rubrum  B890 (Ghosh et 
al., 1993) and Rb. sphaeroides B875 (Boonstra et al., 1993), all of which are 
BChla-containing species. The resolution of these structures is such th a t it is 
unclear where the rotational position of the asym metrical RC w ithin the 
RC-LHI conjugate lies in vivo.

Studies of 3D, detergent rich, reaction centre crystals have provided 
useful inform ation on the  packing of detergent molecules surrounding the 
protein which m ay act as substitute for LHI complexes in vivo. In 1989 Roth et 
al., used neutron diffraction techniques to show th a t deuterium  labelled LDAO 
is positioned in rings surrounding the RC transm em brane a-helices for a 
LDAO-RC crystal of R. viridis. They la ter showed using the sam e technique, 
w ith p-OG-RC crystals of Rb. sphaeroides (Roth et al., 1991), the m ain protein 
p-OG interactions are also hydrophobic. Superimposing the bacterial LHI 
model proposed by S tark  et al., (1984) onto the p-OG detergent ring, the 
authors suggest th a t there are no significant gaps in the long RC diam eter 
(Figure 1.16). This suggests th a t the detergents are occupying the  space where 
the light-harvesting complexes would be in vivo. In the short diam eter axis 
Roth et al. ,(1991) suggest th a t the observed gaps between the  RC and LHI 
model are presum ably where phospholipids are located w ithin th is m em brane 
conjugate. The work by Roth et al.,(1991) has illustra ted  th a t protein- 
detergent interactions in ordered crystals m ay indeed act as suitable 
surrogates for protein-m em brane or protein-protein interactions in vivo.
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1.5 Electron Flow Through the PSU:

1.5.1 Electron Flow Through the Reaction Centre:

The unidirectional electron transfer through the reaction centre was 
postulated over 30 years ago (Clayton, 1962). In vivo excitation energy enters 
the reaction centre from the light-harvesting complexes a t the two excitation 
coupled BChlas which are term ed the 'special pair', P870 or (Feher et
al., 1989). Electrons then  pass through the  reaction centre to the cytoplasmic 
side of the m em brane causing a Ap to be formed which ultim ately forms the 
cellular currency, ATP and NADH2 .

If  oxygen is present then the photodynamic effect is possible (see section 
1.3.3.1.). However if a carotenoid is located w ithin the RC, trip let BChl is 
quickly converted to ground sta te  BChl thus preventing photoxidative damage 
(Cogdell et al., 1975; Cogdell, 1978). The x-ray structure locates the carotenoid 
beside the 'B' branch of the  RC (Figure 1.12B).

The 'A' branch has been shown to be the major pa th  for electron flow 
through the reaction centre. When using low tem perature absorption 
spectroscopy the  <|)A (bacteriopheophytinA) absorption peak splits up into two 
peaks (at approxim ately 530nm and 545nm). W hen electron transfer occurs 
only the  long wavelength absorbing band of <j>A alters, and w ith the aid of 
linear dichroism studies on RC crystals it  has been shown th a t the  electron 
path  throughout the RC occurs mainly via the 'A' pa th  (for a review see 
DiMagno and Norris, 1993). Studies have shown th a t electron transfer is a t 
least 20 fold g reater via the 'A' path th an  the 'B' path  (Michel-Beyerle et al., 
1988). Electron flow via the 'A' chain of cofactors resu lts in the  kinetics 
sum m arised by K irm airer and Holten in 1987;

P 8 7 0  3ps > (}>A  a 2 n y  >Qa  ° l m  >Qb

The x-ray structure  indicates th a t pseudosymmetry occurs in the  cofactor 
struc tu re  of the  reaction centre. As sta ted  above, absorption spectroscopy 
indicates th a t  electron transfer via the  <|)A is the preferred route. The 
asym m etry in  electron pathw ay may have arisen from a num ber of factors. 
These possible factors creating asym metry are;

(i) the  special pa ir is not a completely sym m etrical structure, 
one of the tetrapyroles is folded to one side.
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(ii) the overlap between Ba  and P870 is greater th an  B g and 
P870. This enables a greater overlap of electron orbits, 
favouring electron transfer.

(iii) The distance is 0.15nm shorter th an  O gB g, again
favouring electron transfer.

(iv) The cofactors bind differently on sides A and B, tha t, plus 
the distribution of charged residues, resu lt in electrostatic 
interactions and micro-environments preferentially 
favouring the A' path. One resu lt is th a t the Fe^+ is 
closer to Q a  th an  Qg by approximately 0 .2 nm 
(Rb. sphaeroides).

I t  is not known which, if any, of the above factors produces the observed 
differences in electron transfer between the A' and 'B' pathw ays in the RC. 
The non D aD jj BChlaA molecule itself may also act as a transitional electron 
acceptor (Zinth et a l ., 1983; Zinth et a l ., 1985; Dressier et a l ., 1991 Shreve et 
al., 1992;) aiding electron transfer by producing a transien t charge separation 
betw een DaDj} and (fvg (Parson and Holten, 1986). In the solved structures for 
Rb. sphaeroides and R. viridis quinones are present. Studies of isolated RCs 
from R. viridis where only Q a  is present (and not Qg) are still capable of being 
photoactivated (Deisenhofer et al., 1984). This is fu rther evidence th a t the 
prim ary acceptor is functional (menaquinone in R. viridis and ubiquinone in 
Rb. sphaeroides) and is indeed Qa-

The reaction centre has an  approximate C2  sym m etry (see Figure 1.12A) 
w ith a hydrogen bond connected to (j)A located on the A chain th a t is not 
present on the  B  chain (R. viridis). When the hydrogen bond is removed by 
m utagenesis the  Qx absorption band of <J>a alters to approxim ately 535nm 
(Bylina et al., 1988). However the electrons still m ainly m igrate along the A  
branch suggesting th a t other factors are also involved in the  preferential 
electron flow along the A branch. When (|>a is reduced and D aD jj is excited to 
its singlet sta te , it causes trip let BChl to be formed. Consequently the 
preference for the A branch is not solely dependent on the different Redox 
potentials betw een the pairs of cofactors in  the two branches, but, is the result 
of a much more, and as yet unknown, complex interaction w ithin the whole 
reaction centre.
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Chapter 1: Introduction

Studies into the  role of whole regions of the RC protein cage w ith respect 
to electron flow are now under way. N.Woodbury and co-workers are producing 
a series of RC m utan ts in  Rb. capsulatus by replacing amino acid motifs of the 
M polypeptide w ith L polypeptide residues (Woodbury, N., personal 
communication). The creation of a series of localised symmetrical reaction 
centres will aid in determ ining the major influences th a t cause the functional 
asym m etry observed in electron flow through the wild type RC. The first of 
these sym m etrical m utan ts is sy m l  (Taguchi et al., 1992; Stocker et a l., 1992).

Electrons then  pass from Q a  to Qg and m ay be facilitated by Fe2+. 
However removal of th is non-haem iron does not resu lt in any significant loss 
of electron flow from Q a  to Qg. Its role is unclear and m ay be sim ilar to the 
role of the  H polypeptide, th a t of m aintaining reaction centre stability. It forms 
six co-ordinate bonds w ith the L and M polypeptides (four histidines and a 
Glutamic acid bidentate ligand; Allen et a l., 1987a.) which are conserved for 
the solved x-ray structures. Once Qg has received two electrons forming a 
reduced ubiquinone, it leaves the RC and enters the  lipid bilayer.

1.5.2 Electron Flow Beyond the Reaction Centre:

The ubiquinone Q g collects two protons (2H+) and transfers them  to 
cytochrome be\. A proton gradient is produced which is then  used for ATP 
production via the  ATP synthetase (see Figure 1.17). The electrons are utilised 
by the  oxidoreductase formed from a cytochrome c \, cytochrome b and FeS 
protein. Once inside the  oxidoreductase the electrons flow through the two 
haem s, Qc and Qz, to the FeS and then  are passed to cytochrome C2 - 
Cytochrome C2  is then  able to m igrate to the oxidised reaction centre, donating 
electrons back to DADg. The reaction centre is now reduced and ready to be 
photoactivated again. In  Rb. sphaeroides the cytochrome C2  is closely 
associated w ith  the cytochrome 6 c^(Hall et al., 1989). A model has been 
proposed for the existence of supra-complex between the reaction centre and 
the cytochromes (Joliot et al., 1989). For recent reviews on quinones see 
Konstantinov, (1990); Rich, (1983); Robertson and Dutton, (1988); and 
Semenov, (1993). The m ain pathway involving type c cytochromes during 
photosynthesis is cytochrome C2 -RC, but it has been shown th a t other routes 
are possible. Using complementation analysis Jenney and Daldal (1993) have 
recently shown th a t a membrane-associated cytochrome (cy) can also mediate 
in photosynthetic growth inRfr. capsulatus (Figure 1.18).
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Figure 1.18: Photosynthetic electron transport model for Rb. capsulatus. The classical model with a 

soluble carrier (cytochrome, c2 ) is supplemented with a membrane associated carrier (Cyy 

Q:quinone. RCireaction centre, b c i: cytochrome bc-j. Redrawn from Jenney and Daldal, (1993).
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The cyclic electron transport chain (Figure 1.17) in conjunction with a 
residual respiratory chain are ultim ately responsible for the reduction of 
NAD+ to NADH and the formation of ATP, (Mitchell, 1961; Nicolls, 1982).

1.6 Structural Determination of Biological Macromolecules:

The atomic structures of hundreds of soluble proteins have been solved 
using conventional x-ray crystallography. For recently solved structures see 
Henderson and W iithrich, (1991, 1992, 1993). However only a handful of 
atomic structures have been obtained for m em brane proteins. Since the 
form ation of 3D crystals from proteins is often difficult, other approaches to 
struc tu ra l determ ination m ust also be considered. The classic examples of 
atomic resolution data  from 3D crystals using x-ray crystallography of 
m em brane proteins are the bacterial reaction centre (Michel, 1982; 
Deisenhofer and Michel, 1989) and porin (Weiss et al., 1991). Recently the non
m em brane associated E.coli Rec A protein has also been solved using 
conventional x-ray crystallography (Story et al., 1992a) bu t its structure is of 
the biologically inactive storage form (Story et al., 1992b). As a resu lt the 
solved structure  of Rec A, although useful in its own right, m ay not be able to 
predict the mode of action in vivo. It has taken years of painstaking methodical 
crystallographic tria ls to achieve the prom inent atomic structures named 
above. Advances in technology, suitable for studying biological m aterial, now 
also enable the use of nuclear magnetic resonance (NMR), and electron 
microscopy (EM) to provide sim ilar near-atomic resolution data. This opens up 
more avenues of research to the ultim ate goal; a solved high resolution 
structu re  of a m em brane protein.

1.6.1 NMR

The use of NMR has increased w ith the advent of commercially available 
spectrom eters up to 750 MHz (e.g. Bruker AX series), and improving 2D, 3D 
and 4D NMR algorithm s for data  conversion. Protein structures in  solution 
have been solved by this approach but only up to a m axim um  size of 
approxim ately 150 amino acid residues. Using th is method soluble proteins up 
to ~25-50kDa can be studied to atomic resolution [for reviews see Clore and 
Gronenborn, (1991); and W agner et al., (1992)].

The m ajor benefit in using NMR over conventional x-ray crystallography 
(and EM crystallography) is th a t no artefacts from crystal packing will arise.
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W hen crystallised, a  protein's surface may distort due to crystal packing. If 
crystal distortion occurs, it will a lter the surface topology of the protein where 
ligands bind and general protein-environment interactions occur. These 
interactions, being of great biological significance, could be m isinterpreted or 
ignored in a  conventional crystallographic structure. NMR is also able to 
observe the  motions of proteins, enabling the study of protein-ligand 
conformations which enable the kinetics of ligand binding to be investigated 
for which 3D crystals m ay be unsuitable (Wager et al., 1992; and references 
therin). Examples of these are the elastase inhibitor elgin c (Wager et al., 
1992) and protein-nucleic acid interactions (Kaptein, 1993).

The m ajor problem w ith NMR structural analysis is th a t small proteins 
m ust be used. It is thus, generally, of no direct practical use to m em brane 
associated proteins because the polypeptides have to be isolated using 
detergents. The use of detergents (perm itting functional proteins to be 
isolated) increases the size of the specimen such th a t it often exceeds the 
maxim um  size NMR can process. NMR can, however, be used in conjunction 
w ith other m ethods to help solve the structure of larger systems. If the
original macromolecule can be split into sm aller domains, some of which will

«
become suitably sized fragm ents, then NMR can be used to provide useful data  
of the  type discussed above. Combining structural data  from x-ray, EM and 
NMR can lead to the characterisation of a biologically significant structure. 
One such example of combining all three types of da ta  collection is th a t of 
dihydrolipoly transacetylase (DeRosier, 1992).
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SPECIMEN SIZE RESOLUTION

Purple membrane 
(bacteriodopsin)

27kDa

................
0.28nm

(0.35nm)

LHCII a/b 25kDa 0.34nm 
(0.6nm,0.34m)

PhoE porin 37kDa 0.35nm
(0.6nm)

OmpF porin 37kDa 0.35nm

Crotoxin 10kDa and 
14kDa

0.35nm

a-helical coiled protein 
from praying mantis

0.4nm

CaATPase 109kDa 0.6nm

Ctyochrome oxidase 4.5-45kDa 0.7nm

bacterial S-layer 91kDa 0.8nm

T4 DNA helix destabilizing 
protein gp 32*l

27kDa 0.85nm

T.M.V. 17.5kDa 1.0nm

Figure 1.19: High resolution data obtained using cryo-EM. The subunit size does not depict the 

total size of the macromolecule but illustrates the resolution for the individual protein domains. The 

depicted resolutions are for 2D reconstructions, and 3D reconstructions (bracketed). The 0.34nm 

3D reconstruction for LHCIIa/b is submitted for publication (Kuhlbrandt, W., personal 

communication). Adapted from Bremer et al., (1992).
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1.6.2 EM:

Electron Microscopy (EM) is the m ain competitor to x-ray crystallography 
for the structural determ ination of biological macromolecules. It is now 
possible to a tta in  resolutions higher than  lnm  as Figure 1.19 indicates. Figure 
1.19 illustra tes a list of published 2D and 3D reconstructions. There are both 
advantages and disadvantages in using electron microscopy compared to the 
conventional x-ray crystallographic approach, and these will be discussed 
below.

1.6.2.1 The Advantages of EM:

1.6.2.1.1 Less Protein is per Trial:

Often protein concentrations in the range of 5-10mg m l"l are required for 
the form ation of 3D crystals. The formation of 2D crystals from mem brane 
proteins can be obtained from protein concentrations as low as lm g  m l'l  
(Dorset et al., 1983; Hovmoller et al., 1983; and Miller and Jacob, 1983). Since 
a lower protein concentration often forms 2D crystals, then  for any given 
quantity  of protein it is theoretically possible to screen a wider range of 
experim ental conditions when compared to 3D x-ray crystallography. For the 
isolation of rare , and difficult, proteins th is approach may well provide a 
significant advantage over conventional 3D x-ray crystallography.

1.6 .2 .1 .2  Purity of Sample May Not be a Critical Importance.

The formation of 2D crystals is facilitated by the  macromolecule having a 
degree of in ternal symmetry (Jap et al., 1992; Kulhbrandt, 1992). In  some 
cases th is property enables the use of a less-than-pure specimen compared to 
trad itional 3D crystallographic methods (Phipps et al., 1991). Any 
contam ination can be seen directly under the electron microscope and ignored. 
However, it should also be stated th a t for the highest resolution da ta  (obtained 
by cryo-EM) specimen purity  is of critical importance. The highest resolution of 
published EM data  to date for a biological macromolecule is the 0.28nm 
resolution m ap for the porin of purple m em brane which was prepared from a 
very pure sam ple (Baldwin et al., 1988).
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1.6.2 .1 .3  Data for Both Amplitudes and Phases are Collected.

The m ain historic difficulty with x-ray crystallography is the lack of 
phase information from diffraction maps originating from x-ray sources. The 
am plitudes are made up of a series of sinusoidal waves, their intensities 
indicating the  relative electron densities w ithin the  structure. In diffraction 
m aps the  positional information is given by the phases. U nfortunately for x- 
ray  crystallography, the phase information is not directly obtained. The phase 
information, however, can be obtained from isomorphous replacement, 
molecular replacem ent, non-crystallographic symmetry averaging, m ultiple 
wavelength anomalous dispersion and anomalous scattering techniques. These 
m ethods of da ta  acquisition and m anipulation produce electron density maps 
and eventually a 3D structure. For introductions to x-ray crystallography and 
m acromolecular modelling see Blundell, (1976) and Rhodes, (1993).

If  on processing the x-ray crystallographic space groups of native and 
m anipulated data  sets (e.g. isomorphous replacement) have sim ilar un it cell 
dimensions (<0.5%), then  a direct comparison can be made between the two 
Patterson  projections. This emphasises the high densities resulting from the 
electrons associated w ith the heavy atoms and by careful analysis the  phases 
can be obtained. However not all heavy atoms are suitable; some alter the 
space group and are useless while others cause general crystal degradation. 
There is also the possibility th a t the biological macromolecule does not have 
any accessible binding sites. If  no apparent binding sites are present then 
m olecular biologists can use biochemical and prim ary structure  information to 
create m utan ts capable of accepting heavy atoms (for an example see Fowler et 
al., 1992). Once the hurdle of obtaining phase information has been passed, a  
solved structure  is possible. The phase errors using x-ray derived da ta  can be 
as high as 60°, bu t calculated EM phase errors on average are about 25°, 
which often results in a much stronger specimen signal-to-noise ratio 
(K iilhbrandt, 1992).

D ata from electron microscopy (unlike x-ray data  collection) does produce 
both am plitude (relative densities) and phase (positional) information. The 
captured image, taken  a t optimal defocus, is the result of a single point source 
passing through the specimen, causing a diffraction pa ttern  who's origin is the  
specimen's point of contact w ith the incident electron beam. It is usually 
refocussed w ithin the microscope and captured by a  recording device, either a 
film negative or a CCD camera attached to a computer. The diffraction pattern  
can also be directly captured by recording methods on an  EM. When an  
electron m icrograph negative from an optimally defocussed image is placed on
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an optical bench (a coherent narrow beam of laser electromagnetic radiation), 
it forms a diffraction pattern  which can be analysed. The diffraction image 
contains phase information in reciprocal space which provides a workable 
source of information for structural analysis.

Reciprocal space (which is the Fourier transform  of real space) is often 
used to calculate structural maps of 2D arrays. This is because the am ount of 
da ta  th a t  needs to be m anipulated in order to produce a m ap is much less than  
if the full real space data  set was to be used. X-ray crystallography also uses 
reciprocal space to calculate 3D structures. Optimum defocussed images are 
usually processed by forward Fourier transform ation (FFT). The FFT 
procedure calculates reciprocal space data  from a real space da ta  set (or visa 
versa). Diffraction patterns directly captured by EM require very large, 
ordered and hydrated specimens examined under liquid nitrogen or helium 
tem peratures (Kulhbrandt, 1992). U nfortunately for all bu t the highest quality 
2 D arrays, exam ination by cryo-E.M. is an impractical approach. The 
diffraction pa tterns (either the FFTs or a direct diffraction pattern) then 
undergo image analysis to form either 2D or 3D structural (electron density) 
maps.

1.6.2 .1 .4  It is Considered a Natural S tate  for Membrane Proteins.

True m em brane proteins are located w ithin a lipid bilayer, allowing them  
to move freely w ithin the plane of the m em brane (Singer and Nicolson, 1972). 
As a result, protein-protein, protein-cofactor, and protein-lipid interactions 
create biological activity.

The hydrophobic effect, as described by Sharp (1991), accounts for the 
form ation of 2D crystals by providing a net gain in entropy. This interaction 
resu lts in an  array  of proteins w ithin the lipid bilayer. The protein's 
hydrophobic domain(s) is/are located w ithin the m em brane, as in vivo, and the 
hydrophilic domain(s), as in vivo, is/are located extrinsically to the m em brane. 
On forming 2 D crystals the proteins can be inserted either bidirectionally or 
unidirectionally. If  they are inserted unidirectionally, they appear to have the 
sam e gross characteristics of na tu ra l membranes. This leads to the postulation 
th a t 2D crystals m ay be in  a less stressed environm ent compared to detergent 
enriched 3D crystals th a t are grown for x-ray crystallography. D etergents are 
known to be capable of denaturing proteins and the  m echanism  of 2D crystal 
formation, by definition, removes them  from a detergent enriched environm ent 
and da ta  collection results from a near in vivo structure. Atomic force 
microscopy has indicated th a t lipids are also removed during detergent

44



Chapter 1: Introduction

removal when forming 2D arrays (for an example see Lyon et al., 1993). 
Although not in vivo, artificial lipid bilayers may accommodate mem brane 
proteins better than  detergent shells. As already sta ted  above 2D crystals, in 
some cases, can be produced by detergent removal from unpure preparations 
(Engel et al., 1992). The crudeness of sample perm its a g reater num ber of the 
n a tu ra l lipids th a t are associated with the protein to be isolated w ith it. In the 
n a tu ra l m em brane specific lipid species, not all of which are ubiquitous, have 
been shown to be very im portant in  forming 2D arrays (Sternberg et al., 1992). 
Therefore the  ability of a crude specimen to crystallise m ay indeed provide a 
be tter model of the in vivo structure th an  a completely pure (and thus lipid 
stripped) protein if the lipids play a major role in the in vivo structure and 
function of the  biological macromolecule under investigation.

1.6.2.1.5 Very Large Biological Systems can be Studied.

The near-atom ic 3D structure of proteins th a t have been solved can be 
m easured in the  kDa size range. There are however m any im portant biological 
system s th a t are in the  kDa-MDa range. These include RNA polymerase I, 
and the  Adenovirus capsid. For these biological macromolecules conventional 
x-ray crystallography of the full structure is near impossible due to the ir size 
and fragile nature. X-ray crystallography can however study the 
macromolecule's subunit structure to atomic resolution. These very large 
macromolecules can however be studied by single particle analysis or by 
studying 2D crystals. In  the case of single particle analysis num erous electron 
micrographs, or CCD images, can be examined and classified into different 
orientations. These sets of images can then  be processed to form a set of 
averaged orientations. The averaged orientations can in tu rn  be m anipulated 
to produce a 3D reconstruction of the original specimen. For proteins in the 
kDa-MDa range, relatively low resolution da ta  (>2nm) obtained from 
negatively stained images can provide very useful topographical information 
using the  above method. This is especially true if  prim ary sequence data  is 
known as in  the case of RNA polymerase I. A negatively stained 3D 
reconstruction of the ~650kDa RNA polymerase I complex a t 3nm resolution 
has been produced (Schultz et al., 1993). Schultz et al., isolated a putative 
DNA binding site and catalytic centre for this im portant biological protein 
using regions of conserved residues from various polymerase sequences 
(Delarue et al., 1990) including prim ary sequence homology from 
Halobacterium halobium, Methanobacterium theroautotrophicum, Sulfolobus 
acidocaldarius, Saccharomyces cerevisiae and Drosophila melanogaster.

45



Chapter 1: Introduction

Adenovirus (Rowe et al., 1953) is a large virus (140nm in diam eter) th a t 
causes entric dysentery and conjunctivitis in man. The virus consists of at 
least eleven proteins; the major one called hexon (or polypeptide II) has been 
solved to a resolution of 0.29nm by x-ray crystallography (Roberts et al., 1986). 
There are 240 hexons on the surface of Adenovirus. The whole capsid structure 
has been solved to a resolution of 3.5nm by using single particle cryo-EM 
analysis (Stew art et al., 1991). The Adenovirus capsid surface is made up of a 
series of a 'group o f nine hexons'. In 1989 Furcinitti et al., investigated the 
structu re  of isolated 'group o f nine hexons' using STEM and m anaged to 
distinguish a minor protein (polypeptide IX). This was achieved by creating a 
difference m ap between the STEM data  and a projected x-ray image of nine 
hexons. Recently S tew art et al., (1993) have applied th is technique to the 
reconstructed 3D EM structure and created a three dimensional difference 
m ap by subtracting the 240 hexons (from Roberts et al., 1986) from the 3D EM 
image. This has resulted in (i) the assignm ent of the binding sites of other 
proteins to hexon, (ii) the density of six minor capsid proteins to be calculated, 
and (iii) in itiated  a reappraisal of the biochemical data  on Adenovirus capsid 
formation.

These examples dem onstrate th a t low resolution EM alone (RNA 
polymerase I [Schultz et al., 1993]) can provide useful struc tu ra l and 
functional information. Comparison of low resolution EM data  w ith  high 
resolution x-ray da ta  (Adenovirus [Stewart et al., 1993], RC-LHI [Roth et al., 
1989, 1991]) can also provide valuable information on individual components 
w ithin a large biological macromolecule.

1.6.2.2 Disadvantages of EM:

1.6.2.2.1 Exposure to High Vacuum:

In  order for an  EM to produce a diffraction pa ttern  the electron beam 
m ust be under high vacuum (<10"5 MPa). Biological m aterial is not designed 
to be structurally  in tact or operational under such extrem e conditions. The 
specimen m ust therefore be protected from excess dehydration w hilst being 
exam ined under vacuum. See sections 1.6.2.2.3 and 1.6.3 for a description of 
counterm easures.

If  you ignore the source of the x-ray beam the whole process of x-ray 
crystallography of proteins is less severe compared to electron microscopy. 3D 
crystals are grown in a m other liquor and transferred into either a glass or 
quartz  capillary, still in the m other liquor. If  a crystal specimen is susceptible
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to sm all tem perature changes, the tem perature of the crystal can be 
m aintained by passing a stream  of air (at the  desired tem perature) over the 
capillary tube containing the mounted crystal during data  collection. This 
tem perature control is not possible with EM. In x-ray analysis the  specimen is 
in its original m other liquor, a t constant atmospheric pressure and 
tem perature from initial seeding to data  collection. Both x-ray and EM 
analysis produce radiation damage to biological specimens. The only 
significant specimen damage using x-rays will occur as a resu lt of radiation 
dam age whereas in E.M. it may also be due to tem perature differences and 
dehydration.

1.6.2.2.2 The Missing Cone:

A series of tilted  EM specimens are required to produce a 3D model of the 
original macromolecule. The data (usually collected on micrographs) is 
digitised and then  Fourier transformed. This provides regions of high signal to 
noise ratios along the reciprocal lattice axes. These data  points of high signal 
to noise ratios can then be monitored and combined to predict a  3D model for 
the specimen. Although phase and am plitudes are collected there is a 
constraint on the am plitudes for extreme tilted specimens. The specimen 
holders and specimen grids w ithin the electron microscope only perm it data  to 
be recorded up to a tilting  angle of approximately ±60°. In  some cases however 
the til t  angle can be as high as 85° by m anually bending the specimen grid. A 
Tilt of 90° is impossible because the electron beam would be stopped by the 
specimen grid supporting the specimen. If  a tilt series collects da ta  up to ±60° 
from the  norm al then  87% of the total reciprocal space will be collected (Amos 
et al., 1982). This mechanical constraint results in a loss of da ta  in the 0,0 
lattice line. Any reconstruction to 3D would resu lt in m issing data  points 
predicting zero mass. To combat this missing information, specimens normal 
to the  plane of the m em brane are often analysed, providing inform ation for 
th a t lattice line. Combining the two sets of data  enable the m issing cone to be 
filled. The lack of such additional structural information perpendicular to the 
plane of the m em brane does not prevent 3D models from being predicted.
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1.6 .2 .2 .3  Radiation Damage and Low Contrast Levels in Biological 
Specimens:

Specimens exposed to EM are under high vacuum and are thus subject to 
extrem e w ater loss. To reduce specimen damage the sample's hydration shell 
m ust be protected. If  unprotected the loss of the hydration shell leads to 
specimen denaturation and stickiness (Kistler and Kelleberger, 1977). 
Hydration shells are m aintained by using cryogens. This involves embedding 
specimens in a cryogen such as vitrified w ater (Dubochet et al. , 1988), glucose 
(Henderson et al., 1990) or trehalose (Jap et al., 1990) by rapidly plunging the 
specimen into liquid ethane. Cryo-EM however produces low levels of contrast 
between specimen (pPROTEIN=1.35g/ml) and embedding medium (vitrified water, 
pH20=1.0; sugar, pSUGAR * P PROt e i n ) -  Often the 2D lattice of a cryo-EM specimen 
cannot be directly visualised using either the phosphorous screen or CCD 
cam eras (Kulhbrandt., W, personal communication). Embedding does retain  
struc tu ra l integrity, w ith no hydration loss occurring in specimens prepared by 
w ater vitrificaton. These embedding methods however have one major 
disadvantage. The specimen is so sensitive to radiation damage it  often 
vaporises on contact w ith the electron beam when data  collection occurs. This 
m eans th a t you often cannot examine the specimen directly under the  EM to 
judge its suitability  for structural analysis. Scanning the specimen while in 
the  TEM m ust therefore be done using very low dose methods resulting in time 
consuming da ta  collection. The specimen can generally only then  be studied by 
image processing the data  a t a later date. There is a short cut: negative 
staining.

1.6.3 Negative Staining:

Negative staining produces a degree of radiation protection w ith  high 
contrast between specimen and supportive medium. The high contrast levels 
resu lt from using heavy atoms in the stain. The electron dense heavy atoms 
(e.g. uranium ; used in the stain  uranyl acetate) produce strong diffraction 
pa ttern s which can be easily detected and analysed. The down side of negative 
sta in ing  is th a t it produces low resolution information. The resolution is 
typically in the range 1.5nm to 3.0nm bu t under specific conditions can 
produce reflections down to lnm  (Fujiyoshi, J ., personal communication). This 
m ethod of da ta  collection is only capable of providing structu ra l information 
re la ting  to the  specimen's molecular envelope where the sta in  can penetrate. If 
h igher resolution data  is required then cryo-EM m ust be undertaken.
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1.6.4 Structural Analysis: a Combined Approach:

Combining information from biochemical analysis w ith either EM (Sass et 
al., 1989; Unwin and Henderson, 1975; Henderson et al., 1990; Jap  et al., 1992; 
K iilhbrandt and Wang, 1991) or x-ray crystallography (Deisenhofer and 
Michel, 1986; Weiss et al., 1991) can result in solved structures a t high 
resolution. Both crystallographic methods require high quality crystals to 
obtain the highest resolutions, but x-ray crystallography lacks phase 
information. The phase information from 2D arrays results from correlative 
da ta  w ith  respect to a reference area. 2D correlation peaks can be obtained for 
data  w ithin a  un it cell (Engel et al., 1992) which in theory can be compared to 
x-ray data  sets. As a resu lt negatively stained 2D arrays w ith low resolution 
(>1.5nm), high signal-to-noise ratio, can potentially have the ability to produce 
the phase information necessary for solving high resolving x-ray data  sets.

The most common use of combining EM and x-ray data  is to combine high 
resolution inform ation (x-ray) w ith lower resolution (EM) inform ation allowing 
biological functions to be postulated. Examples of th is actin filam ents (Figure 
1.20, B rem er et al., 1992), and Adenovirus (2D: S tew art et al., 1993; 3D: 
Roberts et al., 1986). Combining x-ray and E.M. da ta  does sometimes lead to 
struc tu ra l discrepancies as in the case of actin filam ents. Figure 1.20 
illustra tes th a t the discrepancy occurs a t the DNase-I binding loop and may be 
due to the differing conformations in vivo. The difference in structure  between 
the two models is probably due to a differing conformation in  f-actin filam ents 
w hen associated w ith DNase I complex.

The solved x-ray structure of a protein, although a t the atomic level, may 
be in the  wrong sta te  for direct functional analysis. For example, the  recently 
announced E. coli Rec A protein (Clark and Margulies, 1965) x-ray structure 
(Story et al., 1992a; Story et al., 1992b) is the storage form and not the 
biochemically active ternary  complex. EM is currently being used to study the 
differences between the x-ray structure w ith the in vivo DNA-protein filam ents 
(Egelman, 1993). Ju s t as in the case of the actin filam ents discussed by 
Brem er et al., (1992), th is will hopefully lead to a g reater understanding  of this 
E.coli protein.
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Figure 1.20: Comparison of the negatively stained 3D reconstruction with the atomic 
resolutionx-ray data for F-actin filaments. Note the arrows depicting the location of the differing 
structure between the proposed negative stained and x-ray structures. This discrepancy occurs at 
the proposed DNA-I binding loop. The x-ray model is superimposed onto the EM model. Two 
representations of atomic structure are depicted; ribbon (top) and space filling van der Waals 
sphere (bottom) models. The difference in structure is probably due to a differing conformation in 
f-actin filaments when associated with DNase I complex. Redrawn from Bremer et al., (1992). Bar 
0.5nm.
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Using only biochemical data  and one method of structural determ ination 
can lead to a solved structure. An example is the bacterial reaction centre 
(Michel, 1982; Deisenhofer et al., 1984; Deisenhofer et al., 1985). Combining 
the inform ation from Biochemical analysis, NMR, EM, STEM and x-ray 
crystallography, as in the cases of actin filam ents (Bremer et al., 1992), 
Adenovirus (S terw art et al., 1993), dihydrolipoly transacetylase (DeRosier, 
1992) and Rec A  (Egelman, 1993) perm its a coherent structure w ith reliable 
functions to be postulated where a single source of structural information is 
not sufficiently reliable.

In  sum m ary a m ulti-disciplinary approach to obtain the structure  of a 
system should be undertaken because each of the disciplines described above 
has both benefits and disadvantages. In combination they fill-in each others 
pitfalls. If m any avenues of structural determ ination are involved in obtaining 
a solved structure  hopefully the time taken  to solve it would be reduced 
compared w ith using only traditional x-ray techniques. Consequently a 
practical way to obtain a functional model for a unknown structure  is to 
undertake a m ulti-disciplinary approach to structural determ ination.

1.7 Thesis Aims:

The RC-LHI supra-complex of the Rhodospirillaceae needs to be solved if 
functional studies into energy capture and flow through the entire BPSU is to 
be investigated. The aims of th is thesis is simply, (i) to purify stable RC-LHI 
conjugates (which are inherently unstable when in vitro) from num erous 
m em bers of the  Rhodospirillaceae and, (ii) to set up crystallographic tria ls in 
order to obtain suitable crystals for structural analysis.
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C hapter 2: Methods and M aterials:

2.1 Cell Culturing:

Bacterial cell lines were stored as glycerol stocks, by mixing 1ml aliquots 
of viable cell cultures w ith sterile glycerol in  a 3:1 ratio and storing them  a t 
-70°C, thus ensuring a constant supply of uncontam inated cell lines. When 
needed stab cultures were prepared from the frozen stocks. These cultures 
consisted of 25ml McCartney bottles ha lf filled w ith 1.5.% Agar and the 
appropriate m edia (THERMED for Rp. cryptolactis, CENMED for R. centenum, 
Pfennig's m edia for Rp. acidophila, Salt enriched Pfennig's media for R. 
m arina , and c-succinate for Rp. palustris, Rb. sphaeroides and R. rubrum), see 
appendices 1.1-1.4.

Stabs were inoculated and sealed air tight, then  grown 
photoheterotrophically under high illum ination (300 pmoles cm 2 s 1). The 
source of irrad iation  came from banks of 150W incandescent bulbs situated  in 
a growth cham ber m aintained a t a constant tem perature of 28°C±2°C, except 
for Rp. cryptolactis (37°C±1°C) and R. centenum  (42°C±1°C). Once grown in 
agar supplem ented w ith the appropriate medium (usually w ith in  a few days) 
the  stabs were flooded w ith the same type of liquid medium, resealed and 
allowed to grow anaerobically in the light. After about one days growth the 
liquid culture was removed from the 25ml M cCartney bottle and used to 
inoculate either a 115ml or 500ml flat sided glass medical bottle. These 
cultures were allowed to grow and in tu rn  were used as inocula for either 101 

glass pyrex bottles or a series of 500ml bottles. F la t sided bottles were used 
because th is ensured a high surface to volume ratio allowing the maximum 
practical levels of irradiation to penetrate into the centre of the  bottles. The 
101 bottles, however, produced low levels of irradiation in the  centre of even 
partially  grown cultures. The increasing cell count created shadowing and 
hence lower energy penetration to the centre of the bottle. To combat th is a 
large m agnetic flea was placed in the 101 bottles allowing the  cultures to be 
circulated while growing. This measure, although not producing the  same 
irradiation  levels as in the centre of the 500ml bottles, did resu lt in 'high light ' 
cell cultures if harvested a t the appropriate tim e especially if only core 
producing species were used.

Single colonies were isolated regularly to check for cross contamination. 
This was achieved by inoculating air dried agar plates, supplem ented w ith the 
appropriate medium (see above), from serially diluted cultures. The plates 
were placed in GasPaK® (BBL Microbiology Systems) containers providing an 
anoxygenic environment. This allowed the plated cultures to pigm ent up when
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irradiated. Single colonies were isolated and grown up as described above. All 
transfers were carried out under aseptic conditions in a lam inar air flowhood 
using sterile m edia and m aterials.

2.2 Cell Harvesting:

C ultures were harvested in 5L aliquots in a MSE coolspin centrifuge a t 
2.5K xg, 4°C for 30 m inutes. The supernatan t was discarded and the pellets 
resuspended in  MES buffer (20mM MES, lOOmM KC1, pH 6 .8 ) to w ash them. 
After a short centrifugation (12K xg, 4°C for 10 mins in a Sigma K20), the  cells 
were either resuspended in a m inimal am ount of MES (pH 6 .8 ) buffer and 
stored a t - 20°C for future use or used to imm ediately prepare m em branes.

2.3  Membrane Preparation:

VICM Producing Species:

Vesicular ICM species (e.g. Rb. sphaeroides) produce sm all inverted 
vesicles when French Pressed. These inverted vesicles are called 
chromatophores. O ther species produce m em branes (lamellae or tubules) when 
French Pressed and chromatophores. Examples of lamellae-producing species 
(non-VICM) species are Rp. acidophila, Rp. cryptolactis and Rp. palustris.

Following harvesting the cells were homogenised in MES buffer (20mM 
MES, lOOmM KC1, pH 6 .8 ) containing a few grains of DNase (bovine Pancreas 
Deoxyribonuclease 1, Sigma Chemical Company) and m agnesium  chloride 
(Sigma Chemical Company). The m agnesium  ions acted as cofactors to the 
DNase. The sam ple was pressed twice through a pre-cooled "French" pressure 
cell a t 10 ton.inch"2. The result was a m ixture of broken and unbroken cells. 
In the  vesicular ICM producing species, unbroken cells were removed by 
centrifugation (12K xg, 4°C for 10 mins in  a Sigma K20 centrifuge). The 
resulting  supernatan t was then spun to pellet the chromatophores (243K xg, 
4°C for 60 m ins in a Sorval ultracentrifuge). The resu lting  pellet was 
resuspended in a m inim al volume of 20mM TRIS.HCl,pH8.0 and either frozen 
or used immediately. The chromatophores were then  diluted w ith 2 0 mM 
TRIS.HCl,pH8.0 to an optical density (O.D.) of 50cm"l a t the  NIR peak 
(between 800nm and 880nm) m easured by a Shim adzu 160A scanning 
spectrophotometer. The chromatophores were then  solubilised using the 
appropriate detergent and detergent concentration.
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Non-VICM Producing Species:

Non-chromatophore producing species were trea ted  sim ilarly to VICM 
species except no low speed spin was performed.

2.4  Absorption Spectroscopy:

Two UV-VIS spectrophotometers were routinely used. The first was a 
Shim adzu 160A scanning absorption spectrophotometer which required a large 
sam ple volume for accurate m easurem ents (3ml cuvette w ith a path  length of 
lcm). I f  a  lower sample volume needed to be analysed a Shim adzu UV-PC2101 
scanning absorption spectrophotometer was used.

Accurate whole cell absorption readings were obtained using the  UV- 
PC2101 with the in tegrating sphere peripheral attached. This attachm ent 
reduces the  net effect of light scattering caused by particulate m aterial thereby 
increasing the transm ission levels detected by the  phototube. D ata was 
collected on the UV-PC2101 using Windows®-based software. The 
specifications of the integrating sphere allowed reliable da ta  to be collected 
from 350nm to 800nm, however data  collection needed to be enhanced further 
into the  NIR where the bacterial photosynthetic protein-pigm ent complexes 
absorb. This was achieved by replacing the standard  photom ultiplier w ith a 
H am am atsu  R928 photomultiplier. This perm itted a  strong signal to noise 
ratio between 800nm and 900nm if  the hardw are was set to the m anufacture's 
specifications and software set to a very slow (50nm m in‘1) scan speed.

2.5  Fluorescence Spectroscopy:

Fluorescence spectroscopy was carried out using the  commercially available 
Perkin  Elm er LS50 Fluorescence Spectrometer. The LS50 fluorescence spectra 
were detected using a H am am atsu R928 Photom ultiplier tube (H am am atsu 
Photonics UK Ltd.) and recorded a t a ra te  of lOOnm min~l. The R928 gives 
extended sensitivity in the NIR wavelengths compared to the  standard 
photom ultiplier supplied w ith the machine. D ata collection was enhanced by 
altering  the operating PMT voltage of the detector from its default value to the 
m axim um  the LS50 perm its (900V). The data  was fu rther improved by 
correcting for the  R928 Quantum  Efficiency (QE) a t each recorded wavelength. 
The emission da ta  was corrected using a polynomial equation derived from a 
scanned and digitised data  sheet provided by H am am atsu Photonics UK Ltd.
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The LS50 uses diffraction gratings to obtain monochromatic excitation 
wavelengths. To prevent higher orders of light being detected by the R928 
phototube, transm ission filters (cut-off a t 700nm) were located between the 
sam ple and R928 detector.

2.5.1 Correction and Normalisation of LS50 Data:

The quantum  efficiency (QE) of the R928 photom ultiplier decreases as 
w avelength increases thereby reducing the signal-to-noise ratio  as the 
w avelength increases. The decreasing QE is very significant when collecting 
da ta  a t the  near infra red wavelengths: for example, a t 900nm the efficiency is 
less th an  0.1% th a t a t 450nm (see Figure 2.1). To account for the  quantum  
efficiency a t each recorded wavelength (>,) the nominal spectral response curve 
(data sheet T-1000, H am am atsu Photonics UK Ltd) was scanned, digitised and 
analysed using a Personal Computer running Windows® software. The 
scanned spectral response data  for the R928 photom ultiplier was used to 
create a polynomial equation th a t corrected for the QE in fluorescence da ta  at 
each recorded wavelength. The spectral response curve was scanned a t 400dpi 
using a Logitech 256 greyscale Scanman® in combination w ith PhotoTouch™ 
version 2.1 software (logitech, Inc, Fremont. A94555, USA). The image was 
saved in  Windows® bitm ap form at (bmp) and loaded into Digitize™ version 
0.98 (Y. Danon, Troy, NY12180, U.S.A) and digitised. The output file from 
Digitize™ was then loaded into the spreadsheet package Excel v4.0™ and a 
regression equation calculated. The regression analysis was undertaken by Dr 
P.J.Dominy, D epartm ent of Botany, University of Glasgow. The regression 
analysis produced a seventh order polynomial equation, shown below:

LoglO(QE) = a + ( b x x )  + ( cx  x 2) + (d x x 3) + ( e x x * )  + ( f  x jt5) + (g xx6) + (h x x 1) (7)

w here % is the recorded wavelength and the constants a,b,c,d,e,f,g and h  are - 
2.1924 , 3.3769x10-01, -1.9926xl0-°3, 6.2044xl0-°6, -1 .0971x10-08,
1 .0912xl0"ll, -5.5635x10-18, an(j 1.0845xl0"18 respectively. Figure 2.1 
illu stra tes the nominal quantum  efficiency of the R928 photom ultiplier tube 
and its regression equation w ith associated errors.
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Figure 2.1: Nominal Quantum Efficiency (QE) response curve for the Hamamatsu R928 

Photomultiplier tube (solid line) and its calculated polynomial equation (dotted line). Note that the 

7th order polynomial equation (see text) is for logQE and that the y-axis is a logarithematic scale. 

The graph shows that regression equation fits well for the experimental operating wavelengths 

between 350nm and 900nm. The ploynomial equation was calculated by Dr. P.J. Dominy, 

Department of Botany, University of Glasgow. The stanard error for the y estimate is 0.033. 

Regression analysis by a least squares method indicates that R^ = 0.998. F = 26632.614. Degrees 

of fredom = 393. Ression sum of squares = 201.890. Residual sum of squares = 0.426.
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2.5.2 Optimising Fluorescence Data Collection:

Before excitation and emission fluorescence experim ents were 
undertaken the  optimum conditions for data  collection were determined. The 
factors pertaining to the optimum conditions included cell viability, cell 
density and the geometry of the 1ml cuvette used. Monochromatic excitation 
and emission wavelengths were adjusted to obtain the optimum conditions.

C ultures in mid-log phase were centrifuged (12K xg, lOmins 4°C in a 
Sigma K12) and resuspended in an equal volume of 50mM TRIS.HC1, pH8 .0 . 
This w ashing procedure was repeated before the cells were used for data  
collection. The high molarity of buffer used was to counter any pH change 
resulting  from any addition of the reducing agent, sodium dithionite. When 
Time Scan  fluorescence data  was collected it was observed th a t for the 1ml 
cuvette used a  long excitation and short emission path  was optimum.

Cell density was increased where no change in the ratio between the 
bacteriochlorophyll a soret (380nm) and Qx (590nm) peaks were observed, and 
between the sam ple excitation and absorption spectra (350nm to 650nm). The 
absorption spectra were m easured on a linear scale (100-%Transmission). 
Emission m easurem ents were collected a t the wavelength which produced the 
maxim um  uncorrected INT. When the soret:Qx ratio begins to fall, self 
absorption, or increased light scattering, begins to occur m aking data 
unreliable. Prior to this point sodium dithionite was added to reduce the 
electron pathw ay associated w ith bacterial photosynthesis thereby increasing 
the possible fluorescence yield m easured a t the emission wavelengths.

For collection of m ultiple excitation and emission spectra an  increm ent of 
5nm was chosen between excitation wavelengths. All fluorescence da ta  was 
collected a t 1 0 °C (4°C could not be achieved for operational reasons).

Each recorded fluorescence spectrum was corrected using equation seven. 
To obtain an absolute level of fluorescence intensity  (INT) is impractical 
because although the  maximum QE of the R928 is 28% (data sheet T-1000, 
H am am atsu Photonics UK Ltd) the maximum efficiency of the LS50-R928 
hardw are optical system is unknown. The %T and INT da ta  were norm alised 
a t 590nm and compared. The maximum detectable INT was given the 
a rb itrary  value of 100 (A.U.). All other data  points were norm alised against 
th is peak value.
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2.6 Isolation of Bacteriochlorophyll Containing Complexes:

Methods used to isolate RC-LHI conjugates and LHII complexes were 
based on Cogdell et al., (1983) and Dawkins (1988). Isolating the various 
complexes involved a  series of procedures: (i) solubilisation, (ii) sucrose 
gradient centrifugation, (iii) anion exchange and (iv) gel filtration. The 
differences between protein isolation and purification for the individual species 
will be discussed in  the results section (Chapter Three), bu t the  general 
purification steps are outlined below.

2.6.1 Membrane Solubilisation:

The optical density (O .D .)  of the photosynthetic m em brane (or 
chromatophore sample) was diluted to 50cm‘l  a t the  NIR absorption 
m axim um  using 2 0 mM TRIS.HC1, pH8.0. The O .D . was m easured using a 
Shim adzu U V 1 6 0 A  spectrophotometer. N,N-dimethyl-N-dodecylamine-N-oxide 
(L D A O ) purum  (Fluka Biochemicals) was added to the m em brane sam ple and 
stirred  for 1 5  m ins a t 4°C. The concentration of L D A O  used was species 
dependent, see C hapter Three for details. The solubilised m em brane was then 
centrifuged (1 2 K  xg, 4°C for 10  mins in a Sigma K 2 0  centrifuge) to remove any 
unsolubilised m aterial. The supernatan t was imm ediately diluted a t least 
three-fold to reduce the detergent concentration. The solubilised m aterial was 
diluted because constant high levels of L D A O  (>0.25% w /v) causes separation of 
the reaction centre from the light-harvesting an tenna as well as general 
protein degradation.

2.6.2 Sucrose Gradient Centrifugation:

Solubilised m em brane sample was loaded onto either a continuous or 
discontinuous sucrose gradient. The gradient ranged from 0.2M to 1.2M 
sucrose in a  buffer of LDAO 1purum ' (Fluka Biochemicals), lOmM 
TRIS.HCl,pH8.0. The concentration of LDAO used in the gradients was species 
dependant; usually 0.1% or 0.2% (w/v). After centrifugation (197K xg, 4°C for up 
to 16 hours using precooled T865 rotors in Sorval ultracentrifuges; models 
55B, 65B and Combi) discrete pigmented bands were formed. These bands 
were th en  isolated and the  pigment-proteins purified. The sucrose gradient 
protocol was based on the method by Firsow and Drews, (1977).
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2.6.3 Anion Exchange:

Using diethylethly-aminoethylcellulose (DEAE) (DE52, W hatm an; or 
Fractogel 650(s), Merck) protein species were isolated by anion exchange. 
Columns were prepared, and equilibrated to a pH of 8.0 using lOmM 
TRIS.HCl,pH8.0. Once equilibrated, detergent containing buffer (0.1% w/v 

LDAO, lOmM TRIS.HCl,pH8.0) was added to provide a homogenous 
environm ent for the solubilised membranes. To this was added the  solubilised 
m aterial which originated from either directly solubilised m em branes or the 
pigm ented bands from sucrose gradients. Once loaded, spectra from column 
eluate were periodically taken  to ensure th a t all unbound protein (m easured 
by the  absorbance a t 275nm) had passed through the DEAE column. W hen no 
detectable peak a t 275nm was present a salt gradient was applied from lOmM 
NaCl to 150mM NaCl (in 0 .1% w/v LDAO, lOmM TRIS.HCl,pH8.0). E luted 
fractions were collected and analysed by absorption spectroscopy. The 
spectroscopically pure fractions were then  pooled for future use. If  peripheral 
an tennae were also to be collected, the salt gradient was increased to 350mM 
NaCl. If  required, the  pooled fractions were dialysed against, or diluted with,
0.1%LDAO, lOmM TRIS.CL,pH8.0 and subjected to another DEAE column, 
w ith the  spectroscopically pure aliquots again being pooled. This resulted in a 
dilute, bu t relatively pure, preparation suitable for fu rther purification by gel 
filtration.

Gel filtration only allows small volumes of sample to be fractionated a t 
any one time. To speed up the purification process, the  spectroscopically pure 
fractions were first concentrated by a small Fractogel 650(s) column then  
subjected to gel filtration. The Fractogel 650(s) column was eluted w ith either 
200mM NaCl {core fractions) or 350mM NaCl (peripheral an tenna fractions) as 
described above. The spectroscopically pure aliquots were then  passed down a 
gel filtration column.

2.6.4 Gel Filtration:

Gel filtration was used to further purify the samples. Sephacryl S-200 
(Pharm ica) was used buffered in 0.1% LD A O (w /v), lOmM TRIS.HCl,pH8.0 in lm  
glass columns (Pharm ica KX type, 26mm in ternal diam eter). Approximately 
500ml of buffer was used to equilibrate the column after any previous run. Up 
to 5 ml of purified fraction was loaded onto the columns and the e lu tan t 
collected in 0.5ml aliquots using a BioRad Econo fraction collector.
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2.6.6 Detergent Exchange:

The spectroscopically pure aliquots from section 2.6.4 were pooled and 
subjected to anion exchange as in section 2.6.3 and the sample was eluted with 
buffer containing sa lt and the new detergent. Before eluting the purified 
complex, the loaded column was allowed to equilibrate w ith the new detergent,
i.e. buffer containing LDAO was replaced w ith buffer and containing the  new 
detergent. The spectroscopically pure aliquots were pooled and the  salt 
removed by either dialysis or by filtration (using centricons® or filtricons®). 
The la tte r  approach of salt removal was preferred as it also has the ability to 
concentrate the sample. The use of filtration devices reduced sa lt levels by up 
to 99% (centricons® and filtricons® data sheets).
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Figure 2.2: Typical Redox difference absorbance assay for RC-LHI conjugate isolated from a 

member of the Rhodospirillaceae. An equal volume of purified RC-LHI, with an NIR maximum O.D. 

of approximately 1.0 cm'1, was placed in the sample and reference cuvettes and a spectrum 

recorded (baseline spectrum). The reference cuvette was completely reduced by addition of sodium 

ascorbate. Potassium ferricyanide was added to the sample cuvette until complete oxidised sample 

occurred (reduced/oxidised spectrum). Some sodium ascorbate was then added to the sample 

cuvette to ensure that irreversible oxidation had not occurred in the RC-LHI system. The difference 

in absorption at 800nm was measured (dotted line) and the RC concentration calculated using the 

Extinction coefficient of S^800nm=133mM"1cm"1 (Clayton eta!., 1972). Irreversible oxidation of the 

BChl a would occur if the difference spectrum at ~870nm did not revert to the original baseline 

spectrum upon addition of sodium ascorbate. In the example above the RC-LHI has not undergone 

complete irrecoverable BChl a oxidation. Redox assays were carried out in 3ml cuvettes (path 

length of 1cm) using a Shimadzu UV-2101PC scanning absorption spectrophotometer. The Redox 

assay above is from purified Rp. cryptolactis RC-LHI.
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2.6.7 Determination of RC: LH Antenna Bacteriochlorophyll Ratio:

2.6 .7 .1  Bacteriochlorophyll Assay:

The am ount of bacteriochlorophyll in a sample of purified pigment- 
protein complex was determined by extracting the pigments, using organic 
solvents in the dark, then  determ ining the pigm ent concentration by 
absorption spectroscopy. An aliquot of purified RC-LHI conjugate (15-200pl) 
was m ade up to a final volume of 5ml w ith an  acetone:methanol m ixture (7:2 
v/v ratio). After mixing, the particulate m aterial was removed by centrifugation 
(15 xg in  a H ettich bench top centrifuge) and an absorption spectrum  (700- 
900nm) of the supernatan t was recorded against an acetone:methanol blank 
(using a  Shim adzu UVPC-2101 scanning spectrophotometer). The extinction 
coefficient a t 772nm for bacteriochlorophyll in the organic solvent is 
76 m M "lcm"l. (Cohen-Bazire et al., 1957; Clayton, 1966). The concentration of 
BChl a  in  the undiluted sample was then calculated using the extinction 
coefficient and absorbance data.

2.6 .7 .2  Reaction Centre Assay:

This assay is based on the reversible blue shift in absorption a t 
approxim ately 800nm, resulting from the oxidation of the  reaction centre. An 
aliquot of RC-LHI was diluted w ith the appropriate detergent containing 
buffer to produce a maximum NIR O.D. of approxim ately l.O cm 'l. 3ml 
cuvettes were used in a Shimadzu UVPC-2101 scanning spectrophotometer 
and a baseline recorded w ith both sample and reference cuvettes containing 
the  diluted core conjugate. Redox absorption differences were recorded a t 
800nm. To ensure complete reduction of the sample in  the reference cuvette a 
sm all quantity  of sodium ascorbate was added. The Redox associated 
difference spectrum  was recorded from 900nm to 700nm upon addition of 
potassium  ferricyanide to the sample cuvette. Potassium  ferricyanide was 
added un til the blue shift a t 800nm had reached completion. Figure 2.2 is an 
example of a Redox assay from a batch of purified RC-LHI conjugate. To 
ensure th a t irreversible bleaching of light-harvesting BChl a had  not occurred, 
sodium ascorbate was added to the sample cuvette. Reversibility in  difference 
absorption spectrum  should occur. Irreversible oxidation of BChl a can be seen 
spectroscopically by bleaching of the NIR 870/883nm absorption band.

The reaction centre concentration was calculated using the  absorption 
extinction coefficient for the change in absorbance a t the ~800nm,
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gAftOOnm =133mM~lcm~l (Clayton et al., 1972). Total BChl a was determined 
using the  880nm absorption for the diluted core sample. The extinction 
coefficient for total BChl a  a t 880nm is £ggonm =120mM"lcm"l (Clayton, 
1971).

The RC:LH BChl a ratio was then determined. The extinction coefficient 
880nm for to tal BChl a content was also experimentally determ ined using the 
results from bacteriochlorophyll assays (section 2.6.7.1.). The experimentally 
determ ined BChl a extinction coefficient was then  also used to calculate 
RC:BChl a ratios.

2.7  Polypeptide Analysis; Concentration and Composition:

2.7.1 Protein Concentration:

Protein concentrations were determined using the T annin Assay 
(Mejbaum-Katenellenbogen and Dobryszycka, 1959), see appendix 2. This 
relied on turbidity  m easurem ents as an indicator of protein concentration. An 
aliquot of purified pigment-protein was made up to 1ml w ith distilled w ater 
and left to equilibrate a t 30°C for 5mins. To th is was added 1ml of freshly 
filtered Tannin Reagent, also equilibrated to 30°C, and the reaction left to 
incubate for lOmins a t 30°C. The reaction was fixed by addition of 1ml of 
0.2% (w/v) Acacia solution. Protein standards (10-80pg m l'l)  were also prepared 
as described above from standard  Bovine Serum Albumin fraction V (B.S.A., 
fraction V, SIGMA Chemical Company). After fixation optical density 
m easurem ents were taken a t 500nm for both the standard  and sample 
proteins and a calibration curve produced using the B.S.A data  (for an example 
of a calibration curve see Figure 2.3). The B.S.A. calibration curve was then 
used to calculate the concentration of the sample proteins.
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2.7.2 Protein Composition:

Polyacrylamide gel electrophoresis (PAGE) was used to determ ine the 
protein composition of isolated complexes based on Laemmli, (1970) as 
adapted by Schagger and von Jagow, (1987).

A 1.5mm plastic spacer was wedged between two clean glass plates and 
the resulting sandwich clamped into a gel pourer. The gel solution was then 
poured into the gel apparatus. A layer of 50% (v/v) m ethanol:w ater was poured 
on top of the resolving gel, resulting in a smooth gel surface (sans meniscus) 
and a non-oxidised gel. Once the gel had set (after about 40min), the 
m ethanol:w ater was removed and a stacking gel was poured onto the resolving 
gel and a plastic comb inserted. Once the stacking gel had set the gel sandwich 
was removed from the gel pourer and inserted into the  Studier-type gel 
apparatus. Buffers (Appendix 3.1) were added to the two reservoirs and the 
plastic comb was removed.

Protein sam ples (50pg) were prepared by adding an equal volume of Gel 
Sample Buffer (Appendix 3.2). The m ixture was then either boiled for 2 m ins a t 
100°C or incubated a t 70°C for 30mins. The gels were run  for approxim ately 
16 hours (overnight) a t 15mA, and switched off when the blue dye front had 
ju s t reached the  bottom of the gel. Once electrophoresis was complete the gel 
was removed from the glass plates and placed in S tainer (Appendix 3.3) for a 
few hours, then  placed in D estainer (Appendix 3.4). Several washes in 
D estainer were required before the protein bands could be observed.

2.8  3D Crystallography:

Vapour diffusion was the method chosen for setting up 3D tria ls as 
described by Michel and Oesterhelt, 1980. Two types of cham ber were used; 
large scale vapour diffusion chambers and Crychem® plates. The la tte r  were 
more convenient owing to their sm aller size and the ability to directly compare 
a range of conditions in the same tray. The Crychem® plates were also more 
practical because they allowed sm aller incubations to be set up. If  a crystal 
cham ber was to be used again it was cleaned and checked for any scratches to 
reduce the  num ber of possible nucleation sites. Reduced nucleation sites help 
to produce large crystals (McPherson, 1982). The magic 46  (U.C.L.A., U.S.A) 
set of solutions was tried and used as a basis for a semi-factorial screening 
system. The resu lts of crystallographic tria ls from Dawkins, (1988) were also 
used as a staring  point for 3D crystallography.
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Purified protein was mixed w ith the m other liquor (crystallographic 
incubation solution) in a 1:1 ratio and centrifuged for 10  m ins (3k xg a t 20°C) 
to precipitate any unsolubilised m aterial. The supernatan t was pipetted into a 
well surrounded by a reservoir of m other liquor and the cham ber sealed. The 
Crychem® plates were sealed w ith either siliconised glass cover slips and 
vacuum  grease or clear plastic adhesive tape (p/n TA-2, JBL Scientific Ltd). 
S tandard  electrical tape was used to seal the large scale vapour diffusion 
plates. The tem perature was m aintained by using incubation cabinets. After 
observing the crystallographic tria ls for two-to-three weeks the  conditions 
were slightly altered by independently varying the constituent factors 
affecting crystal growth. These factors included; detergent type, protein 
concentration, tem perature, pH, ionic strength, precipitant concentration and 
type, sa lt type and concentration.

2.9  2D Crystallography:

Two dimensional crystallisation tria ls were prepared based on 
K iihlbrandt, (1992). The sample conditions initially contained detergent levels 
above the  critical micelle concentration (C.M.C). Dialysis was then  used to 
reduce the  detergent (and lipid) concentration in the sam ples below the C.M.C 
value causing the detergent-protein micelles to aggregate. If  suitable 
conditions were present, 2D crystals were formed

The experim ental apparatus used is th a t described by K iihlbrandt, 
(1992). Figure 2.4 illustra tes the m ain features of th is system. To m ain tain  a 
constant tem perature, ±0.2°C, a Techne (tem pette model) circulating w ater 
ba th  was used. This was achieved by placing the beakers (Figure 2.4B) on a 
platform  w ithin the w aterbath  and filling the bath  w ith w ater such th a t the 
crystal cham bers were covered to a t least the depth of the dialysate (reservoir) 
solution. Aliquots of sample were removed a t intervals using glass capillaries 
and routinely examined by negative staining Transm ission Electron 
Microscopy (T.E.M.).
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Figure 2.4: Experimental designs for microdialysis. The rational behind microdialysis is the 
net removal of small molecules from a sample by diffusion across a membrane into the 
dialysate under controlled conditions. This can be achieved by a computer (cpu) controlled 
temperature sensitive apparatus (top) or by a simpler system (bottom). An example of 
computer controlled apparatus is that of Paul et al., (1992). In the top diagram temperature 
is maintained by a heating block attached to a thermocouple while in (B) it is supplied by a 
large resevoir of water, i.e. a water bath. In (A) the prewarmed dialysate is constantly 
replaced while in (B) is is replace by a batch method after equilibrateing to the correct 
temperature. The apparatus used for 2D crystallographic trials was the simpler design as 
described by Kuhlbrandt, (1992).
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2 .10  Electron Microscopy:

2.10.1 Carbon Coated Grids:

To examine the specimen under the electron microscope a supportive 
m aterial m ust be present. In the case of negative staining, carbon coated 
copper grids were used. W hen using atomic force electron microscopy m ultiple 
th in  coatings of vaporised carbon form a smoother surface onto mica sheets 
th an  a single large bu rst of vaporised carbon (D. Wang, personal 
communication). Consequently carbon sheets up to 20nm deep were prepared 
in an Edwards autom atic coating chamber in accordance w ith B utt et al., 
(1991). Mica sheets were split open and the virgin surfaces im m ediately placed 
upright in  the vacuum chamber, which was sealed and  pumped to a vacuum. 
Only freshly cut, unoxidized mica was used since th is produces the  best 
results. Once coated the mica was left to m ature overnight and then  used to 
prepare grids. Carbon coated mica was prepared in batches, and if not used 
im m ediately was stored in the dark  a t room tem perature until required.

A square petri dish filled w ith distilled w ater was used to prepare carbon 
coated grids. To th is was added a length of filter paper (W hatm an N°4) which 
acted as a wick and support for the  grids. Square 400 m esh copper grids (Agar 
Scientific Ltd., Stansted, U.K.) were placed in rows on the subm erged wick. A 
sim ilar sized piece of coated mica was positioned onto the surface of the  w ater 
and located above the grids. The grids were pulled out of the w ater using the 
wick, and  when in the correct position, the carbon sheet was floated against 
the wick. At th is point the  wick was completely removed from the  w ater. This 
action deposited the carbon sheet over the m atrix  of copper grids, and once air 
dried, formed a supportive layer for T.E.M specimens th a t were to be 
negatively stained.

2.10.2 Negative Staining:

2% (w/v) uranyl acetate (U.A.) in filtered Analar® w ater was used to stain 
specimens. Approximately 2pl of specimen was dropped onto a coated grid 
clamped in  a pair of anti-capillary forceps (Duemont, Switzerland), and left for 
30s to bind to the  grid. The m ajority of the specimen was removed by blotting, 
using the  hairs from a piece of ripped N°4 W hatm an filter paper. The fine 
hairs produced by ripping the filter paper provide a  better blotting system 
th an  uncut paper or paper cut by scissors (W. Kiihlbrandt, personal
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communication). Complete solvent removal did not occur. A  drop of 2% U.A.(w/v) 

was added and left to sta in  the sample for a fu rther 30s. This procedure was 
repeated and the grid left to air dry.

2.11 Transmission Electron Microscopy (T.E.M.):

The following microscopes were used to examine specimens; Jeol 100-C, 
Ziess 902 (Biological E.M. suite University of Glasgow, U.K.), Philips 301 and 
Jeol 2000-EX (E.M.B.L, Heidelberg, Germany). Of these the Jeol 100-C, Ziess 
902 and Philips 301 were used for routine screening of samples.

2.12 Optical Bench: Integrity of Order.

Coherent laser beams were used to produce diffraction images of E.M 
negatives to establish the degree of order of a specimen. Two optical benches 
were used. The first was located a t EMBL, Heidelberg, and has been well 
documented (Erickson et al., 1978) while the second (Biological E.M. suite 
U niversity of Glasgow) consisted of a simple stra igh t path  (resulting in a very 
small diffraction pattern) arrangem ent.

2.13  Image Processing:

EM negatives were scanned and digitised using a Perkin  Elm er 
micodensitom eter (model 1010-GM) and then  processed using the MRC, 
Cambridge Image Processing System  (discussed by Amos et a l ., 1982; and 
Henderson et al., 1990) on a VAX mini computer.
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Chapter 3: Cell Culture and Protein Purification:

3.1 Introduction
If  a  structure  of a biological macromolecule is required, the first step is to 

ensure the constant quality of starting  m aterial. The pigment-protein 
complexes under investigation were isolated using the techniques described in 
the previous Chapter. In the introductory C hapter it was noted th a t the 
production of the  different LHs was environm entally dependent (for a review 
see Zuber,1986). There are also reports of lipid variation in the  pigment- 
protein complexes due to environm ental and isolation techniques (Pucheu et 
al., 1974; Russell and Harwood, 1979; Donohue et al, 1982a/b; Kauftnann et 
al., 1982; Imhoff et al., 1982). A uniform supply of protein was required from a 
range of species, and for th is reason a series of growth curves were determined 
which allowed standardised harvesting conditions to be established (section 
3.2). The pigment-protein complexes from the uniformly grown and harvested 
cells were then  isolated and purified (Section 3.3). Species dependent 
purification of these photosynthetic proteins were based on Firsow and Drews, 
(1977); Cogdell et al., (1983); and Dawkins, (1988).

3.2 Growth of Cell Lines

Bacterial cell lines from a range of species were stored as either glycerol 
stocks (section 2.1), agar stabs or liquid cultures until required for 3D and 2D 
crystallographic trials. Actively growing photoheterotrophic cells (mid-log 
phase) were used as 2% inocula for large scale culturing by a batch method. 
The batches of cells were harvested as described in C hapter Two. Both 101 and 
flat sided 500ml glass bottles were used to grow the purple bacteria. W hen core 
complex was required the bacteria were cultured in the  flat sided 500ml glass 
bottles. 101 pyrex® bottles were only used for low-light cultures, when specific 
isolation of LHII was desired. The bulk of the cells were grown in 500ml 
bottles. The absorbance a t 650nm is directly proportional to the  num ber of 
cells present (Gardiner, 1993; Simmons, A.E., personal communication). By 
observing the optical density a t 650nm the lag, logarithm ic and stationary 
phases of growth were determined for each species, w hen grown in the 500ml 
bottles. This established an optimum harvesting time (with respect to late-log 
phase) for each cell line investigated.

W hen a batch of protein was needed, an appropriate actively growing cell 
line w as subcultured every 12 hours for 36 hours, then  used as the  inoculum 
(~ 2% v/v). The inoculum for the growth curves was also subcultured in  the 
same m anner. Generally, six bottles were used for a  growth curve da ta  set.
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Five of these were used to obtain data  on the growth of the culture while the 
sixth w as used as a control.

The synthesis of the pigment-proteins involved in photosynthesis are 
known to be regulated by molecular oxygen (Kiley and Kaplan, 1987; Kiley 
and Kaplan, 1988; Lee et a l., 1989), its presence reducing the levels of 
photosynthetic complexes present (i.e. the pigment-protein complexes RC-LHI 
and LHII). Any unintentional addition of oxygen into the growing culture (by 
repeated sample removal) could a lter the growth conditions of the culture, 
when directly compared to a control culture th a t has not had repeated sample 
removal. Control bottles were used to reduce the possibility of producing 
erroneous growth curve data  sets. D ata was not collected from these bottles 
until the  culture was in mid-late log phase (as predeterm ined from initial 
observations).

In  order to obtain data, while causing as little  disturbance to the growing 
culture, rubber gas seals were used instead of the norm al screw caps. This 
enabled the sterile needle of a hypodermic syringe to penetrate  the  contents of 
the bottle whereupon a small volume was removed from the culture. 
Approximately lOOOpl was removed at each tim e point. W hen a sam ple was 
removed, an equal volume of inert nitrogen gas was injected, to ensure a 
positive pressure in the bottle, relative to the growth chamber. Sterile needles 
and syringes were used, and prior to injection the rubber seals were wiped 
w ith absolute ethanol to sterilise the outer surface of the seal. Absorbance 
spectra were taken  from 350nm to 900nm (using a Shim adzu UV2101-PC with 
in tegrating  sphere attached, slit w idth 5nm, sam pling interval lnm , and a 
software regulated scan ra te  of very slow) and the spectra analysed.

The absorption spectra from the control and sam ple bottles were 
compared using analysis of variance. If found to be sim ilar, the d a ta  sets were 
then  combined and used to find optimal harvesting times. Since invaginated 
m em brane (ICM or VTCM) production would be lower in an  oxygenated 
sam ple i t  is also possible th a t the NIR peaks (800-890nm) would have 
different heights, shapes and/or ratios when comparing control w ith sample 
replicate bottles. I t is generally understood th a t RC-LHI conjugate is 
synthesised first, followed by LHII (for a discussion on early works see 
N eiderm an and Gibson, 1978). Consequently any reduction in photosynthetic 
growth may resu lt in an  RC-LHI enriched absorbance spectrum. The reduced 
650nm absorbance and difference in NIR ratios acted as a guide for the 
deleterious affects of oxygen.

A t least two independent growth curves were obtained for each stra in  
th a t w as investigated. Once they were shown not to be significantly different

71



Stationary phase or 
habitat earring capacity

Logarithmic
growthQ.

Time

Figure 3.1: A logistic population growth curve. The simple logistic Verhulst-Pearl model 
above was used to predict the optimum harvesting times for the bacterial stains under 
investigation. The model relies on all environmental factors being constant.
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(using analysis of variance to a confidence lim it of 95%, or P=0.05), the 
combined data sets were used to estim ate an optimum harvesting time. This 
was achieved by applying the  simple Verhulst-Pearl growth, or logistic model 
for population growth (Pearl, 1927). This model relies on the following 
assum ptions;

(i) All organisms (photosynthetic bacteria) in the population 
have an equal fitness and are identical a t any given time.

(ii) All organisms have the same ability to reproduce and die.
(iii) The ra te  of population increase depends upon the num ber 

(N) of organisms present a t any given time, w ith the ra te  of 
population increase proportional to the degree of h ab ita t 
(growth medium) saturation.

(iv) All environm ental factors are constant.

The model can be w ritten  m athem atically, i.e.

d N _ r N(K - N )  
dt K

where dN/dt is the  instantaneous ra te  of population expansion, a t tim e t, w ith 
an  innate  capacity increase (r) causing a population m axim um  (K) to be 
achieved. N q and K represent the initial population and m axim um  population 
or caring capacity the bottle of culture medium can accommodate respectively. 
Thus N represents the population num ber a t tim e t.

The V erhulst-Pearl model is often associated w ith the  logistic equation 
below,

where a  and b represent constants associated w ith the gradient and height of 
the  curve. The model produces a sigmoidal curve when population num ber is 
plotted against tim e, see Figure 3.1. The %2 tes t was then  applied to quantify 
the  fitness of the calculated curves using the probablity (p) value as a guide.

The following pages illustra te  the results of the  growth curves for the 
individual cell lines. Generally the late-log phase occurs about 24-36 hours 
after inoculation. The individual species will be discussed separately.
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3.2.1 R. centenum:
R. centenum  is a "core only" producing species. This bacterium  was grown 

a t a  raised tem perature compared to the other species investigated. Its 
optimum growth rate  occurs a t approximately 42°C. No significant differences 
were observed between sample and control bottles (collected a t 24hrs). As 
Figure 3.2A illustrates virtually no lag phase occurs in  th is bacterium  for the 
tim e scale studied. Both the RC-LHI (absorbance a t 874nm) and cell density 
(650nm absorbance) increase to a plateau.

The raised 874nm absorbance between 28-36 hours occurred in all ten 
replicate growth curves, thus it is probably not an artefact. This is sim ilar to 
the growth pattern  found in R. rubrum  (Figure 3.3A). The stationary phase 
appears to occur between 32-36hrs after inoculation. The overall curve of cell 
density (m easured a t 650nm) versus time appears to have a sigmoidal shape. 
The V erhulst-Pearl population growth model was applied to locate the 
optimum tim e point for RC-LHI harvesting and the constants N q, r ,K ,a and b 
ultim ately derived (see previous section). The statistical function %2 (Chi 
squared) was used as a m easure of the fit of the modelled da ta  when compared 
to the observed data.

The growth model (Figure 3.2B) suggests th a t the  V erhulst-Pearl 
equation (the probability, p=0.999 when using the %2 test) for an  averaged 
in itial inoculum Nq=0.06, t=0 (i.e. 2% v/v initial inoculum, see section 3.2) has 
the constants r=0.06, K=0.66, a=4.53 and b=0.27. This resulted in a 
standardised harvesting of R. centenum  in late-log phase 22±2hrs after 
inoculation.
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Figure 3.2: Growth curve of Rhodospirillum centenum. Two independent growth curves were 

monitored. Samples from contol bottles were obtained at 24 hours to invesigate the presence of 

any oxygen trigger due to repeated sample removal. The variances (s2) from each data set were

between datasets (measured at the cell density, 650nm) are less than 0.001. The data for the 

growth curves were similar, thus were combined to produce averaged graphs for significant 

wavelengths. (A): Optical density-time course plot for RC-LHI (874nm) and cell density (650nm). 

The ratio of RC-LHI:cell density (874nm/650nm) is also shown. The data indicates that cell density 

reach a plataeux within 32-36 hours. The RC-LHI:cell density ratio, as with other species, reaches a 

maximun value during log phase then drops when the absorbance at 650nm reaches a stationary 

value. (B): Analysis for cell density (650nm) using the Verhulst-Pearl (logistic) population growth 

model. The model suggests that for the growth conditions used

compared to each other and also to their controls. The s2 between data sets and their controls and

( 0 . 6 6 - N)  
0.66

4.53-0.27r

where initial N, No=0.06, at time, t=0. The probability, p=0.999 when using the x2 test- (c ): 

Averaged time course absorption spectrum for R. centenum.
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(A): Optical Density-Time Course Plot for RC-LHI (874nm) and Cell Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Cun/e.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r ) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the gradient of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

(1)

(2)

The constants were caclulated to be No= 0.07
r= 0.07 

K= 0.66 
a= 4.53 
b= 0.27

™  = r N(K ~ N l
dt K

N  =
K

i + e
a - b t
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3.2 .2  R. rubrum  SI
This species is also a "core only" producing bacterium . Unlike the 

previous species, R. centenum , this species grows vigorously a t 28±2°C. Figure 
3.3A suggests th a t (using the combined data  sets) after and in itial lag phase of 
approxim ately 8-10 hours the bacterial culture enters log phase. At th is time 
point the  relative am ount of RC-LHI (m easured by absorbance a t 880nm) 
compared to cell density increases (m easured by absorbance a t 650nm). 
However once the stationary phase occurs (32-40 hours) the RC-LHI:cell 
density (Abs. 780nm: Abs. 650nm) ratio reverts to its original ratio  of about 
1.5:1. For the duration of the growth curve the level of RC-LHI absorbance 
does not decrease. The stationary phase occurs between 32-40 hours after 
inoculation w ith a 2% v/v growing culture, No=0.03. The control da ta  was 
collected 24 hours into the experiment. Regression analysis found no statistical 
difference (s2 <0.0005) between the controls and replicate sam ples for the two 
data  sets. Combining all the replicates an averaged growth curve was 
produced (Figure 3.3B) for this bacterium. Again the V erhulst-Pearl equation 
for population growth was applied, and %2 used to m easure the degree of best 
fit. The constants were found to be, Nq=0.03, r=0.06, k=0.42, a=4.96 and 
b=0.23 when the  %2 test has a probability value, p, of p=0.999. Although 
p=0.999, it  is apparent th a t the equation does not fit as well as the 
corresponding one for R. centenum  (Figure 3.2B). This may be due to the  very 
small absorbance readings (and hence inaccurate readings) obtained for the 
first few data  collection (time) points. The arb itrary  tim e point of 28±1 h r  was 
used to harvest R. rubrum  stra in  SI.
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Figure 3.3: Growth curve of Rhodospirillum rubrum strain S1. Two independent growth curves, 

each with five replicate bottles and a control bottle, were monitored when grown anerobically in the 

light at 28±2°C. Analysis of variance indicates that s2 was less than 0.004 at 650nm and 

absorbance differences were not significant. (A): Optical density-time course plot for RC-LHI 

(874nm) and cell density (650nm). The ratio of RC-LHI:cell density (874nm/650nm) is also shown. 

The data indicates that cell density reaches a plateaux within 32-40 hours. The RC-LHI:cell density 

ratio, as with other species, reaches a maximum value during log phase then drops when cell 

density reaches a stationary value. (B): Analysis for cell density (650nm) using the Verhulst-Pearl 

(logistic) population growth model indicates that for the growth conditions used

(0 .4 2 -AQ 
0.42dt

4.96-0.22f

where initial N, No=0.06, at time, t=0. The probability of the observed vs. the expected values was 

p=0.999 when the x2 was applied. (C): Averaged time course absorption spectrum for 

Rhodospirillum rubrum.
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(A): Optical Density-Time Course Plot for RC-LHI (880nm) and Cell Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r ) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the steepness of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

(1)

(2)

The constants were caclulated to be No= 0.03
r= 0.06 

K= 0.42 
a= 4.96 
b= 0.23

dt K
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K

i+e
a - b t
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3.2 .3  Rb. sphaeroides GA

This stra in  of Rb. sphaeroides produces both RC-LHI and the peripheral 
light-harvesting antenna complex, LHII. As in the  pervious two examples the 
sam e RC-LHI:cell density ratio characteristics are observed in Rb. sphaeroides 
GA (Figure 3.4A). The RC-LHI:cell density ratio increases from approximately 
1.0, to a maximum value of 2.1 a t 16 hours into the growth curve, then  levels 
off to a steady value of about 1.6. Similar sigmoidal shaped plots were 
observed for RC-LHI (measured at 875nm) and LHII (the absorbance peak a t 
849nm). On m easuring the 875nm/849nm ratio there is a relative increase of 
LHII synthesis, compared to RC-LHI synthesis, during logarithm ic growth. 
The ratio  drops from 0.8-0.9 to about 0.7, which is statistically  significant. 
Prior to 8 hours a lag phase occurs. The relative increase of LHII, w ith respect 
to RC-LHI, during active growth, may be due to the preferential synthesis of 
LHII. Once stationary phase has occurred however the RC-LHI:cell density 
ratio  rem ains constant a t 0.9.

The Verhulst-Pearl constants were determined to be Nq=0.02, r=0.05, 
K=0.34, a=5.03 and b=0.29 where Using the%2 test the probability value, p, 
was calculated to be 0.999. To ensure the optimum harvesting of RC-LHI 
occurred, the cultures were harvested a t the mid-late log phase, ju s t  prior to 
the  initiation of the  stationary phase (24±2hrs). Once again an average plot of 
the  development of the absorption characteristics was produced (Figure 3.4C).
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Figure 3.4: Growth curve of Rhodobacter sphaeroides strain GA. Figure 3.4A indicates similar 

sigmoidal curves for cell density (650nm), RC-LHI (875nm) and LHII (849nm) temporal 

absorbencies after being checked for any oxygen triggers. None were detected. It also shows that 

an increase in RC-LHI:cell density ratio occurs (12-20 hrs, open circles) after a decrease in RC- 

LHI:LHII ratio (875nm:849nm, solid black squares). The RC-LHI:LHII ratio then increases from 0.7 

to the constant value of 0.9. These spectra may indicate that after an initial lag phase of about 

6±1 hrs RC-LHI is preferentially produced (RC-LHI:LHII ratio = 0.9) but as soon as the culture 

density increases beyond the initial level (Nq=0.022) LHII is then preferentially reduced 

(RC-LHI:LHII ratio >0.7 <0.9). Eventually the relative production and turnover of RC-LHI compared 

to LHII reaches a steady value. Applying the Verhulst-Pearl equation the constants below were 

determined (Figure 3.4B),

^ 0 . 0 5 N (-°-34- N) 
dt 0 . 3 4

* =  1.  , 5.02-0.29?
i+ e

where initial N, No=0.022, at time, t=0. Using the %2 test the probability value was calcuated to be, 

p=0.999. From the results obtain for the growth curves standardised harvesting of Rb. sphaeroides 

strain GA occurred 24 hrs after inoculation. (C): Averaged time course absorption spectrum for Rb. 

sphaeroides strain GA. As before and averaged time course absorption spectrum was produced. 

Absorption blips occur at approximately 530nnm and 360nm, these were caused by hard/software 

errors in the Shimadzu spectrophotometer.
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(A): Optical Density-Time Course plot for RC-LHI (875nm) and Cell Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the steepness of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

™ = r N « ^ l ........................................ (1)
d t K

=  — ^ 5 7 ........................................................ (2 )
1 +  €

The constants were caclulated to be No= 0.02
r= 0.05 

K= 0.34 
a- 5.03 
b= 0.29
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Chapter 3: Cell Culture and Protein Purification:

3.2 .4  Rb. sphaeroides M21

The m utagen n-nitrosoguanidine was applied to Rb. sphaeroides strain  
NCIB8253 which resulted in Rb. sphaeroides s tra in  M21, a non-LHII 
producing m utan t (H unter and van Grondelle, 1987). S tra in  M21 was chosen 
for study simply because the isolation procedures, resulting in purified RC-LHI 
conjugate, would hopefully be more efficient since LHII did not need to be 
removed. Again, as w ith most of the other species so far discussed, a lag phase 
occurs followed by growth to the stationary phase. It is in teresting to compare 
the  difference in  growth characteristics of M21 (Figure 3.5) w ith the LHII 
producing stra in  GA (Figure 3.4). A lag phase occurs for about 8 hours in both 
strains, b u t the stationary phase in M21 occurs between 32-63 h rs into the 
growth curve, 12 hours after GA. This large difference in apparent growth rate  
m ay indicate the advantages th a t LHII containing bacteria have. They are 
able to capture more energy suitable for photosynthesis th an  non-LHII 
containing strains. The characteristics of the RC-LHI:cell density ratio in M21 
is very sim ilar compared to GA. A relative increase in RC-LHI, compared to 
cell density, occurs during log phase. Once again absorption spectra were 
averaged from two growth curves, and plotted (Figure 3.5A-C). Applying the 
sigmoidal growth model proved to be difficult. Although a line was produced it 
did not go through m any of the  low tim e point values (Figure 3.5B). However it 
passed through the  mid log phase time point onwards. %2 analysis of the 
equation, compared to the observed data  indicated th a t p=0.996.
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Figure 3.5: Growth of Rhodobacter sphaeroides strain M21. Two growth curves were determined 

independently, each with controls. The control bottles were monitored at 28hrs after inoculation and 

compared to the data collected at 28 hours from the growth curve replicates. 28hrs was chosen 

because initial trials indicated that mid-late log phase was reached at this time point. The controls 

were used to indicate the presence of any oxygen trigger mechanism resulting from repeated 

sample removal from the replicate bottles. As in the previous growth curves the variance from each 

data set was compared to the variances from their controls, and found not to be to dissimilar. The 

s2 between controls and data sets measured at the cell density measurement (650nm) is less than 

0.0004, while s2 between data sets is less than 0.0001. Since both data sets are statistically similar 

at 28hrs (the time point at late log phase), the raw data was combined and used to plot averaged 

graphs for significant wavelengths. (A): Optical Density-Time course plot for RC-LHI (875nm) and 

cell density (650nm). The ratio of RC-LHI:cell density (875nm/650nm) is also plotted. The graph 

indicates that both the RC-LHI abundance and cell density levels out. The RC-LHI:cell density ratio 

although not smooth increases then also levels out. This indicates that there is a carrying capacity, 

with respect to membrane abundance, for RC-LHI in this bacterium. (B): Analysis for cell density 

(650nm), using the Verhulst-Pearl model produced the constants of; N0=0.002, r=0.054, K=0.359, 

a=9.40 and b=0.38. The %2 was used and the probablity value, p, fount to be p=0.996. However it is 

clear from figure 3.5B the equation does not go throughout the data points at t<20 hrs. 

Consequently the equation must be wrong. This implies that the simple sigmoidal model must be in 

error. However the equation was used to determine where the optimum harvesting of RC-LHI would 

occur. Since the line does pass through the data points from mid-log phase onwards for this region 

the equation holds true. The harvesting of Rb. sphaeroides M21 was standardised at 28±2hrs after 

inoculation. An averaged absorption spectrum was plotted (figure 3.5C) as before. Absorption blips 

occur at approximately 530nnm and 360nm, these were caused by hard/software errors in the 

Shimadzu spectrophotometer.
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(A): Optical Density-Time course plot for RC-LHI (875nm) and Cell Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r) was determined for the Verhulst-Pearl 
curve was then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the steepness of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

 (1)
d t K

 (2 )1+e
The constants were caclulated to be No= 0.00

r= 0.05 
K= 0.36 
a= 9.40 
b= 0.39
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Chapter 3: Cell Culture and Protein Purification:

3.2.5 Rc. gelatinosus DSM149 and DSM151:

Two stains of Rc. gelatinosus were chosen for study, DSM149 and 
DSM151. The m ain physiological difference between these stra ins is the 
relative abundance of LHII, and RC-LHI. The only other significant difference 
between the two is the am ount of mucus the cells produce; DSM151 produces 
more. Rc. gelatinosus is slightly different from the rest of the species th a t were 
grown. There is no significant invagination of the photosynthetic mem brane 
during photosynthetic growth (see Zuber, 1986). Figure 3.6A depicts the 
averaged plots for the amount of RC-LHI (absorbance a t 881nm), LHII (862nm 
absorbance) and cell density (650nm). The shape of the sigmoidal curves for 
RC-LHI and LHII were similar, bu t differences in the shape were observed. 
The RC-LHLLHII ratio (Figure 3.6A, filled circles) rapidly drops from 1.6 to 
0.95 before mid-log phase has occurred. This suggests th a t as soon as cell 
density has started  to increase preferential LHII production occurs. Once the 
cell density has reached the  stationary phase the absorbance due to RC-LHI 
and LHII was m aintained (Figure 3.6A, open squares). Using the  results from 
the V erhulst-Pearl model cell harvesting was standardised to 30±2 h rs (mid- 
late log phase, Figure 3.6B). The Verhulst-Pearl model constants were 
calculated to be Nq=0.02, r=0.03, K=0.39, a=4.84 and b=0.20, where the 
probibility, p=0.999 using the test.

Growing Rc. gelatinosus DSM151 had its disadvantages. This stra in  of 
Rc. gelatinosus produces large amounts of mucus which tends to create viscous 
cultures. Cell aggregation occurs making reliable optical density values 
difficult to obtain (Figure 3.7). The presence of large am ounts of mucus also 
hinders the in itial stages of protein isolation. N otwithstanding th is two sets of 
growth curves were collected and analysed. Regression analysis indicated th a t 
there was no significant variation between the DSM151 growth curve 
replicates and their controls. However the cell density, a t the  control time 
point, between the growth curve data  sets were significantly different (set 1: 
0.218±0.026, n=5 and set 2: 0.160±.021, n=5, t=24hrs). No conclusive 
statem ents regarding cell level can be made since the absorbancies of different 
growth curves do not over lap. The only reliable statem ent is th a t an apparent 
log phase of 6±2 hours occurs, which is sim ilar to th a t for s tra in  DSM149, and 
final culture O.D. levels are approximately 0.3. Since an accurate average plot 
of cell density versus tim e could not be established DSM151 was harvested a t 
the sam e tim e after inoculation as DSM149, i.e. 30±2 hrs.
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Figure 3.6: Growth curve of Rhodocyclus gelatinosus strain DSM149. Two independent growth 

curves were determined. Samples from control bottles were obtained at 24 hours to investigate the

their controls and between data set, measured at 650nm, were less than 0.001. The data for the 

two growth curves were similar and thus were combined to produce averaged graphs for significant 

wavelengths. (A): Optical density-time course plot for RC-LHI (881 nm) and cell density (650nm). 

The ratio of RC-LHI:cell density (874nm/650nm) is also shown. The data indicates that cell density 

reaches a plateaux within 36-40 hours. The RC-LHI:cell density ratio, as with other species, 

reaches a maximum value during log phase then drops when cell density levels reach a stationary 

value. The relative ratio, with respect to LHII levels, of core complex (RC-LHI) reduces as time 

progresses reaching a steady state of approximately 0.95. (B): Analysis for cell density using the 

Verhulst-Pearl and logistic population growth models as templates., i.e.

where initial N, No=0.027, at time, t=0, where the probibility, p=0.999 when using the %2 test. (C): 

Averaged time course absorption spectrum for Rc. gelatinosus strain DSM149. Absorption blips 

occur at approximately 530nnm and 360nm, these were caused by hard/software errors in the 

Shimadzu spectrophotometer.

presence of any oxygen trigger due to repeated sample removal. The s2 between data sets and

(0.39- N )  
0.39

4.84-0.20(
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(A): Optical Density-Time Course Plot of RC-LHI (881 nm), LHII (862nm) and Cell
Density (650nm)
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(B): Analysis of Cell density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the steepness of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

d l  = rNl̂ (l)
d t K

W = - ^ 7 ............................................ (2)
i+e

The constants were caclulated to be No= 0.03
r= 0.03 

K= 0.39 
a= 4.84 
b= 0.20
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Figure 3.7: Rc. gelatinosus DSM151 cell density vs. Time. The relatively high level of 
mucus production by DSM151 causes large variations in optical density (O.D.) 
measurements, recorded at 650nm (a measure of cell density), making reliable analysis 
difficult. As a result an averaged growth cun/e for strain DSM151 could not be produced. 
The above plot represents the data from one growth curve with each symbol representing 
a single absorbance measurement.



Chapter 3: Cell Culture and Protein Purification:

3.2.7 Rp. acidophila 7750, 10050 and 7050

Growth curves of Rp. acidophila strains 7750, 10050 and 7050 were obtained. 
For each stra in  two independent growth curves were produced. Samples from 
control bottles were obtained a t 24 hours. The w ithin data sets and their 
controls and between data sets (measured a t 650nm) were less th an  0.001 and 
not significantly different.

Rp. acidophila  7750:
Figure 3.8 depicts the results for stra in  7750 (A): Optical density-time 

course plot for RC-LHI (890nm) and cell density (650nm). The ratio of RC- 
LHIrcell density (890nm/650nm) is also shown. The data  indicates th a t cell 
density levels reach a plateau within 32-40 hours (Figure 3.8B). The RC- 
LHI:cell density ratio, as w ith other species, reaches a maximum value during 
log phase then  drops when cell density levels reach a stationary value. The 
relative ratio, w ith respect to LHII levels, of core complex (RC-LHI) reduces as 
time progresses reaching a steady state of approximately 0.80. (B): Analysis 
for cell density using the Verhulst-Pearl population growth models the  initial 
population density N0 is 0.01, a t time, t=0, where the  probibility, p=0.999 
using the test. (C): Averaged time course absorption spectrum  for 
Rp. acidophila s tra in  7750.

Rp. acidophila  10050 and 7050:

These two strains produced sim ilar results to stra in  7750. Consequently 
all Rp. acidophila strains were harvested 26±2 hrs after inoculation.
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Figure 3.8: Growth curve of Rp. acidophila strain 7750. Two independent growth curves (A and B) 

were determined. Samples from control bottles were obtained at 24 hours to investigate the

their controls and between data set (measured at the cell density, 650nm) are less than 0.001. The 

data for the two growth curves are similar and were combined to produce averaged graphs for 

significant wavelengths. (A): Optical density-time course plot for RC-LHI (890nm) and cell density 

(650nm). The ratio of RC-LHI:cell density (890nm/650nm) is also shown. The data indicates that 

cell density reaches a plateau within 32-40 hours (Figure 3.8B). The RC-LHI:cell density ratio, as 

with other species, reaches a maximum value during log phase then drops when cell density 

reaches a stationary value. The relative ratio, with respect to LHII levels, of core complex (RC-LHI) 

reduces as time progresses reaching a steady state of approximately 0.80. (B): Analysis for culture 

density using the Verhulst-Pearl population growth model suggests that

presence of any oxygen trigger due to repeated sample removal. The s2 between data sets and

4.75-0.26/

(0.22- N )  
0.22

where initial N, No=0.010, at time, t=0, where the probibility, p=0.999 using the %2 test. (C): 

Averaged time course absorption spectrum for Rp. acidophila strain 7750.
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(A): Optical Density-Time Course Plot for RC-LHI (890nm), LHII (804nm) and Cell
Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the steepness of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

* L - rN (K - m
dt K

N = -
K

1 + e
a - b t

.(1)

•(2)

The constants were caclulated to be No= 0.01
r= 0.06 

K= 0.22 
a= 4.75 
b= 0.26
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Chapter 3: Cell Culture and Protein Purification:

3.2 .8  Rp. cryptolactis

As w ith the previous species Rp. cryptolactis is a lam ellae producing 
species. The results from three independent growth curves, using the control 
tim e point a t 72 hrs (post inoculum), allowed the data  to be averaged 
(Figure 3.9). Analysing the data recorded a t 72 hrs indicated th a t there was no 
statistical difference between the replicates and their control bottles for each of 
the  th ree  growth curves. Also no difference was observed between the separate 
growth curves. The average optical density ± S.D. a t 650nm for the  three 
growth curves a t 72 hrs were; set 1: 0.3112±0.0027, set 2: 0.3185±0.0033, and 
set 3: 0.3163±0.0065.

This species can produce two types of LHII, the B800-850 and B800-822 
light-harvesting complexes. I t was noticed th a t by the tim e the  stationary 
phase was reached a residual amount of B800-822 complex was present. This 
can be seen in figure 3.29A (page 150). The ratio  of LHI (absorbance a t 880nm) 
to LHII (absorbance a t 862nm) rem ained approximately constant during active 
growth (Figure 3.9A). The cell density:RC-LHI ratio  also rem ained constant 
during the growth curve (Figure 3.9A).

Applying the Verhulst-Pearl equation to all the da ta  points failed to 
provide a reliable outcome. This was probably due to the exceptionally long lag 
phase associated (approximately 24-28 hrs) w ith th is bacterium . For this 
reason it is possible th a t the medium THERMED  chosen to grow 
Rp. cryptolactis is not an optimum one. If  only the data  points associated w ith 
mid log phase onwards were applied to the model a  best fit  could be achieved 
where the probibility, p=0.999 using the test and where No=0.04, r=0.01, 
#=0.40, a=7.20, 6=0.12. (Figure 3.9B).
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Figure 3.9: Growth curve of Rp. cryptolactis. (A): Optical density time course plot for RC-LHI (open 

squares), LHII (open triangles) and cell density (open circles). The O.D. values and the absorbance 

ratios of RC-LH:LHII (filled triangles), RC-LHI:cell density (filled circles). (B): Analysis of cell density 

vs. time. The application of the Verhulst-Pearl model to the data points from 56 hrs onwards 

produced a best fit line where the probibility, p=0.999 using the %2 test. (C): Averaged time course 

absorption spectrum.
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(A):Optical Density-Time Course Plot for RC-LHI (880nm), LHII (862nm) and Cell
Density (650nm).
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(B): Analysis of Cell Density:
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Figure 3.9B: Combined data for Cell density vs. time, measured at 650nm. Three 
independent growth curves were obtained and the data plotted above. Applying the 
Verhulst-Pearl model to all the data points failed to provide a suitable answer. 
Consequently the model was applied to the data points (best fit line) that were in mid-log 
phase and beyond.

This resulted in No=0.04, r=0.01, K=0A0, a=7.2, b= 0.12 From the calculated curve the 
standardized harvesting time for Rp. cryptolactis was 72±2hrs.
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Chapter 3: Cell Culture and Protein Purification:

3.2 .9  Rp. palustris  2.6.1.
As w ith the previous two species Rp. palustris is a lam ellae producing 

species. This bacterium  has the ability to out compete other stra ins in a mixed 
culture. W hen growing 2.6.1 it was noted th a t a very small difference in 
inocula between bottles (i.e. total num ber of viable cells added) caused 
noticeable differences in growth, as m easured by the turbidity  of the cultures. 
For th is reason extras care was taken when subculturing th is species. The 
results from independent growth curves, using the control tim e point of 24 hrs, 
allowed the  data to be averaged (Figure 3.10). The results suggest th a t as with 
the other species investigated the relative ratio of RC-LHLLHII quickly drops 
once the culture is in log phase, but then  rises to a steady value of 0.95 (Figure 
3.10A, black circles). The data  also indicates th a t a peak in the RC-LHI:cell 
density ratio  occurs during logarithmic growth (Figure 3.10A, open diamonds). 
Again the RC-LHI (Figure 3.10A, open triangles) and LHII (Figure 3.10A, 
open circles) plots mimic the sigmoidal curve produced for the cell density 
(Figure 3.10A, open squares).

Applying the Verhulst-Pearl model to the culture data  set proved to be 
difficult. The Verhulst-Pearl constants were calculated to be; No=0.03, r=0.06, 
K=0.42, a=4.96 and b= 0.22, where the probibility, p=0.999 when the test 
was applied.

Comparing the modelled curve for R. centenum  (Figure 3.2B), which also 
has p=0.999, indicates th a t the modelled curve for Rp. palustris 2.6.1. is not a 
perfect fit for the data  set. However using the data  Rp. palustris s tra in  2.6.1. 
was harvested 26±2hrs after a 2% (v/v) inoculation.
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Figure 3.10: Growth of Rhodopseudomonas palustris strain 2.6.1. Two growth curves (A and B) 

were determined independently, each with controls. Data from the control bottles were collected 

24hrs after inoculation and compared to the data collected from the growth curve replicates. 24hrs 

was chosen because initial trials indicated that mid-late log phase was reached at this time point. 

The controls were used to indicate the presence of any oxygen trigger mechanism resulting from 

repeated sample removal from the replicate bottles. As in the previous growth curves the variance 

from each data set were compared to the variances from their controls, and found not to be to 

dissimilar. The s2 between controls and data sets measured at the cell density measurement 

(650nm) is less than 0.0005, while s2 between data sets is less than 0.0001. Since both data sets 

are similar at 24hrs (the time point at late log phase) the raw data was combined and used to plot 

averaged graphs for significant wavelengths. (A): Optical Density-Time course plot for RC-LHI 

(881 nm) and cell density (650nm). The ratio of RC-LHI:cell density (881 nm/650nm) is also plotted. 

The graph indicates that both the RC-LHI and cell density then plateaux's out. The RC-LHI:cell 

density ratio although not smooth increases then also levels out. This indicates that there is a 

carrying capacity, with respect to membrane abundance, for RC-LHI in this bacterium. (B): 

Regression analysis for cell density (650nm) and the use of the Verhulst-Pearl model produced the 

constants of; No=0.030, r=0.06, K=0.42, a=4.96 and b=0.32, where the probibility, p=0.999 when 

using the %2 test. However it is clear from figure 3.11B the equation does not go throughout the 

initial data points. Consequently the equation must be in error. This suggests that the simple 

Verhulst-Pearl sigmoidal model must be in error. However the equation was used to determine 

where the optimum harvesting of RC-LHI would occur. Since the line does pass through the data 

points from mid-log phase onwards (excluding the t=28hrs data) for this region the equation holds 

true. The harvesting of Rp. palustris 2.6.1 was standardised at 26±2hrs after inoculation. An 

averaged temporal absorption spectrum was plotted (Figure 3.11C) as before. Absorption blips 

occur at approximately 530nnm and 360nm, these were caused by hard/software errors in the 

Shimadzu spectrophotometer.



(A): Optical Density-Time Course Plot of RC-LHI (881 nm), LHII (864nm) and Cell
Density (650nm).
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(B): Analysis of Cell Density: Verhulst-Pearl Curve.
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The Verhulst-Pearl curve mathimatically described below (Eqn 1) is a simplified model for 
a population growth. The growth rate constant (r ) was determined for the Verhulst-Pearl 
model and then used to calculate the logistic curve (Eqn 2). The constants a (relating to 
the gradient of the equation) and b (relating to the height of the line) were then 
determined. A best fit line (solid line above) was produced using the derived constants 
where t is time. The observed data points are depicted as dots.

(1) 

(2)

The constants were caclulated to be No= 0.03
r= 0.06 

K= 0.42 
a= 4.96 
b= 0.23

™ = rN (K 7JV
dt K

N  =
K

i+ e
a - b t

Best Fit
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Figure 3.11: Pigmented bands resulting from density centrifugation. Sucrose gradients 
were utilised to separate the membrane pigment-proteins from each other and from 
non-membrane associated macromolecules. This method typically separates the RC-LHI 
conjugate from the peripheral light-harvesting antenna complexes (LHII) by forming two 
discrete pigmented bands. The upper band, or band I, contains the LHII while the lower 
band, band II, contains the RC-LHI proteins. Three gradients are shown, from left to right; 
Rp. palustris 2.6.1., Rp. acidophila 7750, Rb. sphaeroides M21. Note in Rb. sphaeroides 
M21 only one pigmented band is present. This strain does not produce LHII. The 
gradients ranged from 1.2M to 0.2M sucrose in 0.2% (w/v) LDAO, 10mM TRIS.HCI, 
pH8.0. The pigmented regions at the top of the gradients represent dengenerated protein. 
Rb. sphaeroides strain M21 has much more degenerated protein than the other two 
species which suggests that the pigment-protein complexes are less stable than other 
species when in a detergent environment.
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3.3 Isolation of Core Conjugate (RC-LHI)
The isolation of RC-LHI core conjugate is described in C hapter Two. 

Sucrose gradients were employed in  many of the strains under investigation to 
separate the RC-LHI from LHII (Firsow and Drews, 1977). Figure 3.11 
illustra tes the two typical bands present when this method was used. Note 
th a t in Figure 3.11 only one band is present in the LHII" Rb. sphaeroides M21 
m utant. Sucrose gradients were also used to separate the two forms of LHII 
(i.e. B800-850 from B800-820) in mixed populations of LHII.

Once RC-LHI was purified it was characterised as described in Chapter 
Two (see sections 2.6 and 2.7). The isolation procedures and RC-LHI 
characterisation for each cell line th a t was investigated is outlined separately 
below.

3.3.1 R . centenum:
R. centenum  is a little  studied, "core only" producing species. It is very 

sim ilar in physiological properties to the commonly used bacterium  R. rubrum. 
(Yildiz et al., 1991) Cultures in mid-late log phase (22±2 h rs from a 2% v/v 

inoculum, see section 3.2.1) were harvested and French Pressed as described in 
C hapter Two. R  centenum  cells were found to be easily disrupted by French 
Pressing. The optimum condition for membrane solubilisation was found to be 
a sam ple optical density of 25 cmfl a t 871nm which was then  solubilised for 
15 min. a t room tem perature using 0.7% (w/v) LDAO purum  (Fluka 
Biochemicals). This bacterial species produces high levels of RC-LHI, and 
when combined w ith the characteristics of easy cell disruption and 
solubilisation should, in theory, provide a good source of protein for structural 
studies. As w ith the other species th a t were studied, high levels of LDAO were 
reduced quickly to minimise protein degradation. Solubilised preparations 
were centrifuged to pellet any unsolubilised m aterial, and the supernatan t 
LDAO concentration was immediately reduced to 0.1% (w/v) by dilution with 
20mM TRIS.HCI, pH8.0. O ther species could cope w ith higher LDAO levels (~ 
0.2-0.3% w/v, e.g. Rp. palustris), for the few hours an anion exchange column 
would take, but th is was found not to be the case for th is species. 
U nfortunately the fact th a t the membranes are so easily solubilised is 
probably a contributing factor to the final unsuitability  of R. centenum core for 
s truc tu ra l studies (see Chapters Four and Five). Basically the isolation of R. 
centenum core conjugate relied on the quickest tu rn  around possible from 
m em brane to purified complex in p-OG or LM via the stages of solubilisation, 
anion exchange, sucrose gradients, gel filtration and finally detergent 
exchange. The best way to obtain high quality core from R. centenum  would be
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Figure 3.12: Fractionation of solubilised R.centenum membranes from a DEAE column
when a NaCI gradient was applied. (A): Elute obtained from a DEAE column. The linear 
salt (NaCI) gradient applied was from 30mM to 120mM. The 870nm/801nm absorption 
represents an approximation the LHI:RC ratio. The two aliquotes that are marked with 
arrows were then examined in more detail. (B):Absorption spectrum of aliquot number 
55. (C): Absorption spectrum of aliquot number 100.
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Figure 3.13: Fractionation from a second DEAE (DE52, Whatman) column. The pigmented band, 

unlike that from the elute from an initial DEAE column (e.g. figure 3.14A), produces one NIR peak. 

As in the elute from an initial DE52 column fractionation resulted from a salt gradient (30mM- 

120mM NaCI), which produced enriched LHI fractions that were eluted after intact core fractions. 

This is indicated by the RC:LHI ratio (871nm:801nm).
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to use P-OG or LM for all stages but this would make the purification cost 
astronomical. A less disruptive detergent, Thesit, was used as a alternative to 
LDAO, after the initial solubilisation step, but an improved yield of stable RC- 
LHI conjugate was not forthcoming. The isolation of R. centenum core is 
described below.

Actively growing cultures were used as 2% (v/v) inocula for 101 batches 
(grown in 500ml bottles) and harvested 22±2 hrs la ter (Figure 3.2). After 
French Pressing and solubilisation (see above) the supernatan t was subjected 
to an anion exchange using DEAE columns which were prepared using a 
BioRad column/pump/fraction Econo collector system. Approximately 400 cm^ 
of DE52 (W hatman) was equilibrated to a pH of 8.0 by pum ping 0.1% LDAO 
(v/v), 20mM TRIS.HCI, pH8.0 through the column. Solubilised m ateria l was 
loaded onto the column. Once all unbound protein was eluted (m easured by the 
elute's 275nm absorbance) a salt gradient was then applied from 30mM to 120 
mM NaCI (containing 0.1% LDAO, 20mM TRIS.HCI, pH8.0). The fraction 
collector was calibrated to collect aliquots of approximately 5ml. Typical elutes 
of one such column can be seen in Figure 3.12. The elute from the DEAE 
column occurs as a broad coloured band. W ithin this band are two regions of 
enhanced 871nm absorption, represented by the arrows. Representative 
absorbance spectra from these two regions are shown in Figures 3.12B and 
3.12C. Both these spectra are for undiluted elutes and shows spectroscopically 
th a t aliquot 55 (Figure 3.12A, right arrow) is more sim ilar to the in vivo 
absorption spectrum  than  aliquot 100 (Figure 3.12A, left arrow). Exam ining 
the NIR absorbance spectra of the elute aliquots generally indicates th a t as 
elute num ber (i.e. increasing NaCI concentration) increases a higher 
proportion of LHI absorbance occurs (Figure 3.12A, open circles). The 
871nm/801nm ratio (Figure 3.12A, open circles) can be crudely used as a 
m easure of in tact cores and indicates th a t as salt (NaCI) levels increase above 
a certain  level (75 mM NaCI) enriched LHI fractions are eluted.

The isolation of core was stream lined by eluting DEAE columns in  salt 
steps a t 40mM, 50mM, 60mM, then 75mM NaCI (in detergent containing 
buffer). The elutes were then examined spectroscopically for core integrity. The 
anion exchange step was repeated to further purify the pigment-protein 
complexes (Figure 3.13). The spectroscopically pure fractions were then 
subjected to gel filtration (e.g. Figure 3.14), as previously described. 500pl 
aliquots were collected and absorption spectra taken. The example of gel 
filtration elutes from R. centenum  (Figure 3.14) illustrates th a t the core does 
degrade. This is indicated by the broad peak of absorbance a t the  NIR region 
(Figure 3.14A), since the ratio between the absorption peaks a t 871nm (i.e.

112



0.8

o

0.6

0.2 o o

Elute aliquot number

□  801 nm□  871 nm o 871nm/801nm

O o

25 30

Elute aliquot number

O 871nm/801nm O 871nm/275nm

Figure 3.14: Fractionation of R. centenum core elutant from a S-200 molecular sieve 
column. (A): Absorption data (1/10th dilution) for 0.5ml Elute aliquots obtained from a im  
molecular sieve column. The relative ratio of LHI:RC is depicted. (B): The LHI:RC ratio 
and core:protein (871 nm/275nm) varies with aliquot. As in part (A) aliquots 10, 20 and 30 
have been highlighted by arrows (C): Absorption spectrum of aliquot number 10. (D): 
Absorption spectrum of aliquot number 20. (E): Absorption spectrum of aliquot number 30. 
From the absorption spectra it is clear that the aliquots are not homogenous; first LHI 
enriched fractions appear followed by the core fractions followed by RC enriched fractions.
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Figure 3.15: Spectroscopic analysis of the pigmented bands from a R. centenum sucrose gradient. 

(A): Photograph of the pigmented bands resulting from a discontinuous sucrose gradient (0.6M- 

1.2M sucrose, 0.1% [w/v] LDAO, 10mM TRIS.HCI, pH8.0). Two pigmented bands occurred, band I 

(top) and band II (bottom). (B): Absorption spectra of bands I and II. The spectra from the two 

bands appear to be very similar. When normalised at a non-pigment absorbing wavelength (650nm) 

these spectra are near identical (Figure 3.15C).
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(B): Absorption Spectra of Bands I and II.
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Figure 3.16: Thin layer chromatography from Bands I an II of R. centenum. The 
pigmented bands resulting from the sucrose gradients described in the body of the text 
had their lipids extracted using the method by Russell and Hardwod, (1979). The lipid 
extraction was loaded onto a TLC plate (Alugram® SILG. Macherey-Nagel, Duren, 
Germany) and pre-run in 100% Acetone to separate the pigments from the lipids. The 
acetone solvent front is marked above, as are the resultant pigment spots. Once air dried 
the TLC plate was then placed in the lipid extraction system (chlrororm: methanol: acetic 
acid: water, 85:15:10:3.5) described by Russell and Hardwood, (1979). The solvent front 
was allowed to migrate to a point just below the pigment spot formed by the previous 
chromatographic run. Lipid standards were loaded between the two R. centenum 
extractions. The polar lipid standards were: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiollipin (CL). The 
above TLC plate was developed using molybdate spray to detect the phospholipids, then 
by iodine vapour for general lipid detection (see Imhoff et al., 1982).
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LHI) and 801nm (i.e. RC) change with fraction number. The overall 
871nm/275nm ratio (Figure 3.14B, open diamonds) is constant for aliquots 6 
through 24. This indicates tha t the LHI/total protein concentration ratio is 
constant. The change in the 871nm/801nm ratio m ust then  be due to RC 
variation between fractions. Gel filtration thus removes the RC depleted core 
conjugates from the in tact ones by eluting the LHI enriched cores first (Figure 
3.14C), w ith the LHI depleted fractions eluted last (Figure 3.14E). The intact 
cores (represented by Figure 3.14D) were then detergent exchanged into the 
appropriate buffer as described in Chapter Two.

Since a high proportion of RC-LHI was lost, the  isolation protocol was 
altered. After an initial DE52 column, the spectroscopically pure fractions 
were when loaded onto a continuous sucrose gradient (optimum conditions 
being 0.6M-1.2M sucrose, 0.1% LDAO, lOmM TRIS.HCI, pH8.0) and 
centrifuged a t 197K xg, 4°C for 16 hours in a fixed angled Sorval T865 rotor. 
The continuous sucrose gradients produced an upper and lower pigmented 
band (see Figure 3.15A). These bands were designated band I and II 
respectively. Absorption spectroscopy reveals th a t the two bands appear to be 
very sim ilar (Figure 3.15B). Indeed when normalised a t a non-pigment 
absorbing wavelength (i.e. 650nm) the absorption spectra are virtually 
identical (Figure 3.15C).

These bands are discrete thus they m ust be, by definition, different. 
There are three possible reasons why two bands are produced. F irstly  the 
RC-LHI system stoichiometry is not fixed, as described by A agaard and 
Sistrom, (1972) but occurs in two forms. Secondly the RC-LHI has degraded in 
some m aner thereby producing two bands. The final explanation is th a t one 
band is an aggregate of the other. The first explanation can be virtually  ruled 
out as no other wild type species is known to have a variable core 
stoichiometry (Aagaard and Sistrom, 1972). The degradation of one band to 
the other, or protein aggregation, are the more plausible alternatives.

During isolation, different amounts of lipid m ay be removed from each 
core resulting in RC-LHI conjugates of different densities. Using th in  layer 
chromatography, no detectable difference occurred between bands I and II 
(Figure 3.16). Since no lipid differences could be established, the difference in 
density of the two bands m ust be due to another factor. Non-specific protein 
degradation m ay occur resulting in more than  one band. The RC-LHI 
conjugate is made up of a num ber of polypeptides (a, p, L, H, and M), pigments 
(bacteriochlorophylls, bacteriopheophytins, and carotenoids), and lipids. If  any 
of the above components were to randomly disassociate from the core then a 
sm eared band would result. There is not much degraded protein a t the  top of
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Figure 3.17: Characterisation of purified R.centenum RC-LHI conjugate. (A): Absorption spectrum 

of purified R. centenum RC-LHI. (B): An example of the change in absorbance detected at ~800nm 

during a Redox assay (see section 2.6.7). (C): Distribution of RC:BChl a ratios as determined using 

the established extinction coefficients (see section 2.6.7). The spread of RC:BChl a appears to be 

gaussian-like with a mean ratio of 1:29±3. The modal value is 1:30. (D): Distribution of the 

established and calculated extinction coefficients and their associated RC:BChl a ratios. The 

experimentally determined coefficient for BChl a at 880nm was determined to be 113±7mM"1cm 'h 

The mean RC:BChl a ratio using these values is 1:31 ±3 with an associated modal value of 1:32. All 

the above errors are standard deviations (S.D.).
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(B): Example of the A Abs. at ~800nm for a 
Redox Assay.

(C): Distribution of RC:BChl Ratios
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the sucrose gradient and the bands appear not to be diffuse (Figure 3.17A). 
Consequently the explanation of general pigment-protein degradation is also 
unlikely. This leaves only one explanation, th a t of core aggregation. 
Norm alising the spectra, a t a non-pigment absorbing wavelength (i.e. 650nm), 
indicates th a t bands I and II are similar. This suggests th a t no relative RC 
loss occurred in one band, and th a t protein aggregation causes two bands to be 
produced.

From the initial observations the RC-LHI was then routinely purified by 
the following method. Firstly solubilised m embranes were diluted w ith buffer 
to a  final LDAO concentration of 0.1% (w/v). After a single anion exchange 
column the spectroscopically pure fractions were loaded onto a sucrose 
gradient. The pigmented band(s) was then subjected to gel filtration (S-200, 
Pharm acia). The spectroscopically pure fractions were then  concentrated on 
DEAE-Fractogel 650(s) (Merck) and detergent exchanged as previously 
described.

The RC:BChl a ratio was determined to be 1:29±3 (using established 
extinction coefficients) or 1:31±3, n=31 (using a determ ined extinction 
coefficient a t 880nm of 113±7 m M .'lcm .-!, n=31). The modal value for the 
RC:BChl a ratios were 30 and 32 respectively (Figures 3.17C and 3.32). The 
spread of da ta  points, when plotting the determined extinction coefficients 
against RC:BChl a ratios, may suggest a slight slope to the data  set. However 
when comparing the spread of data  points (using correlation analysis) the 
modal value for both axes showed th a t no correlation was evident, r=-0.34. 
Since both these bands, once processed for protein purification, yield RC-LHI 
conjugate, this leaves us w ith the question as to which one represents the in 
vivo structure? Fluorescence spectroscopy was the tool used to establish core 
in tegrity  of the purified RC-LHI from these two bands. For wild type cores it 
has been established th a t there is probably a fixed stoichiometry betw een RCs 
and LHI (Aagaard and Sistrom, 1972), therefore any differences m ay arise 
from protein-protein, protein-pigment, and pigment-pigment contacts.

Carotenoids are known to be able to transfer the energy from incident 
photons to the reaction centre thereby increasing the overall efficiency of 
bacterial photosynthesis (Goedheer, 1959; F rank and Cogdell, 1987). Using 
th is criteria, a simple way to establish core integrity is to determ ine the degree 
of contribution th a t directly excited carotenoids make to energy transfer 
w ithin the antennae. To establish a reference level the excitation and emission 
spectra of whole cells, m embranes were compared to the purified proteins 
originating from bands I and II.
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Figure 3.18: (A) Typical fluorescence emission spectrum from f t  centenum whole cells excited at 

520nm (maximum carotenoid absorbance wavelength). Actual data from the LC50-R928 with 

transmission filters in situ produce very low levels of fluorescence intensity (INT). This is due to 

large amounts of light scattering by the sample which results in poor detection of INT by the 

phototube. Accounting for phototube QE greatly enhances levels of fluorescence as you approach 

900nm. In the uncorrected spectrum at 780 nm there is the maximum INT for the spectrum but 

once the QE correction equation has been applied (see text) this peak is greatly reduced and no 

longer is the maximum INT value. Although the maximum INT should be in excess of 900nm (see 

text) the limitations of the hardware and the scattering aeffect produce the artifact of a maximum 

peak at approximately 881 nm. (B): Corrected and normalised emission spectrum. The corrected 

emission spectrum in (A) was normalised. This was achieved by giving the maximum corrected 

fluorescence data point the arbitrary INT value of 100 A.U. All other data points were then 

referenced to that maximum value. The decreasing INT for wavelengths greater than 880nm 

indicates that the correcting factor for the extreme wavelengths is insufficient, and also accounts for 

the jagged corrected INT readings.
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The commercially available Perkin-Elmer fluorescence spectrometer 
LC50 was used to record both fluorescence emission and excitation spectra. 
The LC50 was fitted w ith the R928 phototube (see Chapter Two for details) 
which enabled reliable data  to be collected in the NIR wavelengths up to 
900nm (Figure 2.1).

Analysing raw fluorescence data was inappropriate, the da ta  had to be 
m anipulated to account for the quantum  efficiency of the R928 detector. Using 
the example of an  emission spectrum obtained from R. centenum  whole cells 
(Figure 3.18) the difference between raw and QE-R928 corrected data  is clear. 
The raw  data  set shows fluorescence peaks at approxim ately 790nm and 
860nm. Free BChl a absorbs at approximately 772nm and emits in the region 
of 790nm. The fluorescence peak a t 790nm is probably due to w hat appears to 
be a relatively large am ount of free bacteriochlorophyll a in  the sample. The 
second peak a t 860nm is due to the RC-LHI fluorescence. I t is unusual for a 
photosynthetic system to emit a shorter wavelength of electromagnetic 
radiation than  it absorbs (R . centenum  NIR absorption peak is approximately 
871nm). However when the polynomial equation (described in section 2.5.1) is 
applied the 790nm peak reduces and the second peak is red shifted to a longer 
wavelength (i.e. 871nm —> 881nm) than  the absorption NIR peak (Figure 
3.18A).

The fluorescence of LHI from members of the Rhodospirillaceae occurs in 
excess of 900nm (for an example see Deinum et al., 1991). Since the maximum 
INT in Figure 3.18A is less than  900nm it is apparent th a t the simple 
correction factor which has be applied is insufficient. However it  does enable 
more accurate data  collection and interpretation than  the raw  da ta  alone. This 
then  lim its the observations th a t can be made when analysing data. 
Fluorescence levels are arb itrary  units (A.U.), thus all da ta  points were 
norm alised against the maximum fluorescence intensity (INT) value for each 
emission spectrum. The maximum INT was given the arb itrary  value of 100 
A.U. Figure 3.18B illustrates the normalised data set from Figure 3.18A. The 
correction and norm alisation of INT m easurem ents of the above example 
enabled standardised data m anipulation for all proceeding da ta  sets.

For all fluorescence studies an optimum density of sam ple (m easured at 
the NIR peak) was established to counter the scattering phenomenon. Sodium 
dithionite (a very powerful reducing agent causing the RC trap  to be closed) 
has the  net effect of increasing LHI fluorescence. This helps to increase the 
signal-to-noise ratio detected by the R928 phototube. Since sodium dithionite 
is a very powerful reducing agent, whole cells were resuspended in oxygen 
depleted, nitrogen enriched, 50mM TRIS.HC1, pH8.0. N itrogen was
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Figure 3.19: Increased R. centenum whole cell fluorescence due to addition of sodium 
dithionite. Addition of 6|j M sodium dithionite causes the maximum increase in uncorrected 
fluorescence detectable by the LC50-R928 hardware. On addition of dithionite (right arrow) 
a lag of 5 mins occurs until a raised level of INT is achieved (left arrow). The raised 
fluorescence is maintained for at least 4 hours (insert).



1.5-

0.5-
350

450
895 Excitation wavelength (nm)875 855 550835 815 795Emission wavelength (nm)

I00

50 -

■o

Lmrrnrnmmmmm ^w m m mMmrnm

865835
Emission wavelength (nm)

850 880 895820790 805775

Figure 3.20: Emission spectra for whole cell R. centenum. (A): Corrected 3D emission 
spectrum for R. centenum whole cells. Specta were collected every 10nm in this example 
and corrected for R928 quantum efficiency. Note that the fluorescence for wavelengths 
greater than 630nm are negligible consequently when averaging the normalised spectra 
only excitaion wavelengths between 350nm and 630nm were used. All the spectra indicate 
a reduced signal-to-noise ratio for wavelenghts in excess of 895nm. This is due to a 
combination of poor whole cell fluorescence and limitations of the hardware used. (B): 
Averaged, corrected and normalised emission spectra for R.centenum whole cells (350nm 
630nm excitation wavelegths). The average value (open circles) is flanked by the standard 
errors (solid lines), n=29. Both spectra (A and B) but especially figure A indicated 
flourescence of free bacteriocholorophyll a by raised flourescence observed at 
approximaetly 790nm. This indicates that not all the inicent radiation is being passed to 
LHI.
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added to the buffer to lower the concentration of oxygen present. An optimum 
concentration of 6pM sodium dithionite was established. When sodium 
dithionite was added it took a few m inutes for the dithionite to enter the cells, 
and reduce LHI, before causing enhanced INT. Figure 3.19 illustrates th a t a 5 
m inute lag for whole cells occurred on addition of 6pM sodium dithionite 
before raised INT values occurred. Addition of dithionite results in  a continual 
increased level of INT for the duration of data set collection (approximately 4 
hours per excitation/emission data sets, see Figure 3.19[insert]).

Both emission and excitation spectra were analysed from whole cells, 
m em branes, and the purified RC-LHI originating from bands I and II. 
Emission spectra were collected between 775nm and 900nm from incident 
excitation wavelengths from 350nm to 650nm in 5nm increm ents. These 
excitation lim its were chosen because the carotenoid excitation wavelengths 
(470nm to 570nm) can be compared to the bacteriochlorophyll excitation peaks 
a t the soret (380 nm) and Qx (590nm) bands. Figure 3.20 illustra tes the 
excitation/emission plot for one data  set of R. centenum  whole cells. The data 
was corrected for R928 Q.E. and plotted against excitation wavelengths at 
lOnm increments. The fluorescence levels are m inim al for emission 
wavelengths less than  830nm. Since there is only a small fluorescence peak at 
790nm this indicates th a t there is very little free bacteriochlorophyll in whole 
cells. The maximum INT level occurs a t approximately 881nm (RC-LHI in 
in tact whole R. centenum  cells absorbs a t approximately 874nm). There is 
virtually  no fluorescence for excitation wavelengths g reater th an  625nm. Two 
large peaks are seen in the excitation spectra and are a ttribu ted  to the  soret 
(380nm) and Qx (591nm) bands of bacteriochlorophyll a. Averaging the 
normalised emission spectra from Figure 3.20A produces the emission 
spectrum  in Figure 3.20B. Since excitation wavelengths g reater than  620nm 
did not cause fluorescence they were omitted from the averaged emission 
spectrum. Whole cell fluorescence studies proved to be very difficult due to 
light scattering by the samples. Corrected and normalised excitation/emission 
spectra were then  obtained for membranes and purified proteins originating 
from bands I and II, see Figure 3.21.

To collect data sets with a higher signal-to-noise ratio, a different 
approach was used. Multiple scans were collected for a single emission 
wavelength. The emission wavelength chosen was 860nm (the maximum 
fluorescence from uncorrected emission spectra). For each data  set the 
sam pling ra te  was reduced from 100 to 50nm m in '1. Each data  set comprised 
of 10 emission spectra. The multiple emission spectra were averaged and then 
normalised as before. One data set is shown in Figure 3.22. The absorption
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Figure 3.21: 3D Emission/excitation spectra for a batch of f t  centenum membranes and isolated 

RC-LHI originating from bands I and II. The fluorescence data was corrected and normalised as 

described in section 2.5.1. (A): 3D emission/excitation spectrum for membranes. Two distinct peaks 

occurred at approximately 380nm (-100 A.U.) and 590nm (-25 A.U.) which are due to the soret 

and Qx bands of bacteriochlorophylla respectively. Between these two peaks lies a region of raised 

fluorescence with a maximum fluorescence value of approximalty 20 A.U. (B): 3D 

Emission/excitation spectrum for purified RC-LHI originating from band I of a sucrose gradient (see 

section 2.6.2). (C): 3D Emission/excitation spectrum for purified RC-LHI originating from band II of 

a sucrose gradient. For both emission/excitation spectra for purified RC-LHI the signal to noise ratio 

is less when compared to that for the membrane spectrum. This was considered to be due to the 

presence of detergent in the sample.
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(C): Excitation/emission spectrum for R.centenum RC-LHI originating from Band II.
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Figure 3.22: Averaged excitation spectra for a batch of R. centenum. The spectra are 
from whole cells (A), membranes (B) and purified core conjugate originating from bands I
(C) and II (D). All spectra are corrected and normalised as described in the text. The 
excitation spectra illustrate that the soret:Qx fluorescence ratio is generally constant 
however for the whole cell excitation spectra is somewhat higher. This difference may be 
due to self absorption, or scattering; see text. All spectra (absorption and excitation) are 
normalised at 590nm (Qx band of bacteriochlorophyll a) with the maxiumum value given 
the arbitary value of 100 A.U. The absorption and excitation spectra originating from 
bands I (C) and II (D) are very similar to each other. Both the whole cell (A) and membrane 
spectra (B) indicate enhanced absorption in the near U.V.-soret region (350nm-380nm) 
while the fluorescence spectra in this range are very simliar to that of purified complexes 
(C and D). The maximun carotenoid absorption peaks for C and D are the same (78 A.U.) 
but are significantly lower in membranes (63 A.U.) and whole cells (53 A.U.). These 
reduced levels are probably due to a combination of the very low sample concentration 
(<0.1 O.D) and poor dection by the UV-PC2101 UV-VIS spectrophotometer.

(A): Cells
100

75
ID
<

25

600 650550500450400350
wavelength (nm)



(B): Membranes
100

75
3
<

I -

350 400 450 500 650550 600
wavelength (nm)

(C): Isolated RC-LHI from Band I
100

25

650600550500450400350
wavelength (nm)

(D ): Isolated RC-LHI from Band II
100

AiL

650550 600500450400350
wavelength (nm)



%Eff.at
530nm±S.D.

%Eff. at 
Max. Car. Abs.±S.D.

number of 
replicates

whole cells

........................

24±1.5 29±3.9 3

membranes 31 ±3.5 33±2.3 2

RC-LHI isolated from bandl 31 ±5.9 30±6.6 2

RC-LHI isolated from bandll
i

25±2.4 26±3.3 4

Figure 3.23: Tabulated data for the %efficiency (%Eff.) for caroteinod transfer in R. centenum to 

LHI when compared to absorbance.
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excitation spectra are of different scales and units, bu t they are both linear 
units. Consequently the data was normalised a t the Qx bacteriochlorophyll 
band (590nm) w ith the maximum normalised data point given the arbitrary 
value of 100 A.U. In Figure 3.22 the absorbance and fluorescence spectra are 
sim ilar for the BChl a bands, consequently significant specimen self absorption 
has not occurred. Direct comparisons were then made pertaining to the role of 
carotenoids in the isolated RC-LHI, based on the protocol by van Grondelle et 
a l., (1982).

Carotenoids have a triple absorption spectra. Since no comparable peaks 
occured in the excitation spectra (Figure 3.22) the averaged carotenoid 
efficiencies were calculated by comparing the absorption and excitation values 
a t 530nm and a t the wavelengths th a t produced the highest absorbance levels 
in the  carotenoid visible absorbing range (450nm-570nm).

In  R. centenum  the efficiency of energy transfer to LHI is approximately 
30% when the carotenoids are directly excited (Figure 3.23). There is no 
statistical difference in carotenoid activity between any of the sta tes of protein 
purification. I t is not surprising th a t the carotenoid efficiency in R. centenum  
is sim ilar to the  comparable value for R. rubrum  (Goedheer, 1959) since both 
have sim ilar carotenoids.

In  sum m ary the purified RC-LHI from R. centenum, originating from 
Bands I and II, is spectroscopically identical with no differences observed by 
SDS-PAGE (Figure 3.33).

133



Chapter 3: Cell Culture and Protein Purification:

3.3.2 R. rubrum:
The isolation of pigment-protein complex from this stra in  of R.rubrum  

was based on Dawkins, (1988). Membranes were prepared (see section 2.3) and 
diluted to an optical density of 50 cm~l. They were then  solubilised w ith 1.0% 
(w /v ) LDAO as described in section 2.6.1 and loaded on to DE52 (Whatman) 
anion exchange columns (see section 2.6.3). Two DE52 columns were used to 
purify the RC-LHI; the spectroscopically pure elute fractions from the first 
were loaded on to the second. The spectroscopically pure elute fractions from 
the second column were concentrated by another DE52 column (section 2.6.3) 
and then  passed through a gel filtration column (S-200 sephacryl, Pharm acia; 
section 2.6.4). This produced purified RC-LHI which was then  detergent 
exchanged, concentrated, and de-salted as described in C hapter Two. An 
absorption spectrum  of purified RC-LHI (salt free) is shown in Figure 3.24A. 
The RC-LHI was then characterised by the protocol described in  section 2.6.7. 
Figure 3.24C suggests th a t for purified RC-LHI the RC:BChl a ratio  is 1:30±4, 
n=74 using the established coefficients for both the bacteriochlorophyll and 
RC-Redox assays. When using the experimentally determ ined extinction 
coefficients the RC'.LHI ratios alter slightly to 1:33±5. The relationship 
between RC:BChl a ratio and determined extinction coefficients (Figure 3.24D) 
suggests th a t the standard deviation (S.D.) for the determ ined extinction 
coefficient a t 880nm is spread evenly from the mean, 116±6 mM"lcm"l,n=74.
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Figure 3.24: Spectroscopic characterisation of purified R. rubrum strain S1 RC-LHI conjugate. (A): 

Absorption spectrum of purified R. rubrum RC-LHI. (B): An example of the change in absorbance 

detected at ~800nm during a Redox assay (see section 2.6.7). (C): Distribution of RC:BChl a ratios 

determined using the established extinction coefficients (see section 2.6.7). The spread of 

RC:BChl a appears to be gaussian-like with a mean ratio of 1:30±4 ,n=74. The modal value is 1:32.

(D): Distribution of the established and experimentally determined extinction coefficients and their 

associated RC:BChla ratios. The experimentally determined coefficient for BChla at 880nm was 

determined to be 111 ±6 mM'1cm"1,n=74. The mean RC:BChl a ratio using these values is 1:33±5 

with an associated modal value of 1:33. All errors are standard deviations (S.D.).



(A): Absorption Spectrum of Purified RC-LHI

0.5

0.4

0.3

Q
o

0.2

0.1

850750650550450350250
Wavelength (nm) 

  RC-LHI



(B): Example of the A Abs. at ~800nm from (C): Distribution of RC:BChl Ratios, 
a Redox Assay.
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3.3 .3  Rp. acidophila:
In the previous species sucrose gradients were not required to prepare the 

RC-LHI conjugate because there is only one type of protein-pigment complex. 
Rp. acidophila , however, also produces peripheral light-harvesting protein- 
pigment complexes (LHII). Applying a DEAE (DE52, W hatman) column after 
solubilisation does separate RC-LHI from LHII but the spectral purity of 
fractions produced can result in over 70% of the aliquots being discarded due 
to significant LHII contamination in RC-LHI fractions. Sucrose gradients were 
therefore used to increase the degree of separation between RC-LHI (core) and 
LHII (see section 2.6.2).

Membrane density was reduced to 50 cm 'l a t the NIR peak when 
solubilised a t room tem perature for 15 min. w ith 1.0% w/v LDAO purum , 20mM 
TRIS.HC1, pH8.0. Unsolubilised m aterial was removed by centrifugation (see 
Chapter Two). The LDAO in the supernatant was then  reduced by dilution to 
between 0.2 and 0.3% w/v w ith 20 mM TRIS.HC1, pH8.0.

Sucrose gradients were used as they produced spectroscopically pure 
pigment-protein fractions when examined in the NIR region. Only small 
volumes of sample may be loaded on to a sucrose gradient otherwise 
overloading results causing the pigmented bands to overlap. To overcome this 
an in itial DE52 column was used to separate the solubilised m em branes into 
three fractions, enriched RC-LHI, mixed RC-LHI-LHII, and enriched LHII. 
The RC-LHI enriched fraction was then loaded on to a sucrose gradient as 
described in section 2.6.2. Figures 3.25A and 3.25B illustra te  the difference in 
core yield from sucrose gradients between a DEAE (DE52, W hatm an) elute 
and a directly loaded sucrose gradient of solubilzed mem branes. Directly 
solubilised m aterial did not migrate to the same positions in the tubes as the 
DEAE elute and the la tte r did not appear to have any proteinaceous pellet. 
DEAE columns can have the ability to separate loosely associated lipids from 
proteins (Hawthornthwaite, A., personal communication). The DEAE elutes 
may simply m igrate further due to reduced lipid content in the pigment- 
protein-detergent-lipid micelles (Figure 3.25B). If lipids were removed it would 
m ake the  pigment-proteins of different density than  their counterparts in the 
directly loaded gradients (Figure 3.25A). Both diagrams are the same scale 
thus directly comparing their RC-LHI peaks (Band II) shows th a t a t least 
twice the O.D. (which means more than  twice the am ount of protein since 
optical density is a logarithmic scale) of core is produced in a core enriched 
DEAE fractions per unit volume. Using directly solubilised m em branes after 5 
hours of centrifugation (197000 xg, 4°C, in a  fixed angled Sorval T865 rotor) 
two discrete bands can be observed (Figure 3.26).
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Figure 3.25A: Optical Density measurements from a continous sucrose gradient (0.3M-
1.2M, 0.2% LDAO, 10mM Tris.HCI, pH8.0) of Rp. acidophila strain 7750. The sample has 
been enriched with core conjugate. Absorbance measurments were taken after 1 (A), 3
(B), 5 (C). and 16 hours (D). Centrifugation occured at 197000 xg, 4°C in a Sorval T865 
rotor. Measurements at 884nm illustrate the amount of LHI (RC-LHI conjugate), while 
802nm depicts the amount of antenna pigment-protein present and 275nm indicates 
general protein (aromatic amino acid residues) levels. After five hours two discrete bands 
can be detected and isolated.
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Figure 3.25B: Optical Density measurements from a continous sucrose gradients (0.3M- 
1.2M, 0.2% LDAO, 10mM Tris.HCI, pH8.0) for solubilised Rp. acidophila strain 7750 
membranes. The spectra were obtained after (A) 0 (control), 3 (B), 5 (C) and 16 hours 
(D). samples were cetrifugated at 197000 xg, 4°C in a Sorval T865 rotor. The 
measurements at 884nm illustrate the amount of LHI (RC-LHI conjugate), 802nm depicts 
the amount of antenna pigment-protein present, while 275nm indicates general protein 
(aromatic amino acid residues) levels. After five hours or more two discrete bands can be 
detected.
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Continous Sucrose Gradients from Solubilised Membranes of 
Rp. acidophila strain 7750.
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Figure 3.26: Pigmented bands of a continous sucrose gradient from directly solublised membranes 
of Rp. acidophila strain 7750. The sucrose gradient was from 0.3M to 1.2M sucrose in a buffer 
containing 0.2% w/v LDAO amd 10mM TRIS.HCI, pH 8.0. The solubilised sample was loaded at the 
top of the poured gradient (i.e. zero hours) then allowed to sperate into its two pigmented bands. 
After 3 hours two bands can be observed. After approximately 5 hours centrifugation (197000 xg, 
4°C, in a T865 rotor) two descrete bands can be isolated. The pigmented bands reach their final 
positions between 12 and 16 hours at 197000 xg.



Figure 3.27: Spectroscopic Characterisation of Rp. acidophila strain 7750 Pigment-Protein 

Complexes. (A): Absorption Spectra of pigmented bands (bands I and II) resulting from a 

discontinuous sucrose gradient (1.2M, 0.6M, 0.3M sucrose in 0.15% LDAO w/v, 20mM TRIS.HCI, 

pH8.0). (B): Absorption Spectra of the purified pigment-protein complexes resulting from the 

protocols in the body of the text. (C) Example of a Redox assay on the isolated and purified RC-LHI 

conjugate (core). The optical density of the sample was adjusted to approximately 1.0 A.U. and 

reduction-oxidation spectra obtained by continually adding sodium ascorbate and ferric cyanide to 

the reference and sample cuvettes respectively. This was done until no absorbance change at 

approximately 800nm was observed. The absorbance change at approximately 800nm is ultimately 

used to calculated the RC:BChl a ratio. To ensure that irreversible bleaching of the light-harvesting 

bacteriochlorophyll had not occurred the oxidised cuvette was reduced (by adding ascorbate) and 

the blue shift eliminated. Key: b:- baseline, rd:- blue shift at 800nm, or:- oxidation reversibility in 

sample (D): Distribution of RC:BChl a ratios using the established extinction coefficients. The mean 

RC:BChl a ratio is 1:30±4,n=67. (E): Distribution of calculated extinction coefficients for the RC-LHI 

conjugate. The experimentally calculated RC:BChl a ratio is 1:33±4,n=67 with an associated 

calculated extinction coefficient of 107±4 mM"1cm‘ 1,n=67. All errors are standard deviations (S.D.).



(A): Absorption Spectra of Bands I and II.

0.5

0.4

0.3

0.2

0.1

0
350 450 550 650 750 850

Wavelength (nm)

Band I  Band II

(B): Purified Pigment-Protein Complexes.

0.5

0.4

0.3

Q
o

0.2

0.1

850750650550450350250
Wavelength (nm)

RC-LHI B800-850



(C): Example of the A Abs. at ~800nm for a 
Redox Assay.
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The isolation of Rp. acidophila was standardised by first solubilising the 
m em branes then  subjecting them to a DEAE anion exchange column (DE52, 
W hatman). The spectroscopically pure elutes (RC-LHI enriched) were then 
loaded onto either a continuous or discontinuous sucrose gradient. If 
continuous gradients were used the pigmented bands were collected after 12±2 
hrs. The discontinuous gradients had three steps, 1.2M, 0.6M and 0.3M 
sucrose in 0.15% (w/v) LDAO, 20mM TRIS.HC1. When discontinuous gradients 
were utilised (section 2.6.2) they were collected when Band II (bottom band) 
had reach the interface between the two denser sucrose solutions. The 
pigment-protein complexes were then further purified and characterised as 
described previously.

Three stains of Rp. acidophila were investigated, these were 7750, 10050 
and 7050. The isolation procedures were identical for all three stains.

Rp. acidophila strain 7750

Figure 3.27 outlines the characterisation of RC-LHI. The pigmented 
bands (Figure 3.27A) represent crudely purified B800-850 (Band I) and RC- 
LHI (Band II). Notice th a t the carotenoid composition is different (absorption 
range 450nm - 570nm) in the peripheral and core pigment-protein complexes. 
The purified RC-LHI conjugates (Figure 3.27B) were then analysed for their 
RC and BChl a content. The determined extinction coefficient a t 880nm was 
found to be 107±4,n=67. Using the established and determined coefficients the 
RC:BChl a ratios are 1:30±4, n=67 and 1:33±4, n=67 respectively. All errors 
are standard  deviations (S.D.) where n represents the num ber of samples. 
Figure 3.27D shows clearly th a t there is an approximate gaussian spread of 
RC:BChl a ratios between the values of 1:21 and 1:40. Plotting the 
experim entally determined BChl a coefficient a t 880nm against the calculated 
RC:BChl a ratios illustrates th a t the experimentally determ ined coefficient is 
107 mM .-icm."1, n=67 with an even spread of data points around it.

Rp. acidophila  strain 10050

The RC:BChl a ratios were 1:35±3, n=82 (established extinction 
coefficient) and 1:39±4, n=82 (determined extinction coefficient). The 
determ ined extinction coefficient a t 880nm was calculated to be 

107±6 m M 'icm -1 , n=82.
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Rp. acidophila strain 7050
The RC:BChl a ratios were 1:31±3, n=25 (established extinction 

coefficient) and 1:35±4, n=25 (determined extinction coefficient). The 
determ ined extinction coefficient a t 880nm was calculated to be 108±4 
mM"lcm"l,n=25.
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3.2 .4  Rp. palustris strain 2.6.1;

The optical density of the Rp. palustris membranes, m easured at the NIR 
peak (875nm, high light grown cultures; 800nm, low light grown cultures), was 
reduced to 50 cm“l  w ith 20mM TRIS.HC1, pH8.0. The m em branes were then 
solubilised a t room tem perature for 15 min. w ith 1.0% w/v LDAO purum  (Fluka 
Biochemicals). Once solubilised the sample was centrifuged as described in 
section 2.6.1 and the pellet discarded. The concentration of LDAO was then 
reduced to between 0.2% and 0.3% (w/v) LDAO. This species does not stick well 
to a DEAE column directly after detergent solubilisation. As a result sucrose 
gradients were employed to separate LHII from the RC-LHI conjugate. 
Sucrose gradients (0.3M to 1.2M sucrose, 0.15% (w/v) LDAO, lOmM TRIS.HC1, 
pH8.0) were prepared as described in section 2.6.2. Figure 3.28A shows typical 
Rp. palustris s tra in  2.6.1. absorption spectra of the pigmented bands from 
sucrose gradients. In "low light" grown cells the abundance of band I is greatly 
enhanced relative to band II. As a consequence of this Rp. palustris was 
usually grown under "high light" conditions when RC-LHI isolation was 
required.

The pigmented bands were dialysed against, or diluted w ith 0.1% (w/v) 

LDAO, 20mM TRIS.HC1, pH 8.0 to remove the sucrose (sucrose reduces the 
binding of these proteins to DEAE). An anion exchange step (see section 2.6.3) 
was carried out to further remove any peripheral antennae and other general 
protein contamination. A second DE52 column was only occasionally required 
to fu rther fractionate the two bands. The spectroscopically pure fractions were 
collected and the samples were dialysed against 0.1% w/v LDAO, lOmM 
TRIS.HC1, pH 8.0 to remove the salt. The dialysed samples were then 
concentrated (section 2.6.3) and loaded onto gel filtration columns (section 
2.6.4), then detergent exchanged and desalted (section 2.6.6). Figure 3.28B 
shows absorption spectra of the purified and de-salted Rp. palustris pigment- 

protein complexes.
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Figure 3.28: Spectroscopic characterisation or Rp. palustris strain 2.6.1. pigment-protein 

complexes. (A): Absorption spectra of the pigmented bands (bands I and II) from a discontinuous 

sucrose gradient (1.2M, 0.6M and 0.3M sucrose in 0.2%w/v LDAO, 20mMTRIS.HCI, pH 8.0).

(B): Absorption spectra of the purified protein complexes. (C) Example of the change in absorbance 

at 800nm for a Redox assay. Key:-B, baseline; rd, blue shift at 800nm; or, oxidation reversibility. 

(D): Distribution of the RC:BChl a ratios using the established extinction coefficients against. Mean 

RC:BChl a ratio is 1:25±4, n=42. (E): Distribution of the established and calculated extinction 

coefficients against RC:BChl ratios. Mean RC:BChl ratio is 1:29±7, n=42. The mean calculated 

extinction coefficient at 880nm was 105±11, n=42. On examination of the spread of data suggests a 

correlation between the RC:BChl ratio and calculated extinction coefficient. However, correlation 

analysis shows no significant relationship (r=-.68, n=42).
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(C): Example of the A Abs. at ~800nm for 
a Redox Assay.
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This s tra in  of Rp. palustris produces very stable cores compared to other 
species examined, however its purification steps are among the longest 
because all solubilised m aterial m ust be passed through a sucrose gradient. 
The in tactness of the core can be demonstrated by the m ean RC:BChl a 
ratio ±S.D., i.e. 1:25±4, n=42 (Figure 3.28D). When experim entally determined 
coefficient a t 880nm are used (105±11 mM"lcm“l  , n=42) the ratio  alters to 
1:29±7, n=42. The larger S.D. for the RC:BChl a ratio using the experimentally 
determ ined extinction coefficient is probably due to the relatively large S.D. 
(±11) for the determined coefficient. Using the mode as a sta tistical guide the 
RC:BChl a ratios are 1:33 and 1:25-28 using the established and determined 
extinction coefficients respectively.
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3.3.5. Rp. cryptolactis:

The isolation procedures for the RC-LHI from this bacterium  were sim ilar 
to Rp. acidophila. The spectroscopically pure fractions from a DE52 
(W hatman) column were layered onto a sucrose gradient and the pigmented 
bands isolated. Rp. cryptolactis can produce two types of LHII, these are the 
B800-850 and B800-820 complexes. Separation for B800-820 from B800-850 
was found to be easiest using sucrose density centrifugation. The optimum 
conditions to separate the two LHII forms into two pigmented bands was 12 
hours a t 197K xg (4°C in a T865 rotor) in a continuous gradient of 0.3M to 
0.6M sucrose, 0.15% LDAO (w/v), 20mM TRIS.HC1, pH 8.0. Figure 3.29A 
dem onstrates th a t even under "high light" growth conditions B800-820 can be 
produced. In the absorption spectrum of band I (LHII) in Figure 3.29A there is 
a shoulder a t 822nm which is indicative of the presence of B800-820 complex 
w ithin the  native mem brane (Stadtwald et al., 1990).

The RC-LHI was then  purified as previously described. Redox Assays in 
combination w ith bacteriochlorophyll assays suggest th a t the RC:LHI ratio is 
1:33±5, n=26 (or 1:36 modal) using the established coefficients or 1:32±5, n=26 
(or 1:37 modal) using the calculated coefficient a t 880nm of 117±7 m M 'lcm 'l, 
n=26 (Figure 3.29). Unlike the previous examples the modal and m ean values 
are less similar. This means th a t either one value is wrong or th a t the 
optimum method of RC-LHI isolation was never tru ly  obtained. Although 26 
individual Redox assays were carried out the spread of RC:BChl a ratios 
(Figure 3.29D) suggests th a t the true value does lie somewhere between the 
m ean and modal values.

Only further assays will establish the true RC:BChl a ratio. The 
experim entally determined coefficient for bacteriochlorophyll a t 880nm was 
very sim ilar to th a t obtained for R. rubrum  (£880nm= 120mM"^cm"^, Clayton 
et a l ., 1972).
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Figure 3.29: Spectroscopic analysis of Rp. cryptolactis pigment-protein complexes. (A): Absorption 

spectra of the pigmented bands (bands I and II, upper and lower respectively) resulting from a 

discontinuous sucrose gradient (1.2M, 0.6M and 0.3M sucrose in 0.2% (w/v) LDAO purum, 20mM 

TRIS.HCI, pH8.0). There is a shoulder at approximately 822nm in the band I absorption spectrum. 

This is due a residual amount of the B800-820 peripheral complex present in the B800-850 band. 

The B800-820 can be easily separated from the B800-850, by either DEAE columns or further 

sucrose gradients followed by gel filtration. (B): Absorption spectra of the purified pigment-protein 

complexes (RC-LHI and B800-850) resulting from the protocols described in the body of the text.

(C): An example of the reversible absorbance shift at 800nm associated with the RC-Redox assay, 

key:- b; baseline, or; RC associated Redox absorption shift, rd; RC oxidation/reduction reversibility.

(D): Distribution of the RC:BChl ratio using the established extinction coefficients. The mean value 

is 1:31±5, n=26 (modal value is 36). (E): Distribution of the established and experimentally 

determined extinction coefficients at 880nm against RC:BChl ratio. The experimentally determined 

extinction coefficient was calculate to be 117±7, n=26. All errors are standard deviations (S.D.).
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(C): Example of the A Abs. at ~800nm for 
a Redox Assay.
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3.3 .6  Rb. sphaeroides strains GA and M21:

Solubilised m aterial from Rb. sphaeroides GA was layered to sucrose 
gradients and centrifuged as described in section 2.6.2. The isolated bands 
were then  loaded on to an anion exchange column for purification. The m utant 
M21 is a "core only" producing strain  of Rb. sphaeroides (H unter and van 
Grondelle, 1987) which hopefully would remove the  need for 
u ltracentrifugation to separate RC-LHI from LHII. A ttem pts using DEAE 
columns on directly solubilised M21 membranes failed so, as in the case for 
stra in  GA (a RC-LHI-LHII producing strain), the solubilised m aterial was 
layered on top of sucrose gradients and after centrifugation (see Section 2.6.2) 
the resulting pigmented bands were isolated as previously described. Unlike 
Rp. palustris s tra in  2.6.1 the concentration of LDAO had to be kept to a 
m inim um  after the initial solubilisation step (-0.1-0.15% (w/v) LDAO). Beyond 
the sucrose step the isolation of RC-LHI was identical to th a t of Rp. palustris. 
Like R. centenum  the core of Rb. sphaeroides was found to be very unstable.

Rb. sphaeroides s tra in  GA; the RC:BChl a ratios obtained were 1:29±2, 
n=9 (mode 1:28) and 1:34±4, n=9 (mode 1:35) for the established and 
experim entally determined 880nm coefficients. The experimentally 
determ ined 880nm coefficient was found to be 105±10, n=9.

Rb. sphaeroides stra in  M21; the RC:BChl a ratios obtained were 1:30±3, 
n = l l  (mode 1:32) and 1:37±5, n = l l  (mode 1:29-35) for the established and 
experim entally determined 880nm coefficients. The experimentally 
determ ined 880nm coefficient was found to be 100±7, n = ll .

Figure 3.30 illustrates the spread of RC:BChl a ratios. For both strains 
(GA, Figure 3.30A and M21, Figure 3.30B) there appears to be a RC:BChla 
ratio th a t occurs more often than  the other ratios. Since only a small num ber 
of replicates were analysed (M21, n = ll;  GA, n=9) fu rther work needs to be 
carried out to further substantiate the RC:BChl a ratios and extinction 
coefficients th a t were determined.

3.3 .7  Rc. gelatinosus DSM149 and DSM151

This species was isolated in a sim ilar m anner to Rp. palustris 2.6.1. 
Thorough washing of the harvested cells was ensured prior to French pressing. 
C haracterisation of the purified RC-LHI from these two stra in s proved to be 
very s im ilar. Figures 3.30C and D illustrate th a t the  modal RC:BChl a ratio 
for both stains is 1:34 (1:35-36 using the experimentally determ ined 880nm 
coefficients). The m ean RC:BChl a values were 1:34±2 (DSM149, n=23) and

152



Chapter 3: Cell Culture and Protein Purification:

1:34±3 (DSM151, n=19). Using the experimentally determ ined coefficients for 
BChl a at»880nm  (116±5 mM’lc m 'l , n=23 for DSM149; 116±2 mM"lcm"l, 
n=19 for DSM151) were 1:35±2 (DSM149, n=23) and 1:36±3 (DSM151, n=19).
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Figure 3.30: RC:BChl ratios for the RC-LHI conjugates from Rb. sphaeroides and Rc. gelatinosus. 

(A): Rb. sphaeroides strain GA (B): Rb. sphaeroides strain M21. (C):Rc. gelatinosus strain 

DSM149. (D): Rc. gelatinosus strain DSM151.



(A) Characterisation of RC:Bchl ratios for Rb. sphaeroides strain GA. 
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(C) Characterisation of RC:Bchl ratios for Rc. gelatinosus strain DSM149.
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(D) Characterisation of RC:Bchl ratios for Rc. gelatinosus strain DSM151 
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3.4 Isolation of Peripheral Light-Harvesting Antenna Complexes:

3.4.1 Rp. acidophila  (strains 10050, 7750, 7050):

M embranes were solubilised under slightly different conditions than 
section 3.2.3 if isolated LHII was required. The membrane NIR optical density 
peak was diluted to 25 cm"1 with 20mM TRIS.HC1, pH8.0 then  LDAO purum  
(Fluka Biochemicals) was added to final concentration of 1% (w/v). The 
m em branes were left to incubate for lhour a t room tem perature. The 
solubilised m aterial was then centrifuged to remove any solid m aterial 
(lOKxg, 4°C in a Sigma K12 centrifuge) and the supernatan t diluted three 
fold w ith 20mM TRIS.HC1, pH 8.0 to reduce the LDAO concentration. The 
diluted m aterial was then loaded onto a DEAE (W hatman, DE-52) column as 
previously described and the spectroscopically pure fractions collected. After 
dialysis a second column was prepared and the spectroscopically pure fractions 
collected, dialysed and concentrated on a th ird  DEAE column as previously 
described. The spectroscopically pure fractions then  were subjected to gel 
filtration and detergent exchange (see section 2.6).

3.4 .2  Rb. sphaeroides:
A sample of purified LHII was acquired from a m utan t stra in  (the sample 

originated from Dr. G. Fowler, University of Sheffield) and used in  the 
FASTPEG  screen (see Chapter 4, section 4.5.2).

3.4 .3  Rp. cryptolactis:
LHII from this species was collected as a by-product of core isolation. As a 

result the solubilisation procedure is th a t described of the isolation of the core, 
w ith the  standard  anion exchange/gel filtration columns being used for the 
purification steps.

3.4 .4  Rp. palustris  2.6.1. and Rc. gelatinosus DSM149:
Cells were French Pressed and subjected to sucrose gradients as described 

in section 3.2. The NIR membrane peak was reduced to 50 cm"1 then 
incubated for 45mins a t room tem perature with 1.0% (w/v) LDAO, 20mM 
TRIS.HC1, pH8.0. When LHII was collected and processed as a by-product of 
RC-LHI isolation the solubilisation was as described for RC-LHI isolation. The 
LHII was purified and detergent exchanged as previously described.
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Figure 3.31: Distribution of RC:BChl ratios using the experimentally determined extinction 

coefficient from isolated RC-LHI core conjugates. In samples where fewer data points were 

collected the RC:BChl ratio distribution becomes less defined. The Histograms are for the isolated 

RC-LHI conjugates from (A): R. centenum, (B): R. rubrum S1, (C): Rp. cryptolactis, (D): 

Rp. palustris 2.6.1., (E): Rb. sphaeroides M21, (F): Rb. sphaeroides GA, (G): Rc. gelatinosus 

DSM149, (H): Rc. gelatinosus DSM151, (I): Rp. acidophila 7750, (J): Rp. acidophila 10050, and 

(K): Rp. acidophila 7050.
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(E): Distribution of RC:BChla ratios for Rb. sphaeroides M21 
(mode: 1:35-40, mean 1:37)
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Species/strain

RC:BChl Ratio 

Established Experimental

Experimentally derived 
extinction coefficient at 

880nm

EfiftOnm Number
(mM; of

1cm.'1) replicats
mean mode mean mode

R. centenum 1:29±3 30 1:31 ±3 32 113±7 31

R. rubrum S1 1:30±4 32 1:33±5 33 111 ±6 74

Rb.sphaeroides GA 1:29±2 28 1:34:4 35 105±10 9

Rb. sphaeroides M21 1:30±3 32 1:37±5 29/35 100±7 11

Rc. gelatinosus DSM149 1:34±2 34 1:35±2 35 116±5 23

Rc. gelatinosus DSM151 1:34±3 34 1:36±3 35 116±2 19

Rp. acidophila 10050 1:35±3 34 1:39±4 41 107±6 82

Rp.acidophila 7050 1:31 ±3 28/34 1:35±4 35 108±4 25

Rp. acidophila 7750 1:30±4 34 1:33±4 34 107±4 67

Rp. cryptolactis 1:31 ±5 36 1:32±5 37 117±7 26

Rp. palustris 2.6.1. 1:25±4 33 1:29±7 25/28 105±11 42

Figure 3.32: Summary of the Reaction Centre:Bacteriocholorphyll ratios obtained from purified 

RC-LHI core conjugates. The overall RC:BCh! ratios are very similar. Indeed analysis of variance 

does not produce any significant difference between species. The RC:BChl ratio ranges from 1:22 

{Rp. palustris 2.6.1.) to 1:38 {Rp. acidophila 10050) using the established coefficients for RC-redox 

and bacteriochlorophyll assays. Using the experimentally determined coefficients the minimum and 

maximum ratios are 1:22 {Rp. palustris 2.6.1.) and 1:52 {Rp. acidophila 10050) respectively. The 

maximum RC:BChl ratio of 1:52 is out with the rest of the data set from Rp. acidophila 10050 thus 

is presumably an erroneous result. If this data point is ignored then the maximum ratio is 1:49. The 

average RC:BChl ratio although useful does not in its self indicate the distribution of RC:BChl ratios. 

Using the mode statistic (most abundant measurement) indicates that the RC:BChl ratios varies 

between 1:28-36 (established) and 1:29-41 (experimentally determined coefficients). From the 

modal figures above and the previous histograms the spread of RC:BChl is generally gaussian. 

Comparing ratios and extinction coefficients between strains suggests that their is little difference 

between them with respect to core integrity.



Figure 3.33: SDS-PAGE of the Rhodospirillaceae pigment-protein complexes. Examples of 

purified RC-LHI conjugate from Rp. palustris strain 2.6.1, Rp. acidophila strain 7750 and 

R. centenum are depicted. As with previous reports the purified complexes produce three reaction 

centre bands corresponding to the H, M and L polypeptides and two low molecular weight bands 

which represent the light-harvesting alpha and beta polypeptides. Protein molecular weight 

standards were used to identify the molecular weights of the Coomassie blue stained bands. The 

protein standards used were: Aprotinin (6.5 KDa), Lysozyme (14.4 KDa), Trypsin inhibitor (21.5 

KDa), Carbonic anhydrase (31.0 KDa), Ovalbumin (45.0 KDa), Serum albumin (66.2 KDa) and 

Phosphorylase b (97.4 KDa). (A): PAGE Gel of purified Rp. palustris strain 2.6.1 and Rp. acidophila 

strain 7750 RC-LHI conjugates. Rp. palustris strain 2.6.1; the calculated molecular weights for the 

H, M and L polypeptides were 32 KDa, 29 KDa and 26 KDa respectively. Note that the H and M 

bands are not easily distinguished. The alpha and beta polypeptides virtually ran together on the gel 

and were calculated to be 10 KDa and 9 KDa respectively. Similar bands were obtained for Rp. 

acidophila, but the bands were easier to distinguish. The molecular weights of the H, M, L, a and p 

bands were 38 KDa, 34 KDa, 31 KDa, 11 KDa and 6 KDa respectively. (B): Purified RC-LHI from 

R. centenum originating from the pigmented bands (bands I and II) formed by sucrose gradient 

centrifugation. Both lanes produce identical bands on the gel with the molecular weights of the H, 

M, L, cx/(3 bands calculated to be 35 KDa, 29 KDa, 21.4 KDa and 10 KDa respectively.
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3.5: Summary of Pigment-Protein Characterisation:

The isolation and purification of RC-LHI from a range of species has 
shown th a t some isolated cores are more stable than  others. Amongst the more 
stable RC-LHI conjugates in vitro were those from Rp. acidophila, Rp. 
cryptolactis and Rp. palustris, w ith the least stable cores being from 
Rh. sphaeroides and R. centenum. The isolation of LHII for all species, on the 
other hand, was straight forward.

Using the experimentally determined coefficient, a t 880nm, for the 
RC-LHI conjugates (-100-120 m M 'lcm 'l) the histogram s of num ber vs. 
RC:BChl a ratio (Figure 3.31) are similar to the histogram s on the previous 
pages (i.e. 1:25-35). When comparing RC-LHI stoichiometry, all the strains 
appear to produce sim ilar mean and modal values for the RC:BChl a ratio 
(Figure 3.32). Consequently the RC-LHI stoichiometry appears to be sim ilar 
for all species investigated. The variation in the mean, modal and calculated 
extinction coefficients is thought to be due to the variation in core stability 
when isolated from the in vivo system. Further analysis however may still be 
required to reduce the variation in the species specific extinction coefficients at 
880nm. SDS-PAGE was use to confirm th a t pure pigment-protein complexes 
were isolated (Figure 3.33). I t appears th a t all the members of the 
Rhodospillaceae, including the recently isolated species Rp. cryptolactis 
(Stadtw ald et al., 1990), possess a sim ilar RC-LHI conjugate.
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Chapter 4: 2D Crystallisation:

4.1 Introduction:

The x-ray analysis of the reaction centres from Rp. viridis and 
Rb. sphaeroides have provided valuable structural information on the heart of 
bacterial photosynthesis. However no structure is as yet forthcoming for either 
the entire core conjugate (RC-LHI) or light-harvesting complexes (LHI and 
LHII) using conventional x-ray crystallography. It is therefore useful to 
investigate other avenues of structural determ ination such as electron 
microscopy (E.M.) and image analysis of 2D crystals, or arrays. If an  E.M. 
structure  can be produced form a 2D array of either RC-LHI or LHII, even at a 
low resolution, useful structural information could be obtained as in the case 
for RNA polymerase I (see Chapter One; Schultz et a l., 1993). In  theory, the 
phase information from the lattice co-ordinates from an E.M. structure could 
also be used as a starting  point for high resolution x-ray data  analysis (Engel 
et a l ., 1992).

N aturally  occurring 2D arrays are found but are few in num ber (see 
C hapter One). Sometimes crude protein preparations can produce 2D arrays 
(e.g. connexins 46 an 50; Lampe et al., 1991), however, many examples of 2D 
arrays have been produced from purified proteins. Examples of high resolution 
data  obtained from some purified proteins can be seen in Figure 4.1. There are 
even cases where over expression of a protein (by genetic m anipulation of the 
host organism) causes the packing of the over expressed m em brane protein 
such th a t  pseudo-natural arrays are formed in the host membrane. Examples 
are fum arate reductase (Cole et al., 1985) and glycerol-3-phosphate acyl 
transferase (Wilkinson et al., 1986). However these induced natural arrays are 
not the  norm. Usually over-expressed membrane protein ends up denatured in 
inclusion bodies (e.g. psaC from PSI; Golbeck. J., personal communication).

U nder suitable conditions rapid feezing of trans-m em brane protein 2D 
arrays can lead to the elucidation of temporal structural changes within 
m em brane associated proteins. Such rapid freezing of m em branes has 
produced direct evidence for the structural changes in  the proteins involved in 
the photocycle of bacteriorhodopsin (Subramaiam et al., 1993).

163



SPECIMEN SIZE RESOLUTION

Purple membrane 
(bacteriodopsin)

27kDa 0.28nm
(0.35nm)

LHCII a/b 25kDa 0.34nm 
(0.6nm,0.34m)

PhoE porin 37kDa 0.35nm
(0.6nm)

OmpF porln 37kDa 0.35nm

Crotoxin 10kDa and 
14kDa

0.35nm

a-helical coiled protein 
from praying mantis

0.4nm

CaATPase 109kDa 0.6nm

Ctyochrome oxidase 4.5-45kDa 0.7nm

bacterial S-layer 91kDa 0.8nm

T4 DNA helix destabilizing 
protein gp 32*1

27kDa 0.85nm

T.M.V. 17.5kDa 1.0nm

Figure 4.1: High resolution data obtained using cryo-EM. Adapted from Bremer et al., (1992). The 

subunit size does not depict the total size of the macromolecule but illustrates the resolution for the 

individual protein domains. The depicted resolutions are for 2D reconstructions, and 3D 

reconstructions (bracketed).The 0.34nm 3D reconstruction for LHCIIa/b is submitted for publication 

(Kuhlbrandt, W., personal communication; Kuhlbrandt et al., 1994).
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Chapter 4: 2D Crystallisation:

4.1.1 2D Crystallographic Concepts for Membrane Proteins:

The artificial formation of 2D crystals using trans-m em brane proteins 
can be split into two sub-processes. Firstly, a protein is inserted into a lipid 
bilayer followed by the crystallisation process itse lf Crystallisation is 
facilitated by lipid/detergent removal. This results in close packing of the 
proteins w ithin the membrane and hopefully creation of regular arrays 
suitable for image analysis. Many factors influence the 2D crystallisation 
process. These factors include tem perature, detergent type, use of extra lipids, 
pH and any other charged molecules tha t can disrupt the hydration properties 
of protein-detergent micelles. The disruption of the protein-detergent micelle 
allows the  protein to insert into the lipid bilayer. Under suitable conditions the 
constituent components in teract together and form 2D crystals.

The most common method (and the one chosen for this thesis) for forming 
2D crystals is diffusion of detergent/lipid across a semi-permeable membrane 
(Figure 4.2). The semi-permeable membrane allows detergent levels to fall 
below the  critical micelle concentration (CMC) in the chamber containing the 
protein, thereby forcing the proteins to associate themselves w ith the lipid 
bilayer. E xtra lipid may be added, if required, to provide a suitable 
hydrophobic environm ent for the proteins. If suitable and sufficient lipids are 
present then, under the appropriate conditions, the mem brane proteins will 
hopefully orientate themselves w ithin the membrane. If optimal conditions are 
obtained then true  protein-lipid bilayer sheets can be formed. These uniform 
orientations w ithin the plane of the membrane sheet are 2D crystals. The unit 
cell is, of course, only one integral membrane protein complex deep (a lipid 
bilayer can only support one transm em brane domain). These artificial 
m em branes may be sim ilar to in vivo membranes (Kuhlbrandt, 1992). They 
allow the integral mem brane proteins to diffuse and hopefully orientate 
them selves into positions th a t make them stable w ithin the lipid environment. 
This is considered to increase stability a t the boundary between the aqueous 
and non-aqueous environments. In  vivo mem brane proteins them selves are 
located in ju s t a lipid-rich environment. Therefore 2D crystals of membrane 
proteins can presumably be regarded as closer to their in vivo s ta te  when 
compared to detergent rich 3D protein-detergent micelle crystals (Kuhlbrandt, 

1992).
As stated  above removal of detergent and integration into a lipid layer 

m ay cause 2D crystal formation. For integral m em brane proteins a  lipid 
bilayer is used. Monolayers of lipid can also be used to create 2D crystals. This 
is where only a single hydrophobic domain from a m em brane associated
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protein protrudes into the membrane, perm itting crystal contacts to occur. For 
reviews on monolayer 2D crystallography see Newman, (1991) and Kornberg 
and D arst, (1991).

4.1.2 Isolated Reaction Centre - LHI Conjugates:

Previous reports using transm ission electron microscopy (T.E.M.) of 
isolated photochemically active particles from Rb. sphaeroides (Garcia et al., 
1968; Reed et al., 1972), R. viridis (Stark, 1984), E. halochloris (Engelhardt et 
al., 1986) and C. vinosum  (Garcia et al., 1966; Halsey and Byers, 1975) 
indicate th a t uniformly sized particles can be obtained. The uniform size of 
these solubilised particles and the biochemical evidence from Dawkins, (1988) 
has suggested th a t isolated RC-LHI conjugates consist of uniform disc-like 
structures w ith a fixed RC:LHI stoichiometry. It has been reported th a t the 
disc-like photosynthetic particles of R. viridis (Stark, 1984) and E. halochloris 
(Engelhardt et al., 1986) produce regular arrays in vivo. Isolated LHI (i.e. 
RC-LHI lacking the RC) from R. marina, which also produces in vivo sheets, 
forms sm all sheet-like aggregates (Meckenstock, R., personal communication). 
During the isolation of the photosynthetic particles from C. vinosum  (Halsey 
and Byers, 1975) it was noted th a t small square shaped sheet-like aggregates 
occurred which contained between 9 and 16 of these particles. Therefore the 
question arose w hether th is was an artefact resulting from the purification 
process or a resemblance of arrangem ent within the in vivo ICM. Halsey and 
Byers, (1975) concluded th a t the observed square-like aggregates probably 
resulted from "parallel packing of linear polymers" however single polymer 
chains were never detected by them.

From the work on Rb. sphaeroides, Rp. viridis, E. halochloris, and 
C. vinosum  it may indeed be possible to form regular 2D arrays of these 
purified photosynthetic particles from a num ber of species. By doing so it 
would establish th a t it is potentially possible for all Rhodospirillineae RC-LHI 
conjugates to associate themselves. If such arrays could be established a 
structure  for a suitable RC-LHI supra-complex (e.g. Rb. sphaeroides or 
Rp. acidophila) could also be elucidated.

The results of T.E.M studies from a range of pigm ent-protein complexes 
(see Figure 4.3) is discussed below, and is split into two sections. The first 
deals w ith isolated pigment-protein complexes, while the second discusses the 
crystallographic aspects.
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Species strain
i

RC-LHI I HLIII

Cr. purpuratum type 

R.centenum type

I

1 I n/i

j
3 n/a

I_________________________
j

5 n/aR.rubrum S1
*

 ̂y 1 fM " p P" 1

Rb. sphaeroides GA

M21

3 3j
3 : n/a

’ j 

|
Rc. gelatinousus DSM 149

|
5 3

DSM 151 3 n/i

Rp. acidophila 10050

\

15 4

7750 12 3

7050

j I | j

j
Rp. cryptolactis type 6 6

I
I

Rp. palustris 2.6.1. (HL) 5 2

(LL)

0000

Figure 4.3: Tabulated list of the Rhodospirillineae photosynthetic proteins that were screened for 

their potential role in forming 2D crystals. The numbers refer to the isolation and screening of 

individual pigment-protein batches, n/a:- not applicable, this strain does not produce this type of 

pigment-protein complex, n/i:- pigment-protein complex not investigated.



Chapter 4: 2D Crystallisation:

Purified RC-LHI from a range of species was examined by transm ission 
electron microscopy (T.E.M.) using negative stains. Figure 4.3 shows a list of 
RC-LHI and LHII complexes th a t were studied for their possible ability to 
form 2D arrays. Exam ination of the isolated pigment-protein complexes under 
T.E.M. was done before 2D crystallisation trials were attem pted to ensure that 
homogenous photosynthetic complexes were present and th a t no 
contam ination was apparent. The protocol used to stain  and examine the 
specimens is described in section 3.3. Figure 4.4 illustrates some examples of 
the purified core conjugate from a number of species. It should be noted that 
the electron micrographs of different strains w ithin a species show no apparent 
differences, consequently only one strain  of each is depicted for those species 
where more th an  one stra in  was investigated. The electron micrographs show 
th a t the  core from these species produce monomeric disc like structures. The 
diam eter of these objects is between lOnm and 13nm with an apparent depth 
of less th an  7nm. The use of single particle analysis was ruled out because of 
their relatively small size and their potential for producing 2D arrays. The 
depth of these photosynthetic particles was derived from stained objects which 
appeared to lie on their sides. All of the specimens in Figure 4.4 (and also 
those stra ins not depicted) indicate th a t the purified RC-LHI conjugates 
prepared in Chapter Three are of uniformly sized photosynthetic particles. 
W hen fully solvated (i.e. in a detergent rich environment) these isolated 
particles exist as single entities.

Figure 4.4 illustrates an electron micrograph of Rc. gelatinosus strain  
149. This stra in  of Rc. gelatinosus appears to aggregate very easily, forming an 
amorphous precipitate. The isolation protocol for Rc. gelatinosus RC-LHI (see 
sections 3.3.4. and 3.3.7.) is sim ilar to th a t of Rp. palustris 2.6.1. (Figure 4.4), 
bu t the T.E.M. images are very dissimilar. The reason for th is is unclear but 
may be due to some unknown unique properties of the Rc. gelatinosus proteins. 
The reason could be due to the staining protocols or detergents used. The 
m ajority of the other species and strains, however, produce more uniformly 
sized photosynthetic particles w ith little aggregation or amorphous precipitate.
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Figure 4.4: Isolated RC-LHI conjugates from a range of Rhodospirillaceae.(A): R. rubrum. (B): 
Rb. sphaeroides strain M21. (C): Rc. gelatinosus strain DSM149. (D): Rp. cryptolactis. (E): Rp. 
palustris strain 2.6.1. Bar:100nm
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Figure 4.5: Isolated Rp. acidophila strain 7750 RC-LHI conjugate.(A): A negatively stained sample 

of isolated (purified in the presence of detergent) RC-LHI conjugate. The photosynthetic particles 

are of uniform shape with very few (if any) contaminants present. Plate A appears to have a uniform 

distribution of disc-like structures. These are approximately ~10nm in diameter. Occasionally 

smaller particles are observed. These smaller particles have a similar 10nm size in one axis but 

also have a second axis present. This second axis in the order of 40-60nm. The axises were 

obtained by studying the isolated RC-LHI proteins. Smaller particles (marked by arrows) mixed in 

with the disc-like structures are thought to represent the discs lying on their sides. These marked 

objects are also considered to be the disc-like particles but are lying on their side. If this is the case 

then the overall shape of the RC-LHI is a cylinder with a depth of 40-60nm and a diameter of -  

10nm. These dimensions are similar to the isolated photosynthetic particles from Rp. viridis (Stark 

et al., 1984) and C. vinosum (Halsey and Byers, 1975). Bar: 200nm (B): Small aggregations or 

chains of the Rp. acidophila photosynthetic particles. These aggregations may simple be due the 

staining protocol but they may also signify the ability of these integral membrane proteins to order 

themselves into ordered arrays. Both plates were stained with 2% (w/v) uranyl acetate. Bar: 50nm
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Rp. acidophila , like the m ajority of other species investigated, can be 
easily isolated and purified as discrete disc-like particles (Figure 4.5). On close 
exam ination these electron micrographs indicate th a t the photosynthetic 
particles in Figure 4.5A (RC-LHI) possibly form small chains or aggregations 
(Figure 4.5B). W hether the presence of these chains in Figure 4.5B is a true 
representation of the in vivo m embrane, or detergent-protein micelle, or simply 
an artefact of stain ing is unknown and an answ er to th is is v irtually  
impossible. From general observations however, it appears th a t most, if not all 
species, show some degree of protein association while solubilised in detergent 
ju s t above the CMC value (e.g. 0.1%(w/v) LDAO and 0.8%(w/v) B -O G ). I t can also 
be postulated th a t the close association of these photosynthetic particles 
(RC-LHI), as shown in Figure 4.5B, may enable these supra-complexes to 
aggregate into sm all chains of linear polymers. The use of detergents however 
leaves a m ajor question. If  the aggregation is not a stain ing artefact then  are 
the  aggregations caused by the  presence of detergent, or by the  na tu ra l ability 
of the particles to associate themselves with each other?
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4 .2  Microdialysis of RC-LHI:

Aliquots of detergent-purified protein were mixed w ith other extra lipids, 
salts, and buffer then  subjected to microdialysis to remove excess detergent 
and lipid. These m em brane proteins m ust be in buffers containing detergent 
above the detergent's CMC value until microdialysis was initiated. The 
preparation for microdialysis was as follows. Protein concentration was 
determ ined (see section 2.7.1) and the correct volume of protein pipetted into 
an 1.5ml eppendorf tube. If excess lipid was to be added it was pipetted into 
the protein m ixture. Lipid stock solutions were prepared a t concentrations of 
lOmg m l 'l  in the  same buffered solution as the pigm ent-protein complexes. 
The correct volume of buffer was then  added to a pigm ent-protein sam ple to 
reduce the  protein concentration to the desired level. This was achieved by 
adding a m ixture of buffer (e.g. lOmM TRIS.HC1, pH8.0), sodium azide 
(300mM unbuffered stock solution in Analar® water) and detergent (e.g. 10% (3 
-OG, lOmM TRIS.HC1, pH8.0) such th a t the  final sam ple preparation 
contained 3mM sodium azide, and for the B-OG samples, 1% p-OG in lOmM 
TRIS.HC1, pH8.0. The order of pipetting was such th a t a t no tim e were the 
m em brane proteins subjected to detergent levels m uch higher th an  the CMC 
value (i.e. 1% (w/v) for B-OG). If salts were added to the  protein m ixture these 
were also prepared as stock solutions in buffer containing detergent. The 
addition of sodium azide in both the  dialysis cham ber and the  outer reservoir 
was to prevent possible bacterial growth.

The conditions for producing small 3D crystals of R. rubrum  RC-LHI 
(Dawkins, 1988) were initially used with the aim of producing 2D arrays by 
detergent removal. This was achieved by boring a sm all hole (1mm diam eter) 
in the bottom of a button dialysis apparatus. Once prepared (Sambrook et al., 
1989) dialysis tubing was attached, and the button was floated onto 50ml of 
dialysis buffer. A sample preparation of R. rubrum core was pipetted into the 
button and dialysed a t 4°C against 50ml of buffer. The buffer consisted of 
20mM TRIS.HC1, pH8.0 and various salt (NaCl) concentrations. Numerous 
attem pts were unsuccessful in producing 2D arrays. Only amorphous 
precipitate and occasionally small 3D microcrystals were formed. Increasing 
the  incubating tem perature enhanced only the ra te  of protein degradation.

The addition of PEG in the dialysis cham ber was the probable cause of 
amorphous precipitation. Therefore the PEG was removed from the protein 
sample and an entirely new experim ental design was then  employed in 
conjunction w ith completely new initial incubation conditions. Consequently
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DC

beaker

50ml of 
dialysis 

buffer

■V.

Figure 4.6: Experimental design of a 2D microdialysis dialysis 
system. A beaker is filled with 50ml of dialysis buffer and placed in a 
water bath to maintain a constant temperature. Into the dialysis buffer 
is placed a prepared microdialsis dialysis chamber. The diaylsis 
chamber (DR) is prepared by sealing a piece of dialysis tubing (DT) 
which is held in place by a ring of silicon tubing (R). Once sealed and 
checked for leaks the microdilaysis chamber is loaded with sample 
(S) such that no air bubbles occur at the dialysis tubing surface. Air 
bubbles at the DT surface inhibt the diffusion of molecules across the 
membrane. Once loaded the system is sealed with Nescofilm ® to 
prevent dialysis buffer evaporation.
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the conditions th a t produce 3D crystals are not necessarily very useful for 2D 
crystallographic studies. New 2D tria ls were not based on incubations th a t 
previously formed 3D crystals and the experimental apparatus was altered to 
th a t described by K uhlbrandt, (1992).

This new approach made use of a different dialysis apparatus (see 
Figure 4.6). Approximately 10cm long, L-shaped, glass rods (the base of the  L 
being approxim ately 10mm long) w ith an in ternal diam eter of approxim ately 
3-4 mm were used to hold the protein sample w ithin the dialysis reservoir 
(Figure 4.6). The L-shaped end was sealed w ith a piece of prepared dialysis 
tubing (Sambrook et a l ., 1989; Spectra/POR® m.w. cut off 12000-14000) and 
held in  place by a ring of silicone tubing. Into this cham ber was pipetted 
between 50-100pl of protein-detergent solution. The sam ple was then  dialysed 
against non-detergent containing buffer (lOmM TRIS.HC1, pH8.0) a t 26±0.2°C.

Initially  three core proteins were chosen to be screened using the  new 
apparatus; R. rubrum  s tra in  S I, Rp. acidophila s tra in  7750 and Rp. 
cryptolactis. These species were chosen because all th ree  produce stable cores 
when purified. Protein concentrations of lm g  m l"l to 4mg m l 'l  were chosen 
because 2D arrays are known to form w ithin th is concentration range 
(K uhlbrandt, 1992). Since the formation of regular 2D arrays relies on the 
presence of the correct levels of suitable lipids being present (Cherry et al., 
1978; Popot et al., 1987; Sternberg et al., 1992), lipid (DMPC, Sigm a Chemical 
Company) was added to some dialysis experiments to supplem ent any possible 
lipid deficiencies. The phosphatidyl choline species DMPC was chosen for two 
reasons. F irstly its transition  tem perature is relatively low (23°C), secondly 
the head group is small w ith a short (14-carbon) and s tra igh t backbone. The 
net effect being th a t the DMPC in vitro m em brane can probably cope w ith any 
in tegral m em brane protein system th a t one m ay w ish to imbed w ithin  the 
lipid bilayer a t a tem perature which hopefully does not cause protein 
degradation. As previously stated the formation of 2D arrays by th is method 
generally resu lts by the net removal of detergent (and lipid) from the  system.

There are two schools of thought as to which type of detergent the protein 
should be in prior to dialysis, "high CMC" detergents (e.g. B-OG) or "low CMC" 
detergents such as LM and LDAO (K uhlbrandt ,1992; Jap  et al., 1992). The 
problem w ith using "low CMC" detergents is often extensive periods are 
required for complete detergent dialysis to occur. This could be m easured in 
weeks as in the case for the erythrocyte B and lll proteins (Wang, D.N., 
personal communication). The major problems w ith the  isolated RC-LHI are 
two-fold. F irstly  the proteins are stable in only a  few detergents some of which 
are "low CMC" types (e.g. LM) while others are  "high CMC" types (e.g. p-OG).
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The second problem is long term  stability w ith respect to tem perature. The 
RC-LHI system when isolated is considered to be unstable under prolonged 
incubations a t room tem perature, as m easured by absorption spectroscopy. 
Thus using "low CMC" detergents could subject the proteins to high detergent 
levels for long incubation periods causing core instability. The combination of 
long term  detergent dialysis with "low CMC" detergents could itse lf be the 
cause of any failed crystallographic trials. Consequently p-OG (a "high CMC" 
detergent) was used as the first choice for crystallographic tria ls  although 
tria ls were also attem pted using LDAO and LM (two "low CMC" detergents).

Experim ents were undertaken w ith R. rubrum  s tra in  S I, Rp. acidophila 
s tra in  7750 and Rp. cryptolactis, each in the three detergent types. Protein 
concentrations (l-4m g m l“l)  and salt gradients were varied (0,50,100,200 and 
400mM NaCl or MgCl2 in lOmM TRIS.HC1, pH8.0, 3mM sodium azide) as 
were the protein:DMPC ratios (1:1, 2:1, 3:1, 5:1, 10:1, 100:1, no added lipid). 
The reservoir buffer in the dialysis chamber was lOmM TRIS.HC1, pH 8.0. (i.e. 
the  sam e buffer and pH the cores were isolated in). The dialysis buffer was 
replaced every 12 hours w ith fresh buffer pre-incubated a t 26°C. General 
observations were noted when aliquots of the crystallographic tria ls were 
examined under E.M. using negative staining a t various tim e points. From 
these experim ents it was apparent th a t only p-OG containing sam ples were 
suitable for future analysis. Figure 4.7 illustra tes the differences between the 
detergent types for one crystallisation experiment - only the  p-OG sam ple is 
spectroscopically intact. Indeed protein samples th a t in itially  contained the 
detergent LDAO generally denatured as indicated by sam ple colour change 
from red to green. The green colour is associated w ith free pigm ents which 
have been lost from the pigment-protein complexes. The resu lts also indicated 
th a t the Rp. acidophila s tra in  7750 P-OG-RC-LHI was capable of producing 
probable regular structures w ithin lipid bilayers. Regular m em brane 
structures (Figure 4.8) occurred when the protein concentration was between 1 
and 2 mg m l'l.  These structures were optimum when a slight sa lt (50-100mM 
sodium chloride) gradient was applied w ith a m oderately high in itial 
phosphatidylcholine content (0.5mg ml"l). Vesicles containing probable 2D 
arrays of RC-LHI were sometimes located next to regular shaped sheet-like 
structures. Figure 4.9 sum m arises the differences associated w ith  a lOOmM 
sodium chloride gradient when compared to a non-salt dialysis system. W hen 
m agnesium  chloride (MgCl2) was used it was noted th a t large vesicles 
containing protein arrays were obtained however no sheets were produced. 
Also the use of m agnesium  chloride appeared to cause increased aggregation of 
the vesicle structures. The use of divalent ions has lead others to postulate
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Figure 4.7: Absorption Spectra of RC-LHI conjugates after 48 hours of dialysis. Purified 
pigment-protein complexes from Rp. acidophila strain 7750 solubilised in three different 
detergents (B-OG, LM and LDAO) were dialyzed against 100mM NaCI, 3mM sodium 
azide, 10mM TRIS.HCL, pH8.0 at 26°C and the absorption spectra recorded after 48 
hours incubation, then normalized at 650nm. Comparing the normalized absorption 
spectra to that of purified RC-LHI from Rp. acidophila strain 7750 (Figure 3.27) the extent 
of denaturation caused by prolonged incubation in the different detergents were 
established. The B-OG solubilised RC-LHI had some oxidized BChl a (absorption shoulder 
at ~780nm). The LM sample had more oxidized BChl a than the B-OG sample. Stable RC- 
LHI from Rp. acidophila strain 7750 can be obtained using both B-OG and LM. However 
LM has a much lower CMC than B-OG. The third sample, LDAO, caused greater pigment- 
protein denaturation. There is a large relative reduction in LHI absorbance (890nm 
absorption peak) with an associated increase in oxidized BChl a (~780nm). The visible 
carotenoid absorption range (470nm-540nm) also showed signs of denaturation in the 
LDAO sample. The reduced carotenoid absorbance may be due to either oxidation of the 
carotenoids and/or by their removal from the pigment-protein complexes by dialysis.



Figure 4.8: 2D arays of RC-LHI from Rp. acidophila strain 7750. Vesicles containing 2D arrays 
of pigment-protein complexes. Magnification: x 75K.
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th a t the divalent ions cause stacking in 2D arrays (Kuhlbrandt, W.K, personal 
communication). M ultiple layers of 2D arrays are inconvenient for image 
analysis since the stacked arrays are not always aligned, and alignm ent is 
preferred, when image analysis is undertaken. As a resu lt divalent ions should 
generally not be used as the initial choice of salt.

Since the in itial experiments using the three sources of cores (RC-LHI) 
only produced regular m em brane structures in  the p-OG prepared RC-LHI 
from Rp. acidophila s tra in  7750 the experimental param eters were varied for 
th is dialysis system.

4 .3  Affect of pH on RC-LHI 2D Arrays:

2D arrays were produced from Rp. acidophila s tra in  7750 RC-LHI when 
incubated a t pH 8.0. When isolated in detergent the detergent-protein micelle 
from th is species is most stable around pH 8.0. However it does not necessarily 
apply th a t the optimum pH for cores in a m em brane system  is the  same. Using 
protein concentrations of l a n d 2 m g m l " l  w ith zero, 0.5 and 1.0 mg m l"l 
DMPC added, the pH of the incubations was altered and observations 
recorded. This was achieved by two separate methods.

F irstly  the 2D arrays produced in section 4.2 were formed. The dialysis 
buffer was then changed to another pH and left for 48 hrs then  exam ined by 
T.E.M. The pH range was initially between 6.0 and 9.5 in 0.5 increm ents. The 
lOmM TRIS buffer was replaced w ith MES (pH 6.0, 6.5), HEPES (pH 7.0, 7.5) 
and CHAPS (pH 9.0, 9.5). The second method was to dialyse the  protein for 
24 hrs a t 4°C in the new pH then set up 2D tria ls as described in section 4.2.

Any improvement in the diffraction patterns (as seen by an  optical bench) 
would establish th a t an optimum incubation pH was obtained. The results 
however indicated th a t any alteration from the in itial incubation pH of 8.0 
caused 2D array  breakdown.

None of the arrays using the first method produced coherent spots on an 
optical bench, and no arrays were produced by the second m ethod. The lack of 
arrays using the second protocol could possibly be a ttribu ted  to the  incubation 
period. Between 36-48 hours are required for complete dialysis to occur. Since 
the isolated proteins are not stable in pHs other th an  about 8.0 th en  the 
relatively long period before complete detergent removal occurred could be 
sufficient for significant protein degeneration to take place.

The first approach, th a t of altering the pH of existing arrays, seemed to 
be the best way to a lter the pH. But again results indicated th a t any a lteration
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to the pH resulted in degradation. Basically the arrays broke up, the  2D arrays 
were dram atically reduced in size while diffraction patterns were generally not 
observed for pHs other th an  8.0.

From these observations it appears th a t the  optimum pH conditions for 
2D dialysis experim ents is to dialyse the pigment-protein complexes in  the 
same buffer and pH in which they were isolated. Any variation causes 
instability  in these proteins and loss of array  formation. The information 
obtained from the 2D tria ls using different detergents and pHs for 
Rp. acidophila RC-LHI were used as the basis of screening protocols for a 
range of other purified pigment-protein complexes.

4 .4  Microdialysis of a Range of RC-LHI and LHII Complexes.

A num ber of cores (RC-LHI) and peripheral light-harvesting antennae 
complexes (LHII) from a range of different stra ins and species were also 
screened for their potential ability to produce 2D arrays by micodialysis. The 
pigm ent-protein complexes investigated are shown in Figure 4.3.

A short explanation why these species and stra ins were investigated will 
be given. As previously stated the isolation and purification of the  RC-LHI 
conjugate is optimal when achieved quickly. The purification of the  RC-LHI 
depends on separating the LHI and LHII from the RC-LHI. This can be 
achieved by sucrose gradients or m ultiple anion exchanges followed by gel 
filtration. However if there is no peripheral an tenna (LHII) present then  the 
purification steps become easier. The coloured elutes from the purification 
steps only need to be separated into two fractions, in tact and degraded cores, 
which are then further purified. For this reason the RC-LHI was purified from 
a range of "core only" strains. These "core only" stra in s were R. centenum, 
R. rubrum  and Rb. sphaeroides s tra in  M21. All bu t M21 are wildtype strains. 
The Rb. sphaeroides s tra in  is a non-LHII expressing m u tan t (H unter and van 
Grondelle, 1987). The x-ray structure for Rb. sphaeroides reaction centre has 
been solved. For a review on the x-ray structure see Feher et al., (1989). 
Consequently a solved Rb. sphaeroides RC-LHI structure  would be useful.

The rem aining strains studied all contained peripheral an tenna 
complexes. Investigations into the x-ray structure of LHII from different 
Rp. acidophila strains is being undertaken (Cogdell, R .J., private 
communication). X-ray diffraction analysis of Rp. acidophila LHII crystals 
suggests th a t the resolution is more consistent in some stra in s th an  others. 
A ttem pts were made to see if 2D array  formation was stra in  specific. Different
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stra ins of Rp. acidophila were investigated to a ttem pt to improve on the initial 
microdialysis observations from stra in  7750. Two other Rp. acidophila strains 
were chosen, these were 10050 and 7050. All three Rp. acidophila strains 
produce sim ilar cores bu t it is possible th a t different factors (e.g. lipids) m ay be 
associated with the cores which may affect 2D array  formation. The rem aining 
species (C. purpuratum , Rc. gelatinosus, Rp. cryptolactis and Rp. palustris) 
were also chosen as possible sources for 2D pigm ent-protein arrays and are 
discussed separately.

4 .4 .1  Rp. cryptolactis:

The RC-LHI conjugate from Rp. cryptolactis (Stadtw ald et al., 1990) did 
not produce 2D arrays although the native colour of these pigm ent-protein 
complexes was m aintained throughout the duration of the  dialysis 
experim ents when using p-OG a t pH8.0-8.2. This species of Rhodospillaceae 
produces two types of peripheral light-harvesting an tennae (LHII). They are 
the B800-850 and B800-820 light-harvesting antennae complexes. The B800- 
850 form was investigated and found to produce sm all protein arrays w ithin 
tubu lar shaped vesicles (Figure 4.10). The optimum concentration of protein 
in the dialysis cham ber was found to be 2mg m l 'l  w ith between 0.125-0.25mg 
m l 'l  of added DMPC. The incubations were dialysed against 50-100mM NaCl 
in  lOmM TRIS.HCI, pH8.0-8.1 a t 26°C. Occasionally sm all sheet-like 
structures were observed on the E.M. grids (Figure 4.10; centre). However it is 
unclear w hether these resulted from broken vesicles, or represented tru e  in 
vitro sheets. On closer exam ination of the tubu lar vesicles the  protein arrays 
appear to have a square packing, since optical bench image m anipulation 
produces a square shaped series of reflections, w ith a centre to centre distance 
of 62.2A, a t a resolution of 4.0nm. Figure 4.11 is an enhanced m agnification of 
the B800-850 arrays from Rp. cryptolactis. In  Figure 4.11 the  individual 
s truc tu ra l units can be seen. They appear to be circular in shape w ith  a hole in 
the centre. The resolution of these arrays was generally poor (=2.6-4.0nm), 
however where regions of flattened vesicles were evident (as in the  sheet-like 
structure  in  Figure 4.10) the resolution was increased to between 2.5-2.0nm. It 
should be noted th a t the typical resolutions obtained were g rea ter th an  2.5nm. 
Owing to the small size of the arrays and the  poor crystal packing image 
analysis was not undertaken. Uranyl acetate (2%w/v) was used to s ta in  the 
arrays and its typical maximum resolution is about 2nm.
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Figure 4.10: Tubular arrays of Rp. crytpolactis B800-850 (LHII). Negatively stained (2% 
w/v uranly acetate) tubular 2D arrays of Rp. cryptolactis B800-850. Ocassionally 
membrane-protein sheets are observed, centre and bottom centre. It is unclear whether 
these sheets are artifacts of the staining procedure or represent a true structure. The 
protein-containing vesicles eventually from elongated closed vesicles or tubules. The 
surface of these membrane structures have square arrays. Magnification: x80k.
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Figure 4.11: Tubular arrays of Rp. crytpolactis B800-850 (LHII). Higher magnification 
than Figure 4.10 of negatively stained (2% w/v uranyl acetate) of 2D arrays from Rp. 
cryptolactis B800-850 complex. The ring-like structures of the probable individual 
B800-850 complexes can be seen. Notice that there is a stain penetrating hole in the 
centre of the B800-850 ring structres and the rings form arrays that appear to have 
square symmetry (in the plane of the membrane). Magnification: x200K.



Figure 4.12: Cryo-electron micrograph of the 2D arrays from Rp. cryptolactis B800-850 (LHII). Note 

that there is less contrast between the membrane structures and the amorphous background 

compared to the negatively stained electron micrographs. This is due to the imbedding procedure 

and cannot be altered. Cryo-E.M. images tend to provide higher resolutions and do not squash the 

biological specimen under the weight of a heavy atom negative stain. The resolution of the 2D 

arrays is however the same as for uranly acetate stained images (~2.5nm). Magnification: x80K.
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Cryo-EM was used to see if g reater resolutions could be obtained. Whole 
carbon grids were prepared and used as the supportive structure  for B800-850 
complexes in amorphous frozen water. Cryo-EM grids were prepared as 
described by Fukam i and Adachi, (1965). On plunging the specimen (B800- 
850) into liquid ethane, specimens were prepared against an  amorphous 
background. Image capture of LHII occurred where the specimens were 
embedded in  the holes of the supportive m aterial. Figure 4.12 is an  example of 
a cryo-EM electron micrograph. Two holes in the  supportive m ateria l can be 
seen. These are located top right and bottom of the  plate. The vesicles 
containing the pigm ent-protein complexes can be seen. Some of these lie in the 
holes and were examined using an optical bench. It was hoped th a t  regions of 
enhanced resolution would be obtained, however the highest resolution was 
the sam e as for negative staining.

The overall contrast in the cryo-EM images is poorer th an  the  negatively 
stained specimens. S triations could be detected in the vesicles. In  the lower 
centre of Figure 4.12 small patches of cubic ice can be seen. From  the cryo-EM 
electron micrographs the  2D arrays of LHII grow as long tubes.

The prim ary sequence of the polypeptides from Rp. cryptolactis B800-850 
has not been established. Its  ability to from 2D arrays m ay resu lt from a 
unique prim ary structure. U ntil other biochemical inform ation is available it 
is impossible to speculate if this pigm ent-protein complex has any special 
properties.

4.4.2 Rp. palustris strain 2.6.1:

Both the RC-LHI and LHII pigment-protein complexes were investigated. 
There are  two structural types of LHII produced by th is species. The two 
absorption spectra have sim ilar NIR peak wavelengths bu t the  "low ligh t" form 
the LHII structure is altered causing the relative height of the  800nm peak to 
be greatly enhanced (Hayashi et al., 1982b; Robert et a l., 1985). See F igure 1.7 
for the differences in relative absorption from the high (HL) and low light (LL) 
forms of Rp. palustris LHII. N either the HL nor the LL form produced any 
type of regular array  but loose associations occurred as visualised by T.E.M. 
An example of the loose association of the B00-850 from Rp. palustris  s tra in  
2.6.1. can be seen in Figure 4.13. In Figure 4.13A two regions of LHII 
associations can be detected, these are in the centre and top righ t of the  plate.

I t is unclear w hether the loose association results from the sta in ing  and 
drying procedures or is a true  facsimile of the  protein's characteristics. It
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generally takes up to one week for complete detergent (p-OG) removal to occur. 
However after three weeks incubation the homogeneous background of small 
protein aggregations are still apparent even when an amorphous aggregation 
is observed. These sm all aggregations may actually represent very small 
crystallographic contacts between individual polypeptides or complexes.

An explanation for the failure to create 2D arrays could be th a t the 
am ount of lipid present m ay be too great to allow 2D arrays to form. However 
long incubation periods (which should remove excess lipid) failed to produce 
2D arrays. Also the addition of phospholipase A2 , which should remove all 
excess lipid, followed by dialysis did not produce close packing of the  LHII 
complexes. Therefore there m ust be another explanation other th a n  general 
protein degradation.

One possible explanation for the  homogeneous protein background with 
regions of loose protein association is the polypeptide composition of the B800- 
850. Evans, (1989) and Cogdell et al., (1990) postulated th a t the  overall ay.(X2'. 
Ct3 :a4  m olar ratios can a lter from 2:2:2:1 to 2:6:2:1. If  a  heterogeneous B800- 
850 is produced from HL grown cells then  the  form ation of true 
crystallographic contacts could be every difficult. However the  B800-850 could 
still have enough structural integrity  to allow general association resu lting  in 
the observed packing as illustrated  in  Figure 4.13.

The RC-LHI of Rp. palustris s tra in  2.6.1. was also investigated by 
microdialysis to see if 2D arrays could be established. 3D crystals have been 
reported (Wacker et al., 1986; Welte et al., 1986) as well as the  3D crystals in 
C hapter Five w ith the aim of using conventional x-ray analysis techniques. 
Both 2D and 3D crystals rely on protein-protein contacts to form regular 
arrays, and it is therefore likely th a t successful 2D arrays would be obtained. 
Since crystallographic contacts have been observed in th ree  dimensions 
(Wacker et al., 1986; C hapter Five) then 2D arrays are  potentially possible. 
After num erous attem pts only one batch of protein m anaged to produce 2D 
arrays which resulted from a low light (LL) grown culture. The 3D crystals in 
C hapter Five were also from low light grown cells. It would be convenient to 
sta te  th a t only LL cells produced suitable pigm ent-protein complexes whereby 
the apparent ability to form either 2D or 3D crystals was due to a factor 
associated w ith the LL form. The obvious answ er would be to s ta te  th a t the 
differences could be due to different lipid levels or types associated w ith  RC- 
LHI under high and low light environm ental regimes. The LL form being the 
only one suitable for crystal growth. However only one batch formed arrays, 
and it could simply be coincidence th a t the 3D crystals in  chapter Five are also 
from LL grown cells.
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Figure 4.13: Loose association of Rp. palustris strain 2.6.1. LHII (high light form). (A): In a 
sea of isolated LHII (B800-850) complexes aggregates begin to form. Two regions can be 
observed, centre and top right. (B): A high magnification of an edge of an aggreation. No 
regular arrays were detected in either the LL or HL forms of Rp. palustris 2.6.1 LHII. Both 
plates were negatively stained with 2% (w/) uranly acetate. Magnification, A: x90K, B: x182K.



Figure 4.14: Negatively stained small mosaic 2D arrays of Rp. palustris 2.6.1. RC-LHI 
conjugate. Only one batch of Rp. palustris 2.6.1. RC-LHI ever produced any form of 2D 
array. As the plate illustrates the arrays are very small and are very poorly ordered. There 
are no apparent regions on the electron micrograph that indicate uniform packing of the 
proteins in the plane of the membrane (x and y planes). If the packing was ordered then 
there would be detectable rows of proteins regulary lined up in both the x and y planes. 
Using an optical bench no region gave a sufficently ordered region that was suitable to 
calculate a rough centre to centre distance between cores. Note however that all the edges 
and rips in the sheet have agles of 120°, indicating that the packing material is hexameric in 
structure. Similar angled breaks in core lattice can be obsereved in Rp. acidophila RC-LHI 
conjugate. Negative stain: 2% (w/v) uranyl acetate. Magnification: x80K.
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Figure 4.14 illustra tes the result from the only batch of RC-LHI from 
Rp. palustris s tra in  2.6.1. th a t formed 2D arrays. Very small sheets were 
formed bu t protein packing was highly mosaic. This resulted  in  a  v irtually  
useless diffraction pattern  (only first order spots could be seen). A ttem pts to 
increase resolution by gently raising the  incubation tem perature to 30°C then  
lowering it to its original tem perature were unsuccessful. The increase of 
incubation tem perature was achieved by changing the therm ostat tem perature  
setting  from 26°C to 30°C. Once the raised tem perature was achieved the 
sam ples were left incubating for 1 hour then the w ater ba th  therm ostat was 
reset back to 26°C. Once the tem perature in the dialysis cham bers cooled to 
26°C sam ples were taken for T.E.M.

4.4.3 C. purpuratum, R. rubrum, R. centenum, Rb. sphaeroides, and Rc.
gelatinous:

The RC-LHI conjugates from C. purpuratum , Rc. gelatinous (strains 
DSM149 and DSM151), Rb. sphaeroides (strains M21 and GA), R. rubrum  
s tra in  S I and R. centenum  were subjected to 2D crystallisation tria ls. All 
produced general protein aggregation and denaturation. It should be noted 
th a t only one batch of C. purpuratum  was isolated and purified for 2D 
crystallographic trials. The RC-LHI from th is species was considered too 
unstable to a ttem pt any large scale isolation, purification and crystallographic 
tria ls. I t is not surprising th a t both Rb. sphaeroides and R. centenum cores did 
not produce any suitable results since the purified cores from these species 
were am ongst the most unstable th a t were isolated. The lack of arrays in any 
of the above stra ins is probably due to their inability to survive prolonged 
periods in a detergent enriched environment.

Of the  stra ins nam ed above only C. purpuratum , Rb. sphaeroides s tra in  
GA, Rc. gelatinous stra ins DSM149 and DSM151 are capable of producing 
LHII. The LHII from Rc. gelatinosus s tra in  DSM149 and Rb. sphaeroides 
s tra in  GA were screened. Like the RC-LHI from these stra in s no 2D arrays 
were detected.
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4.4.4 Rp. acidophila strains 7750,10050 and 7050:

The RC-LHI conjugates from these stra ins of Rp. acidophila  were 
amongst the most stable, only the RC-LHI from Rp. palustris and possibly Rp. 
cryptolactis were considered to be more stable. The RC-LHI from all th ree  
stains were subjected to crystallographic trials.

All the  above Rp. acidophila stra ins produce LHII. As in the  previous 
examples of Rp. cryptolactis and Rp. palustris there  are two forms of LHII in 
stra ins 7750 and 7050 (Cogdell et a l., 1983b; Heinemeyer and Schmidt, 1983). 
These are characterised by their NIR absorption maxima; and are the 
B800-820 and B800-850 complexes (see Figure 1.7). Only the B800-850 form 
from stra ins 7750 and 10050 were isolated and 2D crystallisation tria ls 
attem pted. None of the LHII (B800-850) light-harvesting antennae complexes 
formed 2D arrays.

The RC-LHI conjugates from Rp. acidophila however did produce 2D 
arrays. Figure 4.9 illustra tes the trends associated w ith a rray  formation. At 
least lm g  m l"l of purified protein was required for formation of 2D arrays. As 
Figure 4.3 indicates there were over th irty  separate  batches of purified protein 
screened by microdialysis. The 2D crystallographic tria ls  indicated th a t 
possible lipid variation occurred in RC-LHI preparations. This was indicated 
by variations in the am ount of extra lipid (DMPC) required to form 2D arrays. 
At first it was thought th a t th is was simply due to slightly different isolation 
procedures from differently grown cultures. However cells were grown and 
harvested and protein purified in a uniform m anner as described in C hapter 
Three. W hen different batches of cells were isolated sim ultaneously, variation 
also occurred in purified RC-LHI, w ith respect to extra lipid requirem ent for 
2D array  formation. The isolation processes involved protocols th a t were 
considered to be very good a t removing excess free lipids from detergent- 
solubilised m em brane proteins; i.e. anion exchange (DE52, W hatm an) and gel 
filtration (Sephacryl S-200, Pharm acia) (H aw thornthw aite, A., personal 
communication). However between 0.12mg m l"l and l.OOmg m l_l  of ex tra  lipid 
(DMPC) was required before arrays could be formed. Generally only between 
0.12mg m l"l and 0.50mg m l'l  of DMPC was required to allow a rray  formation. 
The change from sheet to vesicular structures usually occurred as more lipid 
was added, until an  optimum was reached.

Rp. acidophila s tra in  7050 RC-LHI conjugates never produced any 
evidence of 2D arrays (see Figure 4.15) even although seven batches of protein 
were isolated and screened. The RC-LHI conjugates from Rp. acidophila  
s tra ins 10050 and 7750 however did form 2D arrays (Figure 4.16).
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Figure 4.15: Negative stain of Rp. acidophila strain 7050 RC-LHI vesicles. Unlike strains 
10050 and 7750 this strain of Rp. acidophila never produced regular arrays of RC-LHI. The 
plate illustrates the lipid-protein vesicles formed from one dialysis experiment. Negative stain 
2%(w/v) uranyl acetate. Maginfication: x68K.
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Figure 4.16: 2D arrays of negatively stained Rp. acidophila RC-LHI (core) conjugate. (A) 2D 
array from strain 10050. (B): 2D array from strain 7750. A regular array of core conjugate can 
seen in these electron micrograph plates. On close examination of the surface of the 2D 
sheet, parallel to the plane of the page (x and y planes), rows of protein can be seen. These 
are small light grey cicrular objects winthin the membrane sheet. Rotating the plate by 120° 
also produces a regular protein matrix and upon a futher 120° rotation yet another plane axis 
of symmetry is present. Using optical diffraction techniques the lattice his hexameric with a 
resoultion of approximately 2.0-2.5nm. Negative stain: 2% (w/v) uranly acetate. 
Magnification: x80K.
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Figure 4.16 illustrates the  2D arrays from RC-LHI conjugates of 7750 and 
10050. Both Figures show th a t the apparent packing of the  pigm ent-protein 
complexes has a hexameric structure. This is evident if you ro tate  the electron 
micrographs along the  plane of the  page.

The diffraction patterns produced on an optical bench suggest th a t the 2D 
arrays of RC-LHI from Rp. acidophila are hexameric in shape. The six-fold 
sym m etry of the 2D crystal therefore most likely has a p6 type symmetry. In 
p6 sym m etry each RC-LHI (monomeric unit) has the same orientation as th a t 
of its im m ediate neighbours w ithin the plane of the m em brane. However, 
since the RC does not have six-fold sym m etry (Deisenhofer et al., 1984) the 
RC-LHI conjugate cannot have true  six-fold symmetry. The surrounding LHI 
may, however, provide a pseudo six-fold structure a t the  boundary of th is 
protein conjugate. Figure 4.17 illustra tes w hat appear to be cracks in  the 2D 
array  rad iating  from the centre. These fissures are uniformly jagged and the 
edges have 120° angles. This suggests th a t the rips in the 2D arrays occur 
betw een the monomeric units and th a t the RC-LHI 2D crystal struc tu re  has, 
a t least, a pseudo six-fold symmetry. If  a non-six-fold sym m etry was present 
then  the radial fissures m ay not be present. Assuming the sam e gross 
struc tu ra l features w ith the core from Rp. viridis (S tark et al. , 1984) then  there 
is a 5° slope (normal to the perpendicular plane of the  m em brane) between the 
EP and ES sides of the RC-LHI. These angled sides would cause the 
m em brane structure to have a slight arch. Sample preparation for T.E.M. 
could cause the arched 2D sheets to rip  when dried and flattened against the 
copper grid. Crystalline sheets were never found to be greater th an  1.5 pm in 
diam eter. The fact th a t their was a lim it to the size of 2D sheet form ation also 
lends weight to a p6, or pseudo p6, symmetry because it is probable th a t the 
2D array  would collapse due to structural stress caused by the growing arched 
2D array. Heavy m etal shadowing of RC-LHI 2D arrays will establish w hether 
unidirectional or bi-directional protein insertion into the  lipid bilayer is 
present, and hence, w hether or not an arched array  is actually produced.

Rp. acidophila s tra in  10050, like 7750, produced six-fold sym m etry for 
the  RC-LHI conjugate. However two batches of isolated RC-LHI from 10050 
did not produce six-fold sym m etry bu t a  square lattice. Figure 4.18 shows the 
square arrays of RC-LHI from this s tra in  of Rp. acidophila. The 2D crystal 
packing was highly mosaic and as Figure 4.18 depicts no large square arrays 
were detected. Optical bench diffraction pa tterns from the square arrays 
indicated poor crystal packing. P late B in Figure 4.18 illu stra tes the 
squareness of the arrays. Notice the holes between the  cores (circular objects).
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Figure 4.17: Fissures in a 2D array of RC-LHI. Diffraction patterns on an optical bench suggest that 

the 2D arrays of RC-LHI from Rps. acidophila are hexameric in shape. The six-fold symmetry thus 

has at least a pseudo p6 symmetry. In p6 symmetry each RC-LHI (monomeric unit) is in the same 

orientation as all its immediate neighbours. The above micrograph illustrates radial cracks in the 2D 

array. These fissures are jagged and the edges have 120° angles. This implies that the tears are 

between the monomeric units and the structure has a pseudo p6 symmetry. Crystalline sheets 

were never found to be greater than 1.5 pm. Assuming the same gross structural features with the 

core from Rp. viridis (Stark et al., 1984) then there is a 5° slope (normal to the perpendicular plane 

of the membrane) in the membrane spanning regions of the RC-LHI. These angled sides, if p6, or 

pseudo p6, crystallographic contacts are present, would cause the membrane structure to have a 

slight arc. E.M. sample preparation would cause the arced 2D sheets to rip when dried and 

flattened against the copper grid under the weight of negative stain. Magnification: x120K.
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Figure 4.18: Non hexagonal arrays of Rp. acidophila strain 10050 RC-LHI conjugate. Negative 
stained (2% uranyl acetate) reveals that for at least one batch of RC-LHI conjugate the protein 
packing was square and not the normal hexagonal arrangement. The arrays formed were small 
compared to the heaxgonal lattices. Plate A shows such small RC-LHI arrays. The presence of 
many free RC-LHI photosynthetic partices can also be seen in the electron micrograph. The free 
RC-LHI’s are the small circular objects spread evenly over the micrograph. By looking at the edges 
of the arrays the square packing of these photosynthetic particles can be seen. Two typical 
examples are indicated by the black arrows on Plate A. On increasing the magnification holes can 
be observed between the RC-LHI conjugates. Plate B represents a magnified area of plate A. 
Notice that in both plates the packing of RC-LHI conjugate produces small mosaic patches of 
lattice. There is no large region of uniform membrane protein packing. Bar: 200nm
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There are two possibilities why a different RC-LHI lattice structure  was 
present; these are lipid variation and also possibly differing RC Redox states. 
A change in  Redox sta te  m ay cause a  conformational change in the  protein. 
Any such conformational change could possibly affect the crystallographic 
contacts in an array, and thus, ultim ately change crystal packing. The 
im portance of sample Redox sta te  has been reported as for cytochrome oxidase 
(W akabayashi et a l ., 1972), bu t the more likely cause in struc tu ra l differences 
is lipid variation. The Rhodospirillaceae have as their major lipid classes 
phosphatidyl choline (PC), phosphatidyl ethanolam ine (PE), phosphatidyl 
glycerol (PG), and diphosphatidyl glycerol (DPG). The major fatty  acids 
(generally sa tu rated  16 and 18 carbons chains) d istribution can vary 
(Kaufm ann et al., 1982) but are  generally sim ilar (Knacker et al., 1985). The 
significant lipids in  the  Rhodospirillaceae m em brane m ay not be the m ajor 
lipid species but ra th e r the more ra re r and unusual lipids such as 
N-acylphosphatidylserine (Russell and Harwood, 1979; Imhoff et al., 1982; 
Donohue et al., 1982).

Slight differences in growth conditions m ay dram atically affect the  final 
lipid composition when RC-LHI conjugates are isolated and purified. Such 
differences in  overall lipid content, due to growth conditions, have already 
been shown in Rp. viridis (Pucheu et al., 1974). Pucheu et al., (1974) showed 
th a t addition of yeast extract causes lipid proportions to vary. K aufm ann et a l., 
(1982) have established th a t different distributions of both fatty  acid and lipid 
class occurred between different m em brane protein fractions. Such variation 
m ay occur in the yet unnam ed and minor lipids of the  Rhodospirillaceae 
(Russell and Harwood, 1979; Imhoff et al., 1982; Donohue et al, 1982). 
Therefore any slight differences in cell culturing m ay resu lt in dram atic 
differences in lipid composition in isolated cores.

The role of hopanoids as m em brane stabilisers (Ourisson et a l., 1987) in 
2D crystallisation and general protein-m em brane interactions is generally 
ignored. I t  is possible th a t the in vivo 2D arrays could be as m uch to do w ith  
the  presence of these prokaryote triterpenoids as well as the  m ajor lipid 
classes nam ed above. Recent evidence suggests th a t these am phiphilic lipids 
can have either potential negative or positive charges (Llopiz et al., 1992). In 
protein-m em brane interaction they m ay be of m ajor or negligible physiological 
and/or struc tu ra l importance. If  they are significant then  the ir presence in 
isolated pigm ent-protein complexes m ay be a requirem ent for high resolving 
2D array  formation.

Ignoring hopanoids the presence of specific lipids can aid both 3D and 2D 
crystal formation as exemplified by LHCII a/b (Wang, D.N, personal
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communication) and the 2D arrays in bacteriorhodopsin (Sternberg et al., 
1992). Both the square and hexagonal 2D arrays from Rp. acidophila 
originated from RC-LHI conjugates w ith sim ilar absorption spectra and 
protein composition. Therefore the appearance of a square lattice (Figure 
4.18), compared to the  usual hexagonal lattice (Figure 4.16), presum ably is due 
to lipid variation.

4.4 . Image Processing of the RC-LHI Conjugate:

Electron micrographs w ith RC-LHI 2D arrays from Rp. acidophila  10050 
and  7750 were digitised using a Perkin-Elem er micodensitometer (model 1010- 
GM). Regions of 2D arrays (20mm x 20mm) were scanned in  20 pm  steps a t a 
resolution of 0.5nm (attainable final resolution of 1.5nm) using a square 
aperture. The digitised optical density da ta  was converted to a suitable form at 
for image analysis. The Im age Processing software, created by the  M.R.C., 
Cambridge, was used to produce 2D reconstructions of the RC-LHI from 
Rp. acidophila.

The digitised and converted da ta  was Fourier transform ed (FFT) 
(FFTRANS.EXE) to produce Miller reflections (k ,h ) w ith  C artesian  co
ordinates (x,y). Figure 4.19 is an  example of one FFTTRANS output from a 
RC-LHI Rp. acidophila 10050 2D crystal. The FFT of the 2D array  produces 
Friedel sym m etry thus only h a lf the image is required to illu stra te  the 
features present. The Miller reflections were reliable to 4,-2.

Background scattering from the carbon support and dirt particles was 
reduced by m anipulating the FFT output. This was achieved by rem oving the  
extrem e high (>200) and low (<130) optical densities, and perm itting  the  
diffraction spots to stand  out against the  background noise. Typical diffraction 
spots from RC-LHI can be seen in  Figure 4.19 and are circled to allow easier 
recognition against the filtered background. The origin of the  Fourier 
transform , or diffraction pattern , is given the M illar reflection of 0,0. All other 
M illar reflections are located by x  an d y  C artesian co-ordinates.

The co-ordinates (k,h;x,y,) of the FFTRANS output are then  image 
m anipulated  by the processing software described below. A rough lattice was 
produced by the program m e EMBOX.EXE (a sim ilar program m e to the  
s tandard  NNBOX.EXE) and used as the input to MMBOX.EXE, which 
produced a refined lattice containing am plitudes and phases. The output from 
th is  was then  subjected to fu rther lattice refinem ent by MMLATREF.EXE.
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Figure 4.19: Fast Fourier Tansform (F.F.T.) of a RC-HLI Array. A digitised 
area was subjected to a F.F.T. resulting in the image above. The image has 
been cropped such that only the area containing the diffraction spots is 
depicted. Note that the extreme density values have been filtered out (<130 
and >200 A.U.) thus making it possible for the diffraction spots to be seen. To 
aid detection these reflections have been circled. The F.F.T origin is given 
Miller indecies (h,k) lattice co-ordinates of 0,0. The h and k lattice axis are 
indicated by the lines. The x, y axes are also shown. Due to Friedel symmetry 
only one half of the image is plotted.



Figure 4.20: After processing the refined lattice co-ordinates a template is prepared from 
the centre of the scanned area. A reference area is shown above and is used to 
manipulate the rest of the scanned area to provide an unbent regular structure when the 
data is subjected to further data manipulation. The above reference area appears to 
consist of many similar units each comprised of a centre of high density with a 
surrounding hexagonal ring.
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This programme optimises the lattice co-ordinates from MMBOX.EXE. 
F u rth e r improvement occurred by applying the MMLATREF.EXE output to 
JOBA.COM. The programme JOBA.COM was actually a series of individual 
program m es w ithin the  MRC software which ultim ately produced optimised 
lattice param eters including m easurem ents of lattice distortion. JOBA.COM 
first creates a m ask (MASKTRAN.EXE) of the Fourier transform  da ta  to 
a ttem pt to increase the signal to noise ratio by fu rther refining the  lattice 
param eters using the above programmes. Once achieved a sm all boxed area  is 
used as a tem plate (BOXIM.EXE) to which all other regions of the  scanned 
im age are compared to. Figure 4.20 illustrates the boxed image of a  scanned 
region of 10050 lattice. Note th a t the repeating objects appear to have a 
central object surrounded by a hexagonal ring. The processed da ta  indicates 
th a t  there m ay indeed by six-fold sym m etry in the  RC-LHI conjugate. The 
final process is to pictorially display a 2D reconstruction. The image processing 
up to now has assum ed th a t the image had p i  symmetry. If the  lattice has 
indeed sixfold sym m etry (Figure 4.20) then  it m ust, by definition, also have 
th ree  fold symmetry. The programme THREEFOLD.EXE was used to correlate 
the  three axes, by comparing the  am plitudes and phases of the  lattice co
ordinates of paired M illar indices from the  final processed co-ordinates.

The final resu lt of the image processing was averaged electron density 
m aps th a t were assum ed to have six-fold symmetry. Figure 4.21 shows the 
final 2D reconstructions of Rp. acidophila RC-LHI from stra in s 7750 and 
10050. Both 10050 (Figure 4.21A) and 7750 (Figure 4.21B) appear to have a 
central region surrounded by a hexameric ring structure.

4 .6  Structural Significance of RC-LHI 2D Arrays:

I t is proposed th a t the ring structure in Figure 4.21 for Rp. acidophila 
RC-LHI comprises of the six LHI (B875) light-harvesting an tennae  complexes. 
Each LHI comprises of two a  and two (3 polypeptides, four bacteriochlorophylls 
and  two carotenoids (for a review see Zuber, 1986). The central region in 
F igure 4.21 is symmetrical due to the rotational sym m etry imposed by the 
THREEFOLD programme. No direct structural inform ation can thus be 
obtained other than  the  existence of the reaction centre (RC) in the  2D array. 
From  previous reports others have shown th a t the  RC from other species of the 
Rhodospirillinaea have at best pseudo two-fold sym m etry (S tark  et al., 1984; 
Deisenhofer et al., 1985; Chang et al., 1986). By comparing the 2D 
reconstructions of Rp. acidophila w ithR p. viridis RC-LHI (Figure 4.21C;
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Figure 4.21: Comparison of the 2D electron density reconstruction maps of the RC-LHI conjugate from 

Rp. acidophila strains 10050 and 7750 with Rp. viridis. Negatively stained arrays (2%w/v U.A.) from 

Rp. acidophila RC-LHI were digitised and processed using the MRC Image Processing Software on a 

VAX minicomputer to produce 2D resconstructions. (A): 2D reconstruction of Rp. acidophila strain 

10050 RC-LHI at 1.9nm resolution. Bar: 5nm (B): 2D reconstruction of Rp. acidophila strain 7750 

RC-LHI at 1.9nm resolution. Bar: 5nm. (C): 2D reconstruction of Rp. viridis RC-LHI at 1.8nm 

resolution, redrawn from Stark, (1984) Bar: 5nm. The reconstruction from Rp. acidophila strain 10050 

is from one array while that of 7750 is an averaged plot from two processed arrays. Comparing the 

overall shape and dimensions of the two Rp. acidophila resconstructions with each other and with that 

derived for the RC-LHI of Rp. viridis by Stark, (1984) indicate that all are very similar. Image (C) has 

near perfect sixfold symmetry while both plates (A) and (B) have decreasing symmetry. The apparent 

degree of symmetry is dependent on the number of data points which most likely accounts for the 

increased averaged symmetry from plate (A) to (C). The relative positions of the peaks and the centre 

to centre distances are also very similar. All appear to have six-fold symmetry at this resolution with 

centre to centre distances of 12.0nm {Rp. viridis) and 11.5nm {Rp. acidophila). The proposed reaction 

centre diameter for all three resconstructions is approximately 4.5nm.
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S tark , 1984) a generalisation can be made. All th ree  RC-LHI conjugates 
consist of a reaction centre surrounded by six LHI complexes.

There are two a  and two (3 polypeptides in each LHI, and six LHIs per 
RC, w ith each LHI an tenna complex constituting a side of the  hexam eric RC- 
LHI structure. This then  assum es th a t each RC is associated w ith  24 core 
an tenna  polypeptides. The principle th a t 24 core an tenna polypeptides are 
p resen t w ith each RC is fu rther substantiated by Meckenstock et al., (1993) 
and Ghosh et a l., (1993). Both these groups have produced 2D arrays of LHI 
(RC-LHI lacking the RC) from R. marina  (Meckenstock et al., 1993) and 
R. rubrum  (Ghosh et al., 1993) th a t indicate six-fold sym m etry (Figure 1.14).

For all species studied in Chapter Three the  biochemical evidence 
appears to indicate th a t for isolated RC-LHI conjugate the  reaction centre: 
bacteriochlorophyll ratio  (RC:BChl) is approxim ately 1:30. There is however 
varia tion  in the  ratio. The maximum and m inim um  ratios were found to be 
1:43 and 1:20 respectively for all species investigated. E arlier biochemical 
work on isolated RC-LHI conjugates by Dawkins,(1988) also produced ratios 
w ith in  th is range (1:41 - 1:21, m ean value was also about 1:30).

If  it can be assum ed th a t there are 24 core an tenna polypeptides 
associated w ith the RC then  the variation of RC:BChl ratio m ust be due to one 
of two possibilities. The first is th a t the isolated RC-LHI conjugate is possibly 
inherently  unstable thus resulting in the observed variations. The second 
possibility is th a t the levels of bacteriochlorophyll a lte r in the  LHI an tennae, 
causing altered RC:BChl ratios. The second hypothesis would suggest th a t for 
each a/p heterodim er a t least two BChlas are present, w ith  possibly a  th ird  
p resen t in some apoproteins. None of the models based on biochemical 
inform ation, such as the model of the m inim al light-harvesting photosynthetic 
u n it of R. rubrum  B890 (Brunisholz et al., 1986), suggest a varied 
bacteriochlorophyll content. This then suggests th a t the  first explanation holds 
tru e  for the RC-LHI; the RC-LHI is generally an  unstable supra-complex in 
vitro.

4 .7  Summary of 2D Crystallogenesis Studies.

I t  appears th a t photosynthetic m em brane proteins of the 
Rhodospirillaceae are capable of forming 2D arrays in vitro. Only the  RC-LHI 
conjugates th a t are considered to be more stable th an  the  m ajority produce 
arrays. This is probably due to the  use of detergents as they  are  thought to
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cause significant protein degradation when left in contact w ith the RC-LHI for 
prolonged periods.

Since 2D arrays can be formed for both the RC-LHI and LHII, fu rther 
work using 2D crystallographic techniques could lead to low resolution 3D 
reconstructions of these pigment-protein complexes. This would, a t the  very 
least, allow the  orientation of these proteins w ithin the  in vivo m em brane to be 
established. The fact th a t 2D crystalline arrays were obtained for 
Rp. acidophila RC-LHI, where none have been reported using 3D 
crystallography, indicates th a t E.M. methods are very useful a lternatives to 
the  conventional x-ray structural determ ination methods.
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5.1 Introduction:
D eterm ination of an atomic structure of a biological macromolecule to 

date  still generally relies on x-ray crystallography. In order for a  x-ray 
structu re  of a protein to be elucidated crystals m ust be produced w ith  all 
dimensions being a t least 0.15-0.25mm. The crystals m ust be larger th an  the  
w idth of the x-ray beam  for a diffraction pattern  to be accurately detected. 
There is a general relationship which states th a t the in tensity  of the 
diffraction pa ttern  is proportional to the crystal volume and inversely 
proportional to the un it cell volume (for a review see Blundell and Johnson, 
1976). For a given x-ray source the dose of the beam reduces as the  cross- 
sectional area decreases causing loss of intensity  in the resulting  diffraction 
pa ttern . This implies th a t the beam m ust have a sufficient cross-sectional area  
w ith  large ordered crystals in its path  to provide intense spots on the  recording 
device. An equally im portant criteria is the level of beam  coherence. The 
creation of very powerful synchrotron radiation sources (SRSs), w ith  increased 
sensitivity  of the  detectors, will help to reduce the necessity for large crystals. 
The SRS a t Grenoble, France, when completed will have the capability for 
using much sm aller crystals th an  currently possible. Excluding the  special 
cases of very powerful SRSs the collection of reliable data  sets for s truc tu ra l 
determ ination requires large well ordered crystals w ith sm all un it cells.

The formation of protein crystals, as w ith any molecule, involves the  
form ation of a supersaturated  solution followed by a phase change. The 
molecule, in our case the  m em brane protein or solute, eventually changes s ta te  
to a solid. This solid sta te  is called a crystal if the change occurs in a uniform 
way. The s ta te  change from soluble protein to solid crystal is a complex 
process. The formation of a crystal is not energetically spontaneous because a 
protein, or any other molecule, in  solution (fully solvated) is a t a low potential 
energy. The forcing of a phase change occurs by gradually increasing the 
protein 's concentration to a sta te  of supersaturation. S upersaturation  is th a t 
point where the protein's concentration in solution is g rea ter th a n  the  
solubility of th a t protein (in its solvent environm ent) will allow. If  a crystal 
nucleus (nucleation site) is formed in the  supersaturated  solution a phase 
change occurs and a regular solid structure is produced which has a lower 
potential energy. This solid w ith a lower potential energy is a crystal. Crystal 
grow th m ay occur provided the solution is supersaturated. C rystals will not 
form in a non-supersaturated or an equilibrated system. The supersa tu ra ted  
solution can be split into two regions (i) labile and (ii) m etastable, see Figure 
5.1. The la tte r  is unable to spontaneously form crystals while the labile region
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Figure 5.1: Solubility of a solute. Three regions are apparent for any given solute-solvent 
system. These regions are the unsaturated solution and the metastable and labile regions 
of the supersatureated solution. The diagram illustrates that, for a factor (e.g. temperature), 
a phase change can occur when the solute concentration in the unsaturated solution is 
altereded. In this example the factor is temperature. For any given temperature as solute 
concentration is increased a phase change occurs. This occurs at the boundary layer 
between the unsatuuated solution and the metastable region of the supersaturated solution. 
This increase in solute concentration can occur by solvent removal (e.g. vapour diffusion). 
Crystals begin to spontaniously from in this region but are just as easily dissolved again. 
Further incresing of solute (protein) concentration causes the crystal formation into the 
labile region. Of the two saturated states the lablie is the most stable allowing gradual 
crystal growth to occur. However crystals cannot be inicitated in the labile region. Crystals 
must first occur in the metastable region first, then incubation conditions altered to such that 
the labile state is produced.



C hapter 5: 3D Crystallisation:

spontaneously produces nucleation sites and crystals. The crystals in the  labile 
region are, however, ju s t as easily redissolved into the  supersa tu ra ted  
solution. The trick is to form nucleation sites and therefore crystals in the 
labile region, then  quickly 'push' the supersaturated  solution over into the  
m etastable  region. Hopefully th is produces slow growing, and thus large, well 
ordered, crystals.

If  the move from labile to m etastable region is however too fast then  the  
protein comes out of solution, not as a stable ordered crystal, b u t as an  
am orphous precipitant. Such precipitation has a lower potential energy th an  
the  supersaturated  solution bu t is not the  m inimal one, th a t  of a crystal.

The formation of crystals in the supersaturated  solution can be controlled 
and modified by altering some of the physical properties of the  system. The 
influencing factors include; protein concentration, lipid content, detergent type 
and content, incubation tem perature, pH and precipitation agents. For m any 
proteins a lteration of incubation tem perature and pH outw ith a sm all range 
m ay be undesirable. Biological macromolecules can be prone to denatu ration  
in  environm ents dissim ilar to the in vivo sta te  (e.g. Photo-Systems I and  II in  
plants). The bacterial reaction centre, once purified, is however very stable and 
can las t for m onths before denaturing (Cogdell, R .J., personal communication). 
This is not true  however for the RC-LHI conjugate. The RC-LHI is unstable in  
acidic pHs and prone to quick degeneration when not in a m em brane system. 
Precipitants, in  the form of salts and polymers such as polyethylene glycol 
(PEG) are used to a lter the supersaturation phase w ithin  suitable pH and 
tem perature  regimes. When the supply of solvent becomes the lim iting factor 
sa lts  are preferentially solvated than  proteins (Green et al., 1954). This leads 
to the  protein solution becoming supersaturated  and suitable for crystal 
formation. Synthetic polymers such as polyethylene glycol (PEG) a lte r the  
solvent's (water) activity thereby producing a supersa tu ra ted  protein solution. 
The complex structure, formed by the PEG and solvent, excludes protein 
association w ith the solvent, forcing a phase change, and eventual protein 
precipitation, or crystal formation (Herman, 1982; Lee and Lee, 1981). The 
degree of competition between salt and protein for w ater is based on ionic 
competition w ith the surface of the  polyionic protein playing a m ajor role. For 
proteins to rem ain in solution they m ust be hydrated bu t w hen w ater is 
unavailable they m aintain  their electrostatic requirem ents by binding to each 
other, thus forming precipitation or crystals.

The advantages of using PEG as the precipitant are  th a t  once 
crystallisation conditions have been found a broad PEG concentration (w ithin 
2-3%) can be used th a t still produces optimal crystals (McPherson, 1991).
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Figure 5.2. Crystallographic apparatus used for vapour diffusion. A clear plastic 
dish has an air-tight seal. The interior of the dish contains a raised platfrom. In 
the centre of the platform is small depression, or well. This houses the 
protein-detergent solution and its mother liquor. Surrounding the platfrom is a 
much larger reservoir of precpitating agent. The protein sample concentration 
increases as vapour is lost from the mother liquor to the reservoir. When the 
protein levels reach supersaturation crystal formation may occur in the wells. The 
above sketch is for the large scale vapour diffuison plates. Crychem plates 
(J.B.L.Scientific Ltd) were also used for crystallographic trials. The basic design 
of the Crychem plates is similar to the above except they are much smaller and 
the lid consists of either a glass coverslip or clear tape.
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Often PEG-initiated crystals are produced quicker th an  those precipitated 
caused by salts (e.g. ammonium sulphate) or organic solvents such as 2- 
m ethyl-2,4-pentanediol (McPherson, 1991).

The formation of the supersaturated  sta te  relies on the  net removal of 
w ater (solvent) available to the protein (solute). The most widely used method, 
and the  one used here, is th a t of vapour diffusion (for a sum m ary of other 
possible m ethods see McPherson, 1991). This method relies on a protein 
solution, in the  form of a droplet, being equilibrated against a reservoir of 
g rea ter precipitant concentration in a  sealed environm ent. F igure 5.2 
illu stra tes a typical experim ental design for vapour diffusion. An equilibrium  
betw een droplet and reservoir occurs by the continual removal of w ater 
(solvent), via the vapour phase, from the droplet into the  reservoir. This 
increases sa lt and protein concentrations in the droplet. Eventually 
supersa tu ra tion  of the protein solution occurs due to preferential sa lt 
solvation causing general precipitation or crystal growth (Green et al., 1954). 
Fine tun ing  of this vapour diffusion allows controlled crystal form ation under 
the  correct conditions. The controlled formation of crystals m ay lead to highly 
ordered crystals suitable for structural studies.

There are two experim ental methods which use vapour diffusion; hanging 
drops and sitting  drops. The former consists of a droplet of protein-detergent 
m ixture (or protein solution if a w ater soluble protein is used) suspended over 
a reservoir solution containing a higher precipitant concentration. The droplet 
is adhered to the  surface of a siliconised glass microscope coverslip by surface 
tension. The drawback to th is approach is th a t only sm all protein droplets can 
be used. If  they become too large the surface tension is unable to support them  
and they fall off into the reservoir below. Approximately lOpl can be used 
safely by th is method. The advantage of this system  is th a t  a large range of 
crystal tria ls can be undertaken if there is a lim ited am ount of suitable protein 
available.

The second design, the sitting  droplet, has a droplet of protein solution 
s itua ted  in a well surrounded by a reservoir. The advantage of th is  m ethod 
over hanging drops is larger protein sam ples can be used. U sing the  sam e 
sta rtin g  conditions the  formation of crystals by both the hanging and sitting  
drop m ethods may lead to crystal formation although not necessarily by the  
sam e vapour diffusion route (McPherson, 1991).

C rystallisation of m em brane proteins has one m ajor draw back - the  
proteins themselves. M embrane proteins are not soluble in  w ater (the solvent 
used in  crystallisation is usually water) and on contact w ith  it  form non
specific aggregations. This is overcome by the use of detergents. M em brane
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Figure 5.3: Photograph of the B-OG detergent ring surrounding the hydrophobic domain of the 

Rb. sphaeroides reaction centre. The detergent ring is located where the in vivo membrane is 

located (Roth eta!., 1991)
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Figure 5.4: 3D crystallisation of protein-detergent micelles: location of lipds, detergents 
and proteins. Membrane proteins 1,2,3,4 and 5 (top) are solubilised in detergent and form 
protein-detergent micelles (middle). The hydrophillic regions of the proteins are shown by 
dotted surfaces while the hydrophobic domains have solid surfaces. The detergents 
protect the hydrophobic regions from the solvent. Some specific lipids are associated with 
each protein. The lipids are depicted by circles with two tails while the detergents are 
squares with single tails. Lipids can be seen in association with protein 1 micelles. 
Bottom: Crystals are formed from purified protein 1 by net removal of available solvent. 
Redrawn from Michel, (1983).
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proteins consist of hydrophilic (the parts of the protein th a t are exposed to the 
cytosol in vivo) and hydrophobic regions (the parts of the  protein th a t lie 
w ith in  the m em brane structure in vivo). It is th is la tte r  region th a t, when 
exposed to a hydration shell, causes non-specific precipitation and aggregation 
due to electrostatic interactions. During the isolation procedure the  in vivo 
lipid structure  (the lipid bilayer) is replaced with detergent molecules. Figure 
5.3 shows the  structure of one such detergent-protein micelle; the  (3-OG-RC 
crystal of Rb. sphaeroides (Roth et al., 1991). The photograph clearly shows the  
location of the  ring of deuterated detergent surrounding th is  in tegral 
m em brane protein in the crystal structure. A sim ilar photograph can be seen 
in the  introduction (Figure 1.13). In both diagram s the ring of detergent has 
the  effect of not exposing isolated protein hydrophobic regions to an  aqueous 
environm ent by locating itself where the lipids would be in vivo. S im ilar 
detergent rings are found in LDAO-RC crystals of R. viridis (Roth et a l., 1989). 
Lipids and detergents have very sim ilar structures w ith  the detergents 
containing polar and non-polar regions (Helenius and Simons, 1975; Helenius 
et a l ., 1979). This enables detergents to form micelles above a certain  
concentration in an aqueous environm ent with the hydrophobic effect causing 
the  polar heads to face the aqueous solution (Tanford, 1980). The m inim um  
detergent concentration th a t perm its micelle form ation is called the  critical 
micelle concentration (CMC). To ensure m em brane protein stability  they are 
isolated, purified and m aintained in solutions containing buffer w ith  detergent 
levels g reater th an  the CMC value.

W hen the  m em brane is solubilised in detergent the  hydrophobic effect 
causes the hydrophobic regions of the proteins to insert them selves into the 
detergent micelles. I t is these protein-detergent micelles th a t are crystallised. 
F igure 5.4 illustra tes the probable location of lipids, detergents and proteins in 
the  lattice. Figures 1.13 and 5.3 are two real-life examples of detergent 
packing w ithin a detergent-protein micelle crystal. The detergents restric t 
th e ir location to the hydrophobic domains of proteins.

The addition of detergents into the  crystallisation solution is often a 
m ajor problem. Phase separation occurs under high precipitant conditions; the 
detergent-m icelles are precipitated out of solution. This phase difference 
betw een a detergent rich and detergent poor (aqueous) region causes the 
m em brane proteins to m igrate to the detergent rich phase causing general 
denatu ration  of proteins. To combat this, small molecules called am phiphiles, 
a re  sometimes added to prevent phase separation (Michel, 1983). This is 
achieved because am phiphiles perm it increased sa lt concentrations to occur
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before phase separation occurs. Examples of widely used am phiphiles are 
heptane-triol and benzamidine hydrochloride.

Amphiphiles also enhance structural integrity of crystals by inserting  
them selves in  the micelle and replacing detergents a t v ita l locations thereby 
aiding the formation of regular arrays of protein-detergent complexes (Michel, 
1983). They achieve th is by reducing the radius of the  micelle allowing g reater 
protein-protein, protein-detergent and other interactions to occur. S tructu ra l 
stress to the protein can be reduced by these small molecules since they  can fill 
in  the  gaps between detergents and proteins. This has the  effect of reducing 
the  th rea t of w ater invading the hydrophobic region and thus lim iting any 
stress from the  aqueous solvent used in the crystallographic tria l. I t should be 
noted a t th is point th a t the size of detergent molecule used is also very 
im portant. A large detergent even w ith an amphiphile added m ay not form 
highly ordered crystals (assum ing crystals form a t all) because the  polar heads 
of the  detergent can m ask the  polar regions of the protein. Consequently the 
interactions which occur in detergent-protein micelle crystals are reduced or do 
not form. This, of course, resu lts in either poor or even no crystal growth. 
There are therefore advantages in using amphiphiles, detergents, proteins and 
precipitation agents in the correct combination in 3D crystallographic tria ls 
because highly ordered crystals can result. However the optim um  combination 
cannot be derived by any other m eans other th an  by m any experim ental 
crystallographic tria ls and as a resu lt the  formation of well ordered 3D crystals 
suitable for struc tu ra l analysis can take a long time.
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5 .2  Range of Photosynthetic Proteins Studied:

Purified reaction centre light-harvesting conjugates (RC-LHI or cores) 
and peripheral light-harvesting complexes (LHII) from a range of 
Rhodospirillaceae species were screened to observe which ones produced 
suitable conditions for 3D crystal growth. Figure 5.5 illustra tes the  range of 
photosynthetic proteins th a t were investigated.

During the  purification steps it was clear th a t stable core conjugates were 
easier to obtain from some stra ins th an  others. The isolation of stable cores 
from Rb. sphaeroides s tra in  GA and stra in  M21 were am ongst the  m ost 
difficult. Both R. centenum  and R. rubrum  produced stable cores b u t were 
denatured  if left for long periods of tim e in the purification detergent LDAO. 
The most stable core conjugates were from Rp. acidophila s tra ins 10050, 7750, 
Rp. cryptolactis and Rp. palustris s tra in  2.6.1. For these reasons studies were 
concentrated on the last three species. Of the th ree  Rp. acidophila s tra in s 
10050 was chosen because high resolution data  has been collected for its 
peripheral light-harvesting complex (Cogdell, R.J., private communication). 
F igure 5.5 also shows which of the species studied contains LHII and w hether 
or not 3D tria ls were setup. LHII from Rp. palustris s tra in  2.6.1 was 
investigated in its two forms; the  low light (LL) and high light (HL) forms 
(Zuber and Brunisholz, 1986; Zuber, 1990). It is possible th a t only one form of 
LH II will produce crystals. Refer to section 1.3. and Figures 1.7 and 1.8 for an  
explanation of the differences between HL and LL Rp. palustris 2.6.1 B800- 
850.
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Figure 5.5: The Screened photosynthetic proteins of the Rhodospirillaceae. The screened proteins 

are marked by a '+' and the unscreend ones by a It should be noted that in Rp. palustris there 

are two distinct LHII complexes produced. These two LHII's are produced under different 

environmental conditions and have different NIR absorption maxima and polypeptide ratios 

(Zuber, 1990).



■
SALT BUFFER PRECIPITANT*

1 0.2M Ca chloride 0.1 M Na acetate 30% MPD
2 0.4M KNa tartrate
3 0.4M NH4+ phosphate
4 0.1 M TRIS 2.0M NH4+ sulphate
5 0.2M Na citrate 0.1 M HEPES 40% MPD
6 0.2M Mg chloride 0.1 M TRIS 30% PEG 4000
7 0.1 M Na cacodylate 1.4M Na acetate
8 0.2M Na citrate 0.1 M Na cacodylate 30% propan-2-ol
9 0.2M NH4+ acetate 0.1 M Na citrate 30% PEG 4000
10 0.2M NH4+ acetate 0.1 M Na acetate 30% PEG 4000
11 0.1 M Na citrate 1.0M NH4+ phosphate
12 0.2M Mg chloride 0.1M HEPES 30% propan-2-ol
13 0.2M Na citrate 0.1 M TRIS 30% PEG 400
14 0.2M Ca chloride 0.1M HEPES 28% PEG 400
15 0.2M NH4+ sulphate 0.1 M Na cacodylate 30% PEG 8000
16 0.1M HEPES 1.5M Li sulphate
17 0.2M li sulphate 0.1 M TRIS 30% PEG 4000
18 0.2M Mg acetate 0.1 M Na cacodylate 20% PEG 8000
19 0.2M NH4+ acetate 0.1 M TRIS 30% propan-2-ol
20 0.2M NH4+ sulphate 1.0M Na acetate 25% PEG 4000
21 0.2M Mg acetate 0.1m Na cacodylate 30% MPD
22 0.2M Na acetate 0.1 M TRIS 30% PEG 4000
23 0.2M Mg chloride 0.1 M HEPES 30% PEG 400
24 0.2M Ca chloride 0.1 M Na acetate 20% propan-2-ol
25 0.1 M Imidazole 1.0M Na acetate
26 0.2M NH4+ acetate 0.1 M Na acetate 30% MPD
27 0.2M Na citrate 0.1M HEPES 20% propan-2-ol
28 0.2M Na acetate 0.1 M Na cacodylate 30% PEG 8000
29 0.1 M HEPES 0.8M K calcium tartrate
30 0.2M NH4+ sulphate 30% PEG 8000
31 0.2M NH4+ sulphate 30% PEG 4000
32 2.0M NH4+ sulphate
33 4.0M Na formate
34 0.1 M Na acetate 2.0M Na formate
35 0.1M HEPES 1.8M K phosphate
36 0.1 M TRIS ! 8% PEG 8000
37 0.1 M Na acetate i  8% PEG 4000
38 0.1M HEPES M.4M Na citrate
39 0.1M HEPES | 2% PEG 400, 2.0M NH4+ sulphate
40 0.1 M Na citrate ! 20% propan-2-ol, 20% PEG 4000
41 0.1 M HEPES | 10% propan-2-ol, 20% PEG 4000
42 0.05M K phosphate I 20% PEG 8000
43 I 30% PEG 2000
44 I 0.2M Na formate
45 0.2M Zn acetate 0.1 M Na cacodylate ! 18% PEG 8000
46 0.2M Ca acetate 0.1 M Na cocadylate

I 18% pEQ 8000

Figure 5.6: The Magic 46 screen. A series of stock solutions (see appendix 4.1) were used to 

create the above solutions. When the above solutions (salts, buffers and precipitants) were 

combined they produced the Magic 46 crystallographic screen. The pHs of the buffers are 

described in appendix 4.1. The '*' depicts w/v or v/v at room temperature.
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5 .3  Magic 46  Protocol:

A screening protocol was established in the early 1990s by the  U niversity 
of California, Berkeley, U.S.A called the Magic 46  which was used as a 
sta rtin g  point for m any 3D crystallographic trials.

Hanging drops (5pl) were prepared and placed over 500pl reservoirs in 
Corning tissue culture plates. The driving force for crystallisation was created 
by the  difference in precipitant concentrations between the  hanging drop and 
the  reservoir. 700pl of each screening solution (e.g. num ber 20 from Figure 5.6) 
w as placed in  an  eppendorf and centrifuged a t 10K xg for 20min to pellet any 
potential debris th a t m ay act as a nucleation site. 2.5pl was placed onto a 
siliconised virgin glass cover slip. 500pl of the screening solution was placed 
into the reservoir. Im m ediately an equal volume of protein solution (2.5pl) was 
pipetted onto the coverslip and into the screening solution. This has the  effect 
of reducing the  droplet precipitant and/or salt concentration relative to the 
reservoir. Once all the constituents were added, the  protein droplets contained 
a  final detergent concentration of 1.0% w/v of p-OG and 3mM sodium azide. 
The drops were pipetted onto virgin siliconised glass cover slips. The cover 
slips were sealed onto the tops of the reservoir wells by silicone grease and 
incubated in the  dark, initially a t 4°C and 20°C. From the first a ttem pt using 
Rp. acidophila s tra in  10050 two observations were noticed. F irstly  all the 
wells precipitated w ithin 2 days w ith m any of the  tria ls having complete 
protein degeneration as indicated by colour changes, and secondly all the  20°C 
tria ls  were denatured. I t was considered th a t the ionic streng th  was too great 
using full-strength Magic 46 solutions. As a resu lt the tria ls were repeated 
using half-strength Magic 46 solutions in  the resevoirs w ith each tria l (mother 
liquor) containing quarte r strength  Magic 46 combinations in  the  hanging 
drops. Figure 5.7 illustra tes some of the  results obtained using h a lf strength  
Magic 46 tria ls. The results from th is were m uch more promising, fewer 
complete denatured tria ls occured and m any of the  tria ls th a t previously lost 
th e ir  native colour m aintained their original colour (e.g. Figure 5.7C). The 4°C 
tria ls  were promising bu t the 20°C were again all degenerated. Consequently 
all other tria ls  were then  started  using initially ha lf streng th  Magic 46 
solutions and a t 4°C.

Rc gelatinosus, Rp. sphaeroides, Rp. acidophila s tra in s 7750 and 7050, 
never produced any crystals. However promising indicators were found w ith 
R. rubrum, R. centenum, Rp. acidophila s tra in  10050 and Rp. palustris  s tra in  

2.6.1 cores.
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Figure 5.7: Initial Magic 46 Results. (A): Free bacteriochlorophyll production from a 3D 

crystallographic trial. The trail (based on Magic #19 trial) had TRIS.HCI to control the pH. The pH of 

this trial was similar to the pH this pigment-protein complex {Rp. acidophila stain 7750 RC-LHI) is 

most stable in. However the organic solvent propan-2-ol was used as the precipitant. The solvent 

freed pigments from their apoproteins thereby giving the observed green colour. (B): Phase 

separation of a crystallographic trial. Rp. acidophila stain 7750 RC-LHI core conjugate migrated into 

the detergent rich micelles. The protein quickly denatures in the high detergent levels. (C): General 

amorphous precipitation. Oily drops occurred in some trials where the protein-detergent micelles 

were retained in solution. Some trials further developed by forming amorphous precipitate. The 

native red colour is maintained in this example from Rp. palustris RC-LHI. The trial was based on 

TRIS.HCI (pH8.0) and a very low PEG level (2% PEG 2000). Other trials that had either general 

precipitation or oily drops also had colour changes which were associated with protein denaturation.





gic 46 
umber:

14
-----

. ...

SALT

0.1 M Ca chloride 0.05M HEPES (pH 7.50)

0.1 M Mg chloride 0.05M HEPES (pH7.50)

0.1 M Zn acetate 0.05M Cacodylate (pH 5.32)

46 0.1 M Ca acetate 0.05M Cacodylate(pH 5.32)

...... ■

14% (v/v) PEG 400 

15% (v/v) PEG 400 

9% (w/v) PEG 8000 

9% (w/v) PEG 8000

Figure 5.8: Reservoir conditions in half strenght Magic 46 screens that produced crystals for 

Rp. palutris strain 2.6.1 core conjugate. Note that the reservoirs also conatained 3mM sodium azide 

to prevent any bacterial growth in the screening solutions. The protein droplets contained half the 

concentratins stated in the table. The protein concentration in the droplet was 5mg.ml'1 with final 

concentrations of 1% (w/v) 6-OG and 3mM sodium azide also present.
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V

5.3.1 Rp. palustris strain 2.6.1.:

H alf-strength Magic 46 solutions produced crystals in screens 14,23,45, 
and  46. The first crystals formed within four days w ith  screen #14 tak ing  up to 
10 more days to form crystals. Figure 5.8 lists the  conditions used in the  
reservoir solutions for the above four trials. The crystal forming screens will be 
discussed in decreasing num erical order.

F irst are  tria ls #46 and #45. These formed crystals in w hat appears to be 
very unlikely conditions suitable for the proteins studied because of the  acidic 
pH of the tria l buffer. These proteins are generally unstable in an  acidic pH 
b u t the cacodylate buffer was set to pH 5.23 (see appendix 5.1) and  from 
num erous studies the  use of zinc tends not to favour crystal growth in  these 
m em brane proteins (G. McDermott, personal communication). Yet crystals did 
form. They were long, needle shaped bu t slightly discoloured. Of the two tria ls 
#46 yielded the larger better looking crystals in th a t they were more uniform 
and of a more natu ra l colour. Figure 5.9A is a picture of tria l #46 and Figure 
5.9B for tria l #45. Since the shape and colour was not desirable these 
conditions were not fu rther investigated.

W ithin 4 days of setting up the ha lf strength  Magic 46 tria ls crystals 
formed in tr ia l #23. These, unlike trials #45 and #46 were not discoloured. The 
crystals formed were of regular hexagonal shapes. Although small, 
approxim ately 20-50pm in diam eter, they are all uniform. Figure 5.10A is a 
photograph of Rp. palustris 2.6.1 half-strength Magic 46  screen #23. As the 
F igure shows the crystals are of uniform shape and size. There is no 
discolouring in  the well thus general protein denaturation has not occurred. 
However there  is still some redness in the  solution which indicates th a t  not all 
th e  protein has been utilised for crystal growth.

Approximately 7-10 days into the incubation crystals appeared in  screen 
#14. These crystals also were of regular hexagonal shapes and sim ilar to the 
crystals in screen #23. The crystals in screen #23 were fewer in  num ber but 
approxim ately twice as large. This screening condition was further 
investigated by varying the PEG concentrations in the  reservoir from 15%-8%. 
Although crystals did appear sim ilar to the ones in Figure 5.10A no increase in 
size was forthcoming. The crystals were too sm all for x-ray analysis. The 
constituents of half-strength #14 droplet, including the  contents of the  protein 

solution itse lf was;
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Figure 5.9: 3D crystals of Rp. palustris 2.6.1 RC-LHI core conjugate. Four trials that were based on 

the Magic 46 screen produced probable crystals. The four trials could be separated into two groups 

based on their incubation conditions. The first group produced needle shaped growths. The 

incubations were based on cacodylate and PEG 8000 as the buffer and precipitant respectively. 

The salts used were zinc acetate (plate A) and calcium acetate (plate B). More structures formed in 

the trial that contained zinc (plate A) however the screen that contained the calcium salt (plate B) 

produced slightly larger needle shaped structures. The structures associated with the calcium also 

appeared to be more uniform in character. Both trails had relatively large levels of precipitation 

present and the colour indicated that probable denaturation had occurred. The other two trials are 

shown in Figure 4.10. bar 0.1mm.





Figure 5.10: The second group of crystallisation trials that produced 3D crystals of Rp. palustris

2.6.1 RC-LHI core conjugate. Both these trials produced hexagonal shaped pigmented structures. 

Trial incubations by vapour diffusion occurred by the hanging drop method. (A): Photograph of the 

hanging drop from an incubation based on Magic 46 #14. Many regular shaped pigments objects 

can be seen with some general precipitation evident. There is still a slight red colour present in the 

mother liquor suggesting that crystallisation was not yet completed. (B) Magnified portion of above 

plate. This plate illustrates that the objects are of uniform shape; they are very small hexagonal 

columns. They are too small (25-50pm) however to undergo any x-ray analysis. The central red 

object clearly shows the hexagonal cross sectional area of the crystals. (C) Magnified portion from 

the second incubation (based on Magic 46 #23) that produced hexagonal columns. The pigments 

structures in this trial although larger (50-75pm) than the trial based on Magic 46 #14 were still too 

small to be analysed. General observations suggested that the crystals based on Magic 46 #23 

were larger and fewer in number. Bar 0.1mm.
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Droplet constitution: 0.05mg of Rp. palustris  2.6.1. core (5mg.ml"l)
5mM TRIS.HC1, pH8.0
1.25mM sodium chloride (approxim ate value, based 
on centricon da ta  sheets; see chapter 3 for details) 
3mM sodium azide 
50mM calcium chloride 
25mM HEPES (pH 7.5)
1.0% p-OG 
7% (v/v) PEG 400

Reservoir constitution: 3mM sodium azide 
lOOmM calcium chloride 
50mM HEPES (pH 7.5) 
14% (v/v) PEG 400

The contents of half-strength tria l #23 was very sim ilar to ha lf-strength  #14, 
the  differences being :

Droplet constitution: 50mM m agnesium  chloride 
25mM HEPES (pH 7.5) 
1.0% p-OG 
7.5% (v/v) PEG 400

Reservoir constitution: 100M m agnesium  chloride 
50mM HEPES (pH 7.5) 
15% (v/v) PEG 400

No am phiphiles were added to the above screens thus the addition of 
am phiphiles are  not a prequisite for crystal growth in these m em brane 
proteins. The use of am phiphiles may however be required for sufficiently 
ordered crystals suitable for x-ray analysis.
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5.3.2 R. centenum:

Using colour changes as an indicator this bacterium  did not have as much 
general protein denaturation compared to the m ajority of in itial screens th a t 
were set up. However, no single tria l produced noticeable crystals. There was 
one tria l system th a t did produce w hat appeared to the beginnings of crystal 
formation. Small micro-crystals began to form in h a lf streng th  #26. Figure 
5.11 illustra tes th a t as microcrystal formation occurs phase separation is also 
present. The apparent phase separation is the probable explanation why the  
micro-crystals are pear shaped. It should be noted th a t the colour of the  
sam ple, even after one month, was sim ilar to freshly purified core conjugate. 
The most puzzling consequence of th is screen is the pH of the  buffer and 
precipitant used. The precipitant was 2-methyl-2,4-pentanediol (MPD) w ith a 
buffered pH of 5.28. Consequently th is could be a sta rting  point for future 
investigations. However the core conjugate from R. centenum  was difficult to 
isolate and it was considered th a t the little  protein th a t was produced should 
be used for 2D crystallographic trials. This was because less protein is 
generally needed per 2D crystallographic tria l when compared to 3D 
crystallography. It was hoped th a t once in a m em brane environm ent R. 
centenum core conjugate would be more stable and thus produce useful 
s truc tu ra l data. This however was not found to be the case (C hapter Four, 
section 4.4.3).
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Figure 5.11: Phase change in R. centenum RC-LHI microcrystals. One range of crystallisation trials 

(adapted from Magic 46 #26) using this pigment-protein complex formed what appeared to be 

numerous microcrystals after a few days incubation at 4°C. On further incubation these 

microcrystals developed into pear shaped structures. A phase change was considered to be 

responsible for the shape of the growth of these structures. The native colour was maintained 

throughout the trial indicating that the proteins themselves were probably structurally sound. The 

isolation of R. centenum RC-LHI was found to denature very easily (see chapter three) thus the 

retention of the red colour was considered a good sign. However the formation of microcrystals 

does indicate that the optimum conditions have not been found. Bar 0.1mm.
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5.4 Summary of Magic 46 Incubations:

From initial results using the Magic 46 set of solutions a new screen was 
established and called FASTPEG. This screen was created because m any of 
the  original magic 46 conditions, although suitable for m any proteins, were 
deleterious to the m em brane associated photosynthetic proteins under 
investigation. The m em brane proteins studied contain pigm ents (BChlas, 
carotenoids and bacteriopheophytins). Many of the organic solvents used in the 
magic 46  as precipitating agents (e.g. propan-2-ol) quickly denatured  the 
pigm ent-protein complexes. The pH range of the Magic 46 for these pigment- 
protein complexes was also too extensive. The m em brane proteins under 
investigation here are generally unstable in an acidic pH. By studying the 
resu lts from a num ber of Magic 46 tra ils  a range of precipitants, sa lts  and 
buffers was chosen to in itiate a FASTPEG  screen based on vapour diffusion to 
stim ulate  crystal formation.
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5 .5  FASTPEG SCREEN:
The most stable incubations from the Magic 46  tria ls consisted of 

polyethylene glycol (PEG) as the precipitant and an alkaline pH. A sem i
factorial protocol approach was established by randomly assigning a 
precipitant, buffer and salt combination until phase separation did not occur in 
the  screening mixture. The formation of the FASTPEG  screen was based on 
papers by McPherson, (1976); and C arter and Carter, (1979). These PEG /salt 
based screens were then  used to stim ulate crystal growth.

The chosen salts were:

ammonium acetate 
potassium  phosphate 
sodium acetate 
magnesium chloride 
zinc acetate.

ammonium sulphate 
sodium citrate 
m agnesium  acetate 
zinc chloride

w ith  buffered solutions of:

pH6.0 (MES, free salt form) 
pH7.0 (HEPES, free salt form) 
pH8.0 (TRIS.HC1, Trizma base™) 
pH9.0 (CHES)

pH6.5 (MES, free sa lt form) 
pH7.5 (HEPES, free sa lt form) 
pH8.5 (TRIS.HC1, Trizm a base™) 
pH9.5(CHES).

The precipitant chosen was polyethylene glycol (PEG). A random  driving force 
for precipitation was desired for the screen, consequently a range of PEG  
m olecular weights and concentrations was chosen. The molecular weights of 
PEG  chosen were 200, 300, 400, 600, 1000, 2000, 4000, 6000 and 8000. The 
final concentrations of PEG in the individual FASTPEG  screens were either 5, 
10, 15, 20, 25, 30, 40, and 50% (v/v) or (w/v) a t room tem perature. Figure 5.12 
illu stra tes the combinations of precipitants, buffers and salts m aking up the  
F ASTPEG  screen. The pH ranges of the trials involved were generally acidic. 
Buffers a t pH 6.0-6.5 were included because some of the acidic screens in the  
Magic 46  did not appear to be denatured with respect to colour changes. I t was 
quickly established th a t low concentrations of the high molecular w eight PEGs 
m ust be used otherwise phase separation quickly occurs. Forty eight different 
screens were created to ensure as large a range of screening conditions as
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Figure 5.12: The FASTPEG screen. A series of stock solutions (see appendix 4.2) were used to

create the above solutions. When the salts, buffers and precipitants were combined they produced 

the FASTPEG screen. This three-dimensional crystallographic screen was derived from 

observations from Magic 46 trials. The asterix depicts w/v or v/v at room temperature, see 

appendix 4.2. It is based on salts and PEG as the precipitants.



FASTPEG
NUMBER

SALT
...............................

BUFFER PRECIPITANT*

1 0.2M NH4+ acetate 0.1 M MES pH6.0 10% PEG 8000
2 0.2M K phosphate 0.1 M TRISjdH8.5 50% PEG 300
3 0.2M Na citrate 0.1 M CHES pH9.5 20% PEG 6000
4 0.2M Zn acetate 0.1 M TRIS pH8.5 5% PEG 1000
5 0.2M Na acetate 0.1 M MES pH6.5 25% PEG 1000
6 0.2M Zn chloride 0CO1CL

COH
I

o

20% PEG 600
7 0.2M Mg acetate 0.1 M MES pH6.0 5% PEG 6000
8 0.2M Na citrate 0.1 M HEPES pH7.5 20% PEG 6000
9 0.2M Mg chloride 0.1 M CHES pH9.0 30% PEG 400
10 0.2M NH4+ sulphate 0.1 M CHES pH9.5 5% PEG 6000
11 0.2M Ca chloride 0.1 M TRIS pH8.0 30% PEG 300
12 0.2M NH4+ sulphate 0.1 M MES pH6.5 10% PEG 600
13 0.2M Na acetate 0.1 M HEPES pH7.5 20% PEG 400
14 0.2M NH4+ sulphate 0.1 M TRIS pH8.0 15% PEG 4000
15 0.2M li sulphate 0.1 M TRIS pH8.5 20% PEG 400
16 0.2M Mg chloride 0.1 M MES pH6.0 30% PEG 400
17 0.2M Na acetate 0.1 M CHES pH9.5 20% PEG 400
18 0.2M K phosphate 0.1 M MES pH6.0 10% PEG 200
19 0.2M Ca acetate 0.1 M HEPES pH7.5 5% PEG 4000
20 0.2M Ca acetate 0.1 M TRIS pH8.5 50% PEG 600
21 0.2M Ca acetate 0.1 M CHES pH9.5 25% PEG 8000
22 0.2M Mg acetate 0.1 M TRIS pH8.0 5% PEG 2000
23 0.2M Na citrate 0.1 M MES pH6.5 25% PEG 6000
24 0.2M Na acetate 0.1 M MES pH6.0 10% PEG 1000
25 0.2M Zn chloride 0.1 M MES pH6.0 30% PEG 300
26 0.2M Na citrate 0.1 M HEPES pH7.0 20% PEG 1000
27 0.2M Zn chloride 0.1 M TRIS pH8.5 25% PEG 4000
28 0.2M Na citrate 0.1 M HEPES pH7.5 25% PEG 6000
29 0.2M li sulphate 0.1 M TRIS pH8.0 50% PEG 300
30 0.2M NH4+ sulphate 0.1 M HEPES pH7.0 15% PEG 4000
31 0.2M Ca chloride 0.1 M CHES pH9.0 30% PEG 200
32 0.2M NH4+ acetate 0.1 M CHES pH9.5 40% PEG 600
33 0.2M Ca acetate 0.1 M MES pH6.0 20% PEG 1000
34 0.2M K phosphate 0.1 M HEPES pH7.0 40% PEG 200
35 0.2M Mg acetate 0.1MTRIS pH8.5 30% PEG200
36 0.2M NH4+ acetate 0.1 M TRIS pH8.0 10% PEG 2000
37 0.2M Mg acetate 0.1 M MES pH6.5 40% PEG 6000
38 0.2M Mg chloride 0.1 M CHES pH9.0 5% PEG 2000
39 0.2M Zn acetate 0.1 M HEPES pH7.0 5% PEG 8000
40 0.2M Ca chloride 0.1 M HEPES pH7.5 20% PEG2000
41 0.2M Ca acetate 0.1 M HEPES pH7.0 10% PEG 8000
42 0.2M li sulphate 0.1MMES pH6.5 50% PEG 200
43 0.2M Ca chloride 0.1MTRIS pH8.0 20% PEG 8000
44 0.2M NH4+ acetate i  0.1 M CHES pH9.0 5% PEG 400
45 0.2M Mg chloride 0.1 M CHES pH9.0 25% PEG 1000
46 0.2M K phosphate I 0.1 M CHES pH9.5 30% PEG 200
47 0.2M li sulphate ! 0.1 M MES pH6.0 30% PEG 300
48 0.2M Zn acetate 0.1 M HEPES pH7.0 10% PEG 2000
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practically possible. This in reality  consisted of two tissue culture or Crychem 
® plates per screening trial.

The FASTPEG  tra ils  were m ade up by adding one p a rt protein solution to 
one p art FASTPEG  solution in the  well w ith the  driving force being derived 
from the concentration gradient formed between the  well and outer reservoir 
allowing vapour diffusion to occur. The outer reservoir contained lx  FASTPEG  
solution compared to a 0.5x FASTPEG  well solution. The FASTPEG  screens 
were m ade up, from a series of stock solutions (see appendix 5.2), to a  volume 
of 1500pl in eppendorf tubes. These were then  centrifuged a t 3K xg, a t room 
tem peratu re  in  a bench top centrifuge (Sigma K12) for 20 mins. This was done 
to remove any precipitant th a t m ight be present. For each tr ia l well an 
appropriate am ount of protein was added to another eppendorf containing any 
ex tra  substances not in the FASTPEG  screen. To th is  was added the  
constituent components from the FASTPEG  stock solutions m aking th e ir final 
concentrations ha lf th a t of the reservoir. After a quick centrifugation (2mins a t 
10K xg, R.T.) to remove any precipitant the  protein-precipitant solutions were 
added to the ir wells, sealed w ith either tape or glass microscope cover slips, 
and  incubated in the dark  a t e ither 17°C, 10°C or 4°C.

Two types of screening plates were used. The first type w as Com ing 
tissue  culture plates. The wells consisted of hanging drops suspended on 
siliconised coverslips. Up to lOpl of m aterial was used for each drop - too m uch 
m ateria l and the drop will fall into the 500 pi reservoir below. The second type 
of screening apparatus used was Crychem® plates (J.B.L. Scientific Ltd.). Up 
to 20pl could be pipetted into each well in  th is type of plate. The crychem® 
plates were initially sealed w ith siliconised glass cover slips. A clear tape  (p/n 
AT-2, JBL Scientific Ltd.) was then  found th a t did not produce vapour droplets 
on the  surface when PEG was used so th is tape w as then  used to seal the  
crystallographic trials. Crychem® plates were easier to set up, compared to 
hanging  drops, since the sitting  drop m ethod did not require  siliconised 
coverslips and larger volumes could be used. The larger volumes also m ean t 
th a t  any pipetting errors would be less using the  sitting  drop m ethod 
compared to hanging drops.

The LHII proteins were investigated (see F igure 5.5) using the  
F ASTPE G  protocol. The m ajority of the bacterial photosynthetic harvesting  
complexes (LHI and LHII) are various shades of red thus any colour change is 
usually  easily detectable. The colour changes are  due to separa tion  of the  
pigm ents from their apoproteins. D enatured protein tends to have a brown 
colour w ith shades of green present.
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Figure 5.13: 3D crystal of Rb. sphaeroides B800-850. The protein was supplied by Dr. G. Fowler, 

University of Sheffield. The pigment-protein complex is from a genetically altered strain of Rb. 

sphaeroides. The crystallisation trial depicted above produced crystals that were of uniform shape. 

Orthorombic sheets were obtained. The example above shows crystals growing out from the side of 

a Crychem® plate. Bar 0.5mm.



C hapter 5: 3D Crystallisation:

5.5.1 Rc. gelatinosus strain 149 B800-850:

I t  was difficult to tell if  Rc. gelatinosus LHII had  denatured  due its 
n a tu ra l colour. No crystals from Rc. gelatinosus s tra in  149 B800-850 were 
produced from either full- or half-strength FASTPEG  screens.

5.5.2 Rb. sphaeroides B800-850:

The B800-850 light-harvesting complex from Rb. sphaeroides w as obtained 
from Dr. G. Folwer, University of Sheffield, and was screened using the 
FASTPEG  protocol. H alf-strength FASTPEG  tria ls were set up in  Crychem® 
plates. A few produced small crystals. Of all the wells th a t produced crystal
like structures (FASTPEG  #13, #18, #20, #34, and  #20) #20 produced 
relatively large sheets (1.0mm x 1.0mm x 0.1mm). Figure 5.13 illu stra tes  some 
of the  sheets obtained by half-strength FASTPEG #20. The photograph shows 
th ree  sheets; a large one and two small ones attached to the  side of the  well. 
Owing to the small am ount of protein available no fu rther tria ls  were 
attem pted.
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Figure 5.14: Sheet-like crystal structure of Rp. palustris B800-850 (low light form). Numerous 

small pigmented stuctures were formed in each well. Bar: 0.5mm.
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5.5.3 Rp. palustris strain 2.6.1. B800-850:

Figure 1.7 and sections 1.3 and 1.4 describe how Rp. palustris  s tra in  2.6.1. 
B800-850 has two forms which are produced under different illum ination 
conditions. Rp. palustris s tra in  2.6.1. B800-850 H igh Light (HL) complex did 
not produce any crystals however the Low Light (LL) complex did. The 
FASTPEG  screen did produce sm all crystal-like struc tu res when incubated a t 
14°C. The screen th a t produced the best looking crystals was half-strength  
#20;

Droplet constitution: Rp. palustris strain2.6.1. B800-850 LL (5mg.ml"l)
5mM TRIS.HC1, pH8.0
1.25mM sodium chloride (approxim ate value, based 
on centricon da ta  sheets. See chapter 3 for details) 
3mM sodium azide 
50mM calcium acetate 
25mM TRIS.HC1 (pH 8.5)
1.0% p-OG 
12.5% PEG 600

Reservoir constitution: 3mM sodium azide
lOOmM calcium acetate 
50mM TRIS.HC1 (pH 8.5)
25% PEG 600

This tria l produced sheet like structures (fig 5.14) so fu rther studies were 
undertaken  based on the conditions in half-strength screen #20. The conditions 
w ere altered by changing the PEG concentration in the  reservoir from 12.5% 
(half streng th  #20) to 22%. Amphiphiles were also added to separa te  tria ls. 
These were 2.5% (w/v) and 3.5% (w/v) of both heptane-trio l and benzam idine 
hydrochloride. These new tria ls were allowed to incubate against the  above 
reservoir solution at 14°C. Changing the PEG concentration g rad ien t caused 
crystals to appear la ter where there was a sm aller gradient. The addition of 
am phiphiles m ay have caused slightly be tter crystal form ation as observed by 
the  eye (i.e. they looked slightly better). However w hen 3.5% (w/v) benzam ide 
hydrochloride was added red orthorhombic crystals formed. These struc tu res 
w ere considered to be amphiphiles crystals w ith trapped  protein  inside. The 
use of 3.5% Benzamide caused the formation of fea ther or fern  like pigm ented 
struc tu res to occur. X-ray analysis carried out by Mr. G. M cDerm ott
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(Chem istry Dept. University of Glasgow) indicated th a t the  crystals were of 
poor quality. They diffracted only to 9-11 A.

5 .6  R. rubrum  strain SI:

The crystallisation conditions obtained by Dawkins, (1988) and Ferguson 
(unpublished) were used for crystallisation of the  RC-LHI conjugate from 
R. rubrum  s tra in  SI. Varying the protein pH (5.0-9.0), sa lt (MgCl2) 
concentrations and PEG2000 concentrations from the  observations by 
Ferguson (unpublished) probable crystals of LM-RC-LHI were produced. The 
best conditions were considered to be;

Droplet constitution: R. rubrum  s tra in  S I in 1%LM (w/v) a t 5mg.ml"l
20mM TRIS.HC1, pH7.5 
lOOmM m agnesium  chloride 
1.0%(w/v) LM 
6.26% PEG 2000

Reservoir constitution: lOOmM m agnesium  chloride
20mM TRIS.HC1, pH 8.0 
12.5% PEG 2000

Figure 5.15 shows the typical resu lts of sitting drop tria ls  using the  large 
vapour diffusion dishes (see Figure 5.2). The photograph shows the  dark  (red) 
objects (RC-LHI) in a sea of clear particulate  m aterial. The clear particu late  
m ateria l is PEG. As w ith the crystal-like structures of Rp. palustris  s tra in
2.6.1 the  RC-LHI appears to grow in a hexagonal m anner. The tria ls  from th is 
species however produced a greater diversity of 'crystal' s truc tu re  in the  tria l 
cham bers. This may be due to the  different crystallographic regim es or to 
specimen stability outwith the  native m em brane. Only continued 
crystallographic tria ls will establish w hether th is RC-LHI is suitable for 
struc tu ra l determ ination.
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Figure 5.15: Crystal-like structures of R. rubrum strain S1 RC-LHI. Small pigmented structures 

were formed in PEG incubations. The photograph illustrates that the pigmented structures (dark 

objects) have regular edges. They appear to have a hexagonal structure (centre right) similar to 

those observed previously for Rp. palustris 2.6.1. They are however less regular in shape. Bar: 

0.1mm.
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5.7  Summary of Three Dim ensional Crystallography.

The m em brane associated pigm ent-protein complexes from the 
Rhodospirillaceae can produce crystals. Of the  two classes of proteins (RC-LHI 
and LHII) the RC-LHI conjugate is more difficult to isolated and purify in a 
stable state. This is m irrored in the results for the 3D crystallographic tria ls.

In  general the creation of 3D crystals from these m em brane proteins was 
difficult and the possibility of producing ordered 2D crystals, as described in 
C hapter Four, suggests th a t x-ray crystallography m ay not be the  most 
suitable approach for structural determ ination of these supra-complexes.

As large 3D crystals of Rb. sphaeroides were produced (section 5.5.2) the 
addition of amphiphiles are not a prequisite for crystal growth. I t should be 
noted however th a t these were not exam ined by x-ray analysis. Of the  species 
investigated low light grown cells of Rp. palustris s tra in  2.6.1 m ay prove to be 
the m ost useful source of protein suitable for fu rther crystallographic 
screenings for both the RC-LHI and LHII pigm ent-protein complexes.

Since the majority RC-LHI conjugates are less th an  completely stable in 
vitro fu rther screening from a grea ter range of core complexes m ay provide a 
new, and more suitable, source of m ateria l for 3D crystallographic trials. 
Recently it has been shown th a t the resolution of x-ray diffraction reflections is 
directly related to the num ber and duration of protein isolation methods 
(Michel et al., 1993). This suggests th a t an  enhancem ent in the 
crystallographic data m ay occur if the isolation techniques are fu rther 
improved.
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6.1 Discussion:

C hapter 6: Discussion: 
___________________________

In 1972 Aagard and Sistrom first postulated th a t the  RC-LHI conjugate 
consisted of a RC and LH-BChl a in  a fixed stoichiometry. Previous TEM 
reports indicated th a t in some species regular arrays could be observed on 
the ir photosynthetic membranes. Solubilising, using detergents, these 
m em branes revealed th a t sm all disc-like particles w ere observed th a t were 
~120A in diam eter (Garcia et a l ., 1966; Garcia et al., 1968; Halsey and Byers, 
1975). More recent STEM and TEM data has shown th a t the  naturally  
producing RC-LHI arrays from R. viridis and E. halochloris (which also 
contain the extra, but colourless, y-polypeptide) have lead to th e  hypothesis 
th a t the  RC-LHI contains a central RC which is surrounded by a ring of six 
LHI complexes (Stark, 1984; S tark  et al., 1986, Engelhardt, et al., 1986).

Using the LHI model proposed by Zuber, (1986), the LHI complexes 
surrounding the RC m ust contain a m axim um  of 24 light-harvesting BChls 
since the  model assumes th a t each oc/p-heterodimer contains two BChls. The 
RC contains four BChls (Deisenhofer et al., 1984; Deisenhofer et al., 1985; 
Allen et al., 1987a). Consequently the  theoretical RC:BChl ratio  for the  RC- 
LHI conjugate is 1:28 (24+4). If th is ratio is constant throughout a range of 
species then  they all m ust have sim ilar RC-LHI conjugates envisaged by 
Aggard and Sistrom. A previous biochemical report of the  RC-LHI indicates 
th a t a RC:BChl a fixed stoichiometry may occur of approxim ately 1:30 
(Dawkins, 1988).

EM analysis from the range of bacterial species investigated  here also 
suggests th a t the purified RC-LHI consists of uniform disk like struc tu re  of 
about 100-130A in  diam eter (Figures 5.4 and 5.5). The biochemical da ta  in  th is 
thesis (sum m arised in Figure 3.32) fu rther substan tia tes the suggestion th a t 
the different RC-LHIs do indeed have sim ilar RC:BChl stoichiom etries (-1:30). 
The photosynthetic cores from different species also appear to have a sim ilar 
value for the experimentally derived BChl a extinction coefficient a t 880nm 
(100-120 mM 'cm'1). There are however variations in the  biochemical RC:BChl 
ratios. These are partly due to the errors in  the  detecting system , species 
specific extinction coefficients, but are  also due to variable RC loss from the 
cores.

Once purified pigment-protein complexes (RC-LHI and LHII) were 
obtained they were used as the  solute in crystallisation trials. Two types of 
crystallisation techniques were used; 2D (which relies on detergent/lipid 
removal) and 3D (which relies on a non-equilibrated su p ersa tu ra ted  solution). 
Crystallising m em brane proteins as protein-detergent micelles is a hostile
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environm ent for these complexes. For th is reason it is difficult to grow well 
ordered m em brane protein crystals, when compared to the  3D crystallisation 
of w ater soluble proteins. Since 2D arrays are formed by m em brane associated 
proteins w ithin a lipid bilayer the use of 2D crystallography m ay help to 
overcome the difficulty in forming suitable m em brane protein crystals for 
struc tu ra l analysis.

The 3D crystallographic tria ls of the  RC-LHI and LHII generally 
produced negative results although sm all crystal-like structures were 
obtained, for RC-LHI from Rp. palustris and R. rubrum . LHII 3D 
crystallisation tria ls produced crystals from Rb. sphaeroides and Rp. palustris, 
the la te r diffracting to between 9-11 A. All the  crystal-like structures 
m entioned above w arran t fu rther research, w ith more em phasis placed on 
screening the photosynthetic m em brane proteins from Rp. palustris.

I t  was hoped th a t 2D crystallographic studies would have produced a 
g rea ter num ber of RC-LHI crystals, bu t as w ith the  3D m ethod m ainly 
negative results occurred. 2D arrays of Rp. palustris and Rp. acidophila 
RC-LHI were produced including a prelim inary reconstruction m ap of Rp. 
acidophila RC-LHI at a resolution of 19A (Figure 4.20). The 2D reconstruction 
of the  RC-LHI supra-complex from Rp. acidophila  indicates th a t the 
rotationally  averaged RC (-45A in diam eter) is surrounded by six LHIs in a 
hexagonal arrangem ent, w ith a centre-to-centre distance of 115±5A. This is 
direct structural evidence th a t suggests th a t the RC-LHI constitutes of a RC 
w ith six LHIs surrounding it. The RC:BChl a da ta  for Rp. acidophila  RC-LHI 
indicates a ratio of 1:30±4 (or 1:33±4, see C hapter Three), n=67 which fu rther 
in tegrates the biochemical and EM results.

The formation of 2D arrays from isolated BChl a-containing RC-LHI 
conjugates (Rp. palustris and Rp. acidophila) has now ruled out any direct 
struc tu ra l role played by the y-polypeptide in  forming hexagonal arrays. The 
lack of any in vivo RC-LHI lattice in  BChl a-containing species is more likely 
due to the presence of m ultiple types of light-harvesting complexes, as 
discussed by Zuber and Brunisholz, (1986) and not due to a lack of the 
y-polypeptide. However BChl a-containing species such as R. rubrum  which 
are ‘core only’ producing species do not produce in  vivo a rrays in the  
intracytoplasm ic membrane. The presence of the  y-polypeptide m ay thus 
facilitate the close packing as seen in  species such as R. v irid is , or m ay simple 
be associated w ith the far red-shifted an tenna th a t absorbs a t 1020nm. 
A nother explanation could simply be th a t only the flat lam m elar species have 
su itab le m em brane structures which allow for na tu ra l a rray  form ation. This 
leaves a  major question unansw ered, why do only some ‘core only’ species form
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arrays in vivo? If  a non-y-polypeptide-containing, BChl 6-containing species 
could be discovered or engineered it  may lead to a fuller understanding of the 
struc tu ra l differences between ‘BChl a- and ‘BChl 6-containing’ species.

From all the 2D and 3D observations for the RC-LHI it was apparen t th a t 
only the  most stable cores were capable of producing any type of regular array. 
If RC-LHI arrays are formed from both approaches then, due to the presence of 
the phase information, an  EM structure  is generally easier to predict. A 
sim ilar statem ent is also true  for the LHII proteins th a t  were studied. Ideally 
for the  bacterial photosynthetic system a complete struc tu re  a t atomic 
resolution from a single species is required. This m eans th a t all the pigment- 
proteins m ust be able to be isolated in a stable form suitable for struc tu ra l 
analysis. An obvious candidate for such a scenario is Rb. sphaeroides since the 
RC structure  has been solved (Allen et a l., 1987a/b). However Rb. sphaeroides 
RC-LHI conjugate is one of the most, if not the  m ost unstable core th a t can be 
isolated and thus completely unsuitable for crystallisation studies. Form the 
observations of th is study Rp. acidophila, Rp. cryptolactis and Rp. palustris 
m ay prove to be the key species. Rp. acidophila does produce 2D arrays of RC- 
LHI and although LHII from Rp. acidophila  was not investigated it m ay from 
2D arrays (Simmons, A.E., personal communication). 2D and 3D crystals of 
Rp. palustris  RC-LHI and 3D crystals of LHII were produced. It should be 
noted th a t the culture conditions m ay play a role in the  eventual outcome of 
crystallisation trials. Only Rp. palustris low-light (LL) grown cells produced 
3D crystals of LHII. The formation of arrays from only the  LL form m ay be a 
coincidence, or a major factor. The obvious differences betw een LHII (LL) and 
LHII (HL) is the polypeptide composition, however, no such differences are 
observed between HL and LL RC-LHI. If  fu rther work is carried out and 
crystals from HL grown cells are never produced the question of lipid 
involvem ent m ust again be asked. I t  is also possible th a t  the range of species 
and stra in s investigated here is too small, to provide a reliable window into 
pigm ent-protein stability in vitro. A fu rther screening of other species, which 
m ay include the Chromatiaceae, m ay be required.

The role of lipids, especially the m inor lipid species, in the  purple bacteria 
have not been well characterised. There have been studies which suggest th a t 
there  are variations in the lipid content, which have been linked to the  growth 
conditions (Pucheu et a l ., 1974; K aufm ann et al., 1982). Slight differences in 
growth conditions may lead to significant lipid changes. Such potential 
varia tion  in lipid composition m ay lead to a problem in the  fu ture if extensive, 
high resolution, 2D crystallographic studies are carried out. For exam ple in 
the  cases of Bacteriorhodopsin (Sternberg et a l ., 1992) and LHCIIa/b
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(Kiihlbrandt and Wang, 1991) the lipid composition is critical for array  
formation. Lipid variation m ay account for the  variation  on 2D crystallisation 
results, however only fu rther analysis will determ ine this. Consequently an  in- 
depth probe into the lipids associated w ith  the purified Rhodospirillineae 
photosynthetic pigment-proteins m ust be undertaken. C urrently  no such study 
is underw ay for the  RC-LHI bu t there  is a study into LHII lipid composition 
(Dahler et al., 1992).

Although x-ray crystallography still regularly provides the  highest 
struc tu ra l resolutions the resolution now atta inab le  by EM analysis can 
produce solved structures a t atomic resolution. The la tes t example of th is is 
the 3.5A structure for the LHIIa/b complex (K iihlbrandt et al., 1994). I t is now 
possible to a tta in  theoretical resolutions of between ~ 1-2A using either liquid 
helium  cooled microscopes (Fujiyoshi, J ., personal communication) or the 
recent advances in maximum entropy techniques (Fryer, J ., personal 
communication). These reasons alone w arran t continued research using EM 
methods. In combination w ith the  advantages over the  conventional x-ray 
m ethods discussed in C hapter One m ake 2D crystallography a very powerful 
tool for the determ ination of the struc tu re  of the  bacterial pigm ent-protein 
complexes. However, more detailed crystallographic experim ents need to 
carried out to increase the size of the  3D crystals of RC-LHI (Figure 5.10). As 
Figure 5.10 illustrates, the 2D crystals appear as hexagonal columns. Since 
the  RC-LHI 2D array packing is a six-fold-like arrangem ent then  it is possible 
the 3D crystals have a sim ilar packing. This may indeed be the  case since the 
six sides of the hexagonal columns are the sam e length  and consequently the 
angles between the six sides are the  sam e i.e. 120°. From  th is  the 3D crystal 
packing may be of class 6, i.e. one of the  space groups from p616.

Since some structural da ta  is now available on the pigm ent-protein 
complexes of the Rhodospirillaceae it is appropriate for a basic model to be 
constructed. In Figure 6.1 the  known structu re  of the  RC (Deisenhofer et a l ., 
1984,1985; Yeates et al., 1987a,b) and the  structu re  of the light-harvesting 
an tennae  proposed by Papiz (see Cogdell and H aw thornthw aite, 1993) have 
been super-imposed onto a 2D reconstruction of the  Rp. acidophila  RC-LHI 
conjugate. The RC is an elliptical structure, having pseudo p2 sym m etry, w ith 
dim ensions of 45A by 54A. The elliptical RC is the light grey elliptical shape in 
Figure 6.1. The RC, however, is thought to exist in any orientation w ith in  the 
m em brane (Stark, 1984) consequently the  RC has also been depicted as 
occupying the largest dimension (i.e. 54A) in  all orientations and  is illu stra ted  
by the  dark  circular structure  underneath  the grey ellipse. As F igure 6.1
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illustra tes, the location and size of the  3D RC structure  fits very well into the 
area  of density in the 2D reconstruction, w ith  little, or no overlap.

In  the RC-LHI 2D reconstruction there  is a reduced ring of density 
surrounding the RC. Beyond th is is another adjacent a ring  of increased 
density peaking a t 45A when m easured from the centre of the RC. This ring of 
h igher density has w ithin it six peaks of density. I t  is proposed th a t these 
peaks are due to six LHI (6 x 2 x a/p heterodim ers) antennae.

The original model for LHI by Zuber, (1986) assum ed th a t the 
polypeptides transverse through the m em brane perpendicular to the 
m em brane surface. More recent crystallographic evidence (Papiz et a l.t 1989) 
has indicated th a t the polypeptides go through the m em brane a t an angle and 
are intertw ined, like strands in a rope, thus reducing the  confidence level of 
Zuber's model. The LHII model by Donnelly and Cogdell, (1993), although 
useful, only concentrates on the a-helical region of th e  LHII complex. The 
model, based on 3D crystallographic evidence by Papiz (see Cogdell and 
H aw thornthw aite, 1993) is the best approxim ation, to date, of the proposed 
structu re  of the light-harvesting (2 x a/p heterodim er) complex. The structure 
of LHI and LHII are generally regarded as being sim ilar since their prim ary 
structures are so sim ilar (see Figures 1.4 and 1.5; Zuber, 1986; Donnelly and 
Cogdell, 1993). By superimposing Papiz's model of the  struc tu re  of LHII onto 
the 2D RC-LHI reconstruction the location and size of the  LHI an tennae may 
be revealed.

Placing Papiz's LHII model over the  six rings of density in the  2D 
RC-LHI reconstruction reveal th a t they fit well (Figure 6.1, model "A"). If  the 
six an tennae are located directly next to the  RC (Figure 6.1 model "B") the  2D 
and modelled 3D antennae densities do not overlap. As a resu lt model "B" 
m ust be discounted. T ranslating the  polypeptides in  the light-harvesting 
an tennae  such th a t the 2 x a/p heterodim er no longer looks like Papiz's model 
(see Figure 3.10) but requires a diamond-like shape produces model "C" in 
Figure 6.1. At the resolution of the  2D reconstruction it is unclear w hether the 
"A" or "C" 3D model is a be tter superim position onto the  2D reconstruction.

I t  is unlikely the LHI forms a ring  of twelve a/p  heterodim ers 
surrounding the RC since th is would, m ost likely, produce twelve sim ilar 
density peaks. As a result, based on the observations here, the  native in vivo 
s truc tu re  for the LHI complex consists of six sets of two a- and two p- 
polypeptides. This agrees w ith the biochemical da ta  obtained in C hapter 
Three.
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Figure 6.1. Comparison of the 2D and 3D structures for 
bacteriochlorophyll a-contaning species. Bar: 50A

Figure 6.2. Model for the Rhodospirillaceae RC-LHI 
conjugate.
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The models described above, illustra ted  in Figure 6.1, suggest th a t the 
m em brane protruding regions of the  RC and LHI are separated. This is 
consistent w ith the  structural findings of related  bacterial species (see Figure 
1.14, E ngelhardt et a l ., 1986; S tark , 1984). As discussed by Roth et a l ., (1991) 
the discrepancies between the size of the RC-associated detergent (fi-OG) ring 
and the  LHI modelled structure  m ay be accounted for by the  presence of in 
vivo phospholipids. It is therefore possible th a t between the  RC and it 
surrounding LHI antennae lies a ring of lipids. The location and exact 
s truc tu ra l role of the C- and N- term ini of the  polypeptides are  unknown.

Since only a 2D EM reconstruction of the  RC-LHI was produced 
tran sla ting  the data  into a 3D model is som ewhat speculative. However, using 
the 2D reconstruction in Figure 6.1 the density levels suggest th a t the  LHI 
an tennae extend out of the m em brane bilayer to a point ju s t below th a t of the 
RC. Combining th is information w ith th a t of the Rp. acidophila  LHII model by 
Donnelly and Cogdell, (1993) and th a t of the  Rh. sphaeroides RC structure , 
(Yeates et al., 1987) produces the  model illustra ted  in Figure 6.2. In Figure 6.2, 
as in  Figure 6.1, the objects are draw n to scale where possible. The molecular 
envelope of the RC is approximate; the  Rp. acidophila  RC is probably the  sam e 
size since the size of the RC from R. viridis (Deisenhofer et al., 1985) is sim ilar.

The width of the LHI complex is approxim ately 20.lA  (Donnelly and 
Cogdell, 1993) w ith the a-helical regions being 45A long. The m em brane is 
approxim ately 40A deep (Yeates et al., 1987) consequently the  LHI m ust lie a t 
an angle other th an  perpendicular to the m em brane surface.

Since a high density was assigned to the RC (Figure 6.1) the 2D 
reconstruction m ay have been for the cytoplasmic surface if the  arrays 
consisted of proteins inserted in the ir native orientation. Assum ing th is to be 
the  case, in Figure 6.2 the LHI extends into the cytoplasm by the  am ount 
shown. On the periplasmic side no such estim ate can be m ade other th an  
draw ing an analogy from the R. viridis d a ta  by S tark , (1984). Using S tark 's 
model, the  LHI extends into the periplasm ic side by the  am ount shown (half 
circles on top of diagram). In order for Rp. acidophila to have a d iam eter of 
115A, the  LHI m ust be angled as illustrated.

The estim ate of the molecular shell have now been completed. However, 
the  location of the  BChl as has not been determ ined. Again using m ultiple 
sequence alignm ent Donnelly and Cogdell, (1993) concluded th a t the  BChl a of 
each an tenna polypeptide was located between 7-10A from the cytoplasmic 
side. The actual orientation and configuration of these an tennae  pigm ents is of 
course unknown, however, their size can be estim ated. There are  two BChl as 
depicted in each of the LHI an tennae drawn. I t should be noted th a t  i t  is
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C hapter 6: Discussion:

believed th a t four are present in every LHI complex (Zuber, 1991). If  the 
carbon chain on the BChl a is bent (Figure 6.2, left-hand LHI complex) it  may 
be possible for photons to pass directly to the RC pigm ents by the  Dexter 
m echanism  described by F rank  and Cogdell, (1987). F u rth e r refinem ents of 
th is model can only be made when more detailed crystallographic and 
biochemical da ta  arises.

Once high resolution structures have been obtained for the RC-LHI and 
LHII complexes models for the kinetics of energy transfer can be studied in 
g rea ter detail. The structures will also help to enhance some of the earlier EM 
work such as th a t for the spatial differentiation of Rp. palustris m em branes 
done by Varga and Staehelin, (1983) as well as helping to understand  the 
‘puddle’ and ‘lake’ theories for the arrangem ent of the  photosynthetic 
appara tus in the purple bacteria.

In  sum m ary a m ulti-disciplinary approach to obtain the  structu re  of the 
bacterial photosynthetic m em brane proteins should be undertaken. B ut prior 
to th is  fu rther biochemical studies of the RC-LHI and a detailed investigation 
into role of lipids associated w ith the purified complexes m ust be undertaken. 
Once the detailed lipid composition is known a be tte r understanding  of the 
system  will occur. It is hoped th a t the  increased biochemical da ta  will perm it 
high resolution structures to be obtained, using either 2D or 3D, or both, 
crystallographic techniques.
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Appendix 1: Bacterial C ulture Solutions

A.1: Bacterial Culture Soln's:

Rp. acidophila  grows on Pfennig's medium 

(appendix 1.1). R. rubrum , Rb. sphaeroides, 

Rc. gela tinosus  and Rp. p a lu stris  grow on C- 

Succinate medium (appendix 1.2). Rp. 

cryptolactis  grows on THERMED (appendix 

1.3) while R. centenum  grows on CENMED 

(appendix 1.4). All media were sterilised by 

autoclaving prior to use. Appendix 1.5 lists all 

the solution required to make up the various 

bacterial growth media.

A l.l:  Pfennig's Medium:
per 1L

potassium dihydrogen orthophospate l.Og

magnesium sulphate 7-hydrate 0.4g

sodium chloride 0.4g

sodium succinate 1.5g

calcium chloride 2-hydrate 0.05g

ammoinum chloride 0.5g

ferric citrate solution 5.0ml

Trace Element Solution 10.0ml

adjust pH to 5.2 then adjust volume to final 

volume.

A1.2: C-Succinate Medium:

per 1L

Concentrate Base 20.0ml

1M di-potassium hydrogen orthophosphate

10.0ml

1M potassium di-hydrogen orthophosphate

10.0ml

10% ammonium sulphate solution 5.0ml

1M sodium succinate, pH 6.8 solution 10.0ml 

Growth Factors 1.0ml

Casamino Acids l-0g

make upto 1L with deinoised water.

A1.3: THERMED Medium:

per 1L

0.64M potassium phosphate Buffer 5.0ml

10% ammonium chloride solution 10.0ml

1% disodium EDTA 0.5ml

20% magnesium sulphate.7H2O soln 1.0ml

T.B.T.E. 1.0ml

7.5% calcium chloride 2-hydrate soln 1.0ml

Chelated iron solution 2.0ml

vitamin B12 (20pg/ml) solution 1.0ml

niacin (lOmg/ml) solution 1.0ml

P.A.B.A (3mg/ml) solution 1.0ml

sodium thiosulphate 5-hydrate 0.5g

A1.4: CENMED Medium:

per 1L

sodium pyruvate 2.2g

K2H P 04 0.9g

k h 2p o 4 0.6g
NH4CI l.Og

disodium EDTA 5.0mg

magnesium sulphate.7H20 0.2g

Trace Element Solution 1.0ml

calcium chloride.2H20  75.0mg

Chelated iron Solution 2.0ml

vitamin B12 20.0pg

Biotin 15.0pg

sodium thiosuplhate.5H20 0.5g

Adjust to pH 6.8 winth NaOH.

A1.5: Cluture Stock Solutions: 

A l.5 .1  Base Concentrate (Cone Base):

per 1L

nitrilotriacetic acid 10. Og

magnesium sulphate 14.45g

calcium chloride.2H20  3.4g

ammonium molybdate 9.25mg

ferrous sulphate.7H20 99.0mg
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Appendix 1: Bacterial C ulture Solutions

nicotinic acid 50.0mg

aneurine hydrochloride 25.0mg

Biotin 0.5pg

Metos 44 50.0ml

Add to 500ml of deionized water then pH to 

6.8 with KOH.

A l.5 .2 . Metos 44:
per 250ml 

disodium EDTA 

zinc sulphate

manganous sulphate.4H20  

copper suplhate.5H20  

cobaltous nitrate.6H20  

ferrous suplhate.7H20  

di-sodium tetraborate. 10H2O 

cone H2SO4

A l.5 .3 . Growth Factors:

per 100ml 

Biotin

sodium hydrogen carbonate 

Add water and dissolve, then 

nicotinic acid 

aneurine hydrochloride 

4-aminobenzoic acid 

then boil to dissolve.

A l.5 .4 . 0.64M Potassium phosphate 

Buffer:

Per 1L

To 900ml of deionised water add:- 

potassium dihydrogen orthophosphate40.0g 

di-potassium hydrogen orthophosphate60.0g 

pH to 6.8 and bring final volume to 1000ml 

with deioinised water.

A 1.5.5. True Blue Trace Elements 
(T.B.T.E):

Per 250ml

To 200ml deionised water add:-

disodium EDTA 2.5g

manganous chloride 0.2g

boric acid O.lg

sodium molybdate O.lg

zinc chloride 0.05g

nickel (II) chloride 7-hydrate 0.05g

cobalt (II) chloride 6-hydrate 0.02g

copper (II) chloride 2-hydrate O.Olg

sodium selenite 5.0mg

sodium metavandate 5.0mg

Adjust volume to 250ml

A l.5 .6 . Chelated Iron Solution:

Per 1L

To 900ml of deionised water add:- 

disodium EDTA 2.0g

iron (II) chloride 4-hydrate l.Og

cone HC1 3.0ml

then adjust volume to 1000ml.

A l.5 .7 . Ferric Citrate Solution:

Per 100ml

Add lOOmg of ferric citrate to 100ml of boiling 

distilled water. Once dissolved store at 4°C.

A l.5 .8 . Trace Element Solution:
per 1L

di-sodium EDTA 500.Omg

ferrous sulphate.7H20  10.Omg

magnanous chloride.4H20  3.Omg

boric acid 30.Omg

cobalt chloride.2H20  20.Omg

calcuium chloride.2H20  l.Omg

nickel chloride.6H20  2 .Omg

250

2.5g 

10.95g 

1.54g 

0.392g 

0.248g 

5.0g 

0.177g 

20 drops

0.002g

0.05g

O.lg

0.05g

O.lg



Appendix 1: Bacterial C ulture Solutions

sodium molybdate.2H20 3.0mg

pH to 3.4, store at 4°C.

A 1.5.9. Chelated Iron Solution:

Dissolve l.OOg FeCl2-4H20, 2.00g disodium 

EDTA in 1L of deionized water and add 

3.00ml of concentrated HC1.

A l.5 .10 . Metos 44:
per 1L

EDTA 2.500g

zinc sulphate 10.950g

manganous sulphate.4H2O 1.540g

copper sulphate.5H2O 0.392g

cobaltous nitrate.6H2O 0.248g

ferrous sulphate.7H2O 5.000g

di-sodium tetraborate. IOH2O 0.177g

conc. H2SO4 2 drops

A l.5 .11 . Growth Factors:

per 1L

Biotin 0.02g

sodium hydrogen carbonate 0.50g

Add water and dissolve then add

l.Og nicotinic acid, 0.5g aneurine

hydrochloride, l.Og 4-aminobenzoic acid. Boil 

to dissolve, cool and store at 4°C.
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Appendix 2: Tanninn Assay Solutions

A.2: Tannin Assay Solutions:

The Tannin assay is based on turbidity levels of proteins measured at an absorbance of 500nm 

(Mejbaum-Katenellenbogen and Dobryszycka, 1959). The Tannin reagent is used to incubated 

the samples at 30°C then the reaction is terminated by fixation by Acacia solution. For the 

experimental procedure see section 2.7.1.

Tannin Reagent:
per 200ml 

196ml of 1M HC1 

4g of phenol 

20g of tannic acid

Heat 1M HC1 to 80°C while adding the tannic acid. Add the phenol making sure it dissolves. 

Once dissolved the Tannin reagent is allowed to cool to room temperature, then filtered into a 

dark glass bottle. The reagent is filtered each time just before an assay is undertaken. The 

reagent is stored at 4°C until required.

Acacia Solution:

A 0.2% Acacia (Gum Arabic) solution was prepared in distilled water and stored at 4°C prior to 

use.

Bovine Serum Albumin (B.S.A.) Stock Solution:

A lm g ml"! stock solution of B.S.A. (fraction V, Sigma Chemical Company) was serially diluted 

to concentrations ranging from 10 pg ml'-*- to 80 pg ml"* to provide a protein standard 

calibration curve.
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Appendix 3: PAGE Solutions:

A3: PAGE Stock Solutiuons:

Based on Schagger and von Jagow (1987).

A3.1.1 49.5%T 6%C Acrylamide: per 250ml 

Acrylamide (BDH, Electran grade) 116.6g 

Bis-acrylamide (BDH, Electran grade) 7.5g

A3.1.2 49.5%T 3%C Acrylamide: per 250ml 

Acrylamide (BDH, Electran grade) 1120.0g 

Bis-acrylamide (BDH, Electran grade) 3.75g

A 3.1.3 Gel Buffer: per 250ml 

Acrylamide (BDH, Electran grade) 1120.Og 

Bis-acrylamide (BDH, Electran grade) 3.75g

A 3.1.4 Anode Buffer: per 1000ml

TRIS 24.4g

Adjust pH with HC1 to 8.45

A3.1.5 Cathode Buffer: per 1000ml 

TRIS 3.0g

SDS l.Og

glycine 14.56g

Adjust pH with HC1 to 8.3

A3.2: Sample Buffer: perlOml.

4% (w/v) SDS 0.4g

12% (v/v) glycerol 1.2ml

50mM TRIS.HC1 60.0mg

0.01% (w/v) Serva Blue G l.Omg

2% (v/v) mercaptothanol 0.2ml

pH to 6.8 with HC1.

The above sample buffer is used for the non-reaction centre containing protein samples. When 

reaction centre containing samlpes are used the 2% mercaptothanol is replaced with lOmM 

DTT.
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Appendix 3: PAGE Solutions:

Gel Casting:

Gels were poured usuing the volumes listed below in the table. The separating gel was poured 

then emmidately the spacer gel is layered on top. 50% (v/v) methanol is pippetted on top of the 

setting gel to prevent a miniscus froming. Once set the methanol/water is removed, the stacker 

gel is then prepared and poured. Abreviations: Amp; 10%(w/v) ammonium persulphate; 

TEMED, N,N,N',N,'-tetramethyltheylenediamine (Aldrich Chemical Co. Ltd.).

Gel Casting

Solution 6%C 3%C Gel

Buffer

H90 Amp TEMED

separating gel 10.02ml - 10.02ml 6.0ml 

add 4.01ml of gycerol with the water.

150pl 15pl

spacer gel - 6.0ml 10.02ml 13.8ml 150pl 18pl

stacking gel - 150pl 4.86ml 12.6ml 180pl 18pl

A3.3: Stainer and Destainer:

A 3.3.1 Stainer: per 1L

distilled water 500 ml

methanol 500 ml

glacial acetic acid 200 ml

coomassie blue 1-2 g

A3.3.2 Destainer: per 1L

propan-2-ol 125 ml

glacial acetic acid 100 ml

distilled water 775 ml
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Appendix 4: Crystallographic Stock Solutions:

A4.1: Magic 46  Stock Solutions:

The following stock solutions were prepared from A nalar® , or equivalent, grade chemicals. To 

ensure consistency in PEG pH's sufficient quantities of PEG were bought to allow 

crystallographic studies from only one batch of PEG. All the solutions (except the PEG 

solutions) were prepared with A nalar®  water and filtered into virgin 50ml Falcon™ tubes. Due 

to the viscosity of the PEG solutions they were only filtered when diluted to their working 

concentrations.

Salts: 2.0M ammonium acetate

3.5M ammonium sulphate 

1.0M calcium acetate 

2.0M calcium acetate

1.0M potassium phosphate , set to pH 6.42 with NaOH

2.0M potassium sodium tartrate

1.8M lithium sulphate

2.0M magnesium acetate

2.0M magnesium chloride

2.0M sodium acetate

1.0M sodium citrate

1.0M zinc acetate

Buffers: 1.0M sodium acetate, set to pH 4.28 with glacial acetic acid.

1.0M sodium cacodylate, set to pH 5.23 with HC1.

1.0M citrate (Citric acid), set to pH 4.13 with HC1.

1.0M HEPES, set to pH 7.50 with NaOH (free salt form).

1.0M imidazole, set to pH 7.50 with HC1.

1.0M TRIS, set to pH 8.50 with HC1.

Precipitants: 2.0M ammonium phosphate

3.5M ammonium sulphate 

100% propan-2-ol

2.0M potassium Phosphate, set to pH 5.50 with NaOH.

2.0M potassium sodium tartrate 

100% MPD (distilled)

100% PEG 400 

50% (w/v) PEG 2000 

50% (w/v) PEG 4000 

50% (w/v) PEG 8000 

4.0M sodium formate
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Appendix 4: Crystallographic Stock Solutions:

A4.2: FASTPEG Stock Solutions:

The following stock solutions were prepared from A n a la r®, or equivalent, grade chemicals. To 

ensure consistency in PEG pH's sufficient quantities of PEG were bought to allow 

crystallogenesis studies from only one batch. All the solutions (except the PEG solutions) were 

prepared with Analar®  water and filtered into virgin 50ml F alcon™ tubes. Due to the 

viscosity of the PEG solutions they were only filtered when diluted to their working 

concentrations.

Salts: 2.0M ammonium acetate

3.5M ammonium sulphate 

1.0M potassium phosphate 

2.0M sodium citrate 

2.0M sodium acetate 

2.0M magnesium acetate 

2.0M magnesium chloride 

2.0Mzinc acetate

Buffers: 1.0M MES, set to pH 6.00 with NaOH (free salt form)

1.0M MES, set to pH 6.50 with NaOH (free salt form)

1.0M HEPES, set to pH 7.00 with NaOH (free salt form)

1.0M HEPES, set to pH 7.50 with NaOH (free salt form)

1.0M TRIS, set to pH 8.0 with HC1 (Trizma base™)

1.0M TRIS, set to pH8.5 with HC1 (Trizma base™)

1.0M CHES, set to pH9.0 with NaOH 

1.0M CHES, set to pH9.5 with NaOH 

Precipitants: 100% (v/v) PEG 200

100% (v/v) PEG 300 

100% (v/v) PEG 400 

100% (w/v) PEG 600 

50% (w/v) PEG 1000 

50% (w/v) PEG 2000 

50% (w/v) PEG 4000 

50% (w/v) PEG 6000 

50% (w/v) PEG 8000
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