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Abstract

An initial obscrvation that the two strains 149 and 151 of Rv. gelatinosus
synthesise differing amounts of LLH2 (BR00O-830) when cultured under the same
conditions was confirmed. Strain 151 produces approximaicly one third more 1.H?2 than
strain 149 when cultured at any given light intensity. It was also found that both strains
vary the {evel of LH2 to a similar extent m response to changing irradiance levels, both
synthesising (wice the amount of LH2 under low irradiance than was synthesised at
high irradiance.

Southern analysis indicated the presence of a single copy of the pucBA genes in
eaclt strain, but suggested there may be a difference between them with regard to the
pucC gene. Genomic libraries were constructed from the two strains of Rv. gelatinosus
using the A replacement vector \GEM-11. The pucBA genes coding for the « and j-
polypeptides of the LHZ complex were cloned and sequenced (rom both strains, as was
the pucC gene {rom strain 151 and a substantial region of sequence probubly involved
in transcriptional control. The predicted amino acid sequence of the strain 151 and 149
LH2 « and g-polypeplides matched that achieved by protein sequencing (Brunisholz et
al., 1994), whilst the predicted sequence of the strain 151 PucC protein was shown 10
have high sequence and structural homology to other PueC proteins.

The arrangement of the Rv. gelwrinosus pue genes was found to be somewhat
different from that found in other bacteria from which they have been cloned. With the
pucC gene being present downstream of the pucBA gencs, but in the opposite
orientation. Analysts of the sequence upstream of the pucBA and pucC genes has
identified possible L. coli o™ like promotor clements, two upstream of pucBA and one
upstream of pucC. Near palindromes similar to the Rhodebacter Pps oxygen sensitive
repressor binding sites were ajso found, two in the promotor more proximal to pucB,
and a single one straddiing the start of the pucC gene.

Northern analysis was carried out on culiures of the two strains grown under a
variety of conditions, these indicate that the Rv. gelutinosus pucBA genes are repressed
in the presence of oxygen, and are expressed more under low irradiance conditions than
at high irradiance, Thus Rv. gelatinosus appears to respond to light and oxygen in a
similar manner to other photosynthetic bacteria. The northern analysis also indicates a

transcript size of around 600 bp for the puc genes of Rv gelatinosus.
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Introduction

Photosynthesis, in its widest sense, can be defined as a series of processes in
which light energy is converted to chemical energy used for biosynthesis of organic cell
materials; a ‘photosynthetic organism’ is thus delined as one which uses light to
provide a major fraction of the energy required for cellular syntheses (Gest, 1993).

The simplicity of this description belies the structural and physiological
complexity found in photasynthetic organisms, which are now considered to include
higher plants, cyanobacteria, green and purple photosynthetic bacteria, and ‘quasi-
photosynthetic bacteria’ {Gest, 1993). The photochemical systems of this immense
range of organisms could not be described in depth without writing several books.
However photosynthesis can be conceptually and physically divided into the light
reactions, mvolving the photochemical conversion of light energy to chemical energy,
and the dark reactions, which utilise this chemical energy to “fix” carbon dioxide {or
carbon in the form of organic compounds) into carbohydrate. My work has involved
the molecular biology of the light reactions in photosynthetic purple bacteria, thus 1 will
first discuss the taxonomy of the photosynthetic purple bacteria and related species,
before moving on to describe the structure and functioning of cellular components
involved in the light reactions, and the molecular biology underlying photosynthesis in
these organisms.

Taxonomy of the Purple Photosynthetic Bacteria

Currently two systems of bacterial classification are in use, in the older
determinative system bacteria are grouped together into assemblies of genera which
have in common cytological, physiological and morphological characteristics (Staley e
al., 1989). These assemblies are known by vernacular names and provide a practical
basis by which the bacteria can be identified, organised and named. The grouping of
taxa in this way does not however imply any phylogenetic (evolutionary) relationship
between genera {Staley and Krieg, 1989). More recently molecular biclogy has
encouraged the construction of a systematic system of classification which attempts to
define an evolutionary framework for bacteria and prokaryotes (see Woese. 1987).

The organisalion of anoxygenic phototrophic bacteria provides an example of
the state of bacterial taxonomy and is summarised {with a bias towards the purple
nonsvlfur bacteria) in Figure 1 (opposite). The anoxygenic phototrophic bacteria
consist of a group of bacteria which are usually aquatic, able to grow by photosynthesis
under anaerobic conditions and contain Bcehl, carotenoids, cytochromes, quinones and
non-heme iron proteins (Pfennig & Triiper, 1989). Most speeies are alsa capable of
growth under aerobic conditions using respiration, or in the dark via fermentative
metabolic pathways. This group is divided into two major subsets. the Purple and
(ireen Bacteria, on the basis of LHC structure. In Purple bacteria the photosynthelic
apparatus is located in the ICM (intracytoplasmic membrane) and CM (cytoplasmic
membrane) (Imholl & Triiper, 1989) whilst in Green bacteria the photosynthetic
apparatus is located in the CM and in Chlerosomes (Pfennig, 1989; Cohen-Bazire ¢f «l.,
1964,
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The Purple Bacteria were previously arranged into three families, the
Rhodospirillaceae, Chromatiaceae and Ectothiorhodospiraceae (Imhoff er af., 1984).
However it has been found that most purple photosynthetic bacteria are more closely
related to various non-photosynthetic bacterial species than to each other (Woese ef .,
1984a, 1984b; Stackebrandt et al., 1988). Thus the designation Rhodospirillaceae is not
taxonomically correct, however for the time being these bacteria are still grouped
together under the name purple nonsulfur bacteria (Imhoff & Triiper, 1989).

Constituting a further group which is clearly related to the anoxygenic
phototrophic bacteria but shows obvious differences are the Quasi-photosynthetic
bacteria (Gest, 1993), these were previously defined as ‘Aecrobic photosynthetic
bacteria’ (Shiba & Harashima, 1986). Members of this group are characterised by the
production of Bcehl and photosynthetic apparatus when growing under aerobic
conditions (in contrast to the anoxygenic photosynthetic bacteria), the designation
quasi-photosynthetic refers to the fact that they appear to use photosynthesis as a
secondary source of energy for growth under aerobic conditons, and appear unable to
photosynthesisc under anerobic conditions (Gest, 1993).

Whilst there is no gemerally acceptcd scheme for the classification of the
prokaryotes at higher taxonomic levels, several suggestions have been made (Murray,
1989). One of the more promising schemes and one increasingly adopted as a basis for
bacterial classification, is that based on the analysis of ribosomal RNA sequences
(Woese & Fox, 1977, Woese, 1980; Woese, 1987).0n the basis of an analysis of 16s
rRNA sequences from a range of bacteria, four rRNA based subdivisions have bgen
defined within the ‘purple bacteria’(Proteabacteria), Lhe o, B, v, and & subdivisions. A
phylogenetic tree created using the 16s rRNA sequences of many photosynthetic and
non-photosynthetic purple bacterial species is shown in Figure 2 (Opposite). It is
interesting to pote that almost all the presently known purple nonsulfur bacterial species
can be found within the o subdivision, vnly the species Re. purpureus, Re. tepize and
Rv. gelatinosus are located in the B subdivision (Woese ef af., 1984a &1984b). These
three specics differ from those in the « subclass not ounly in their 16s rRNA sequence
but in the type of cytochrome ¢ which they synthesise (Dickerson, 1980a &1980b), and
possibly in the structurc of their photosynthetie reaction centres (Clayton & Clayton,
1978: Fukushima ef af., 1988).

The usc of 16s rRNA sequences alone to determine the phylogenetic history of
bacteria would clearly be undesirable, and unlikely to show a completely true history of
evolution. However an analysis of cytochrome ¢ sequences and structure (Dickerson,
1980b), is in good agreement with that of 16s tRNA sequences. Thus as the range of
bacterial specics from which these two genes have been sequenced increases, and as
more genes are found to be relatlvely stable in structure throughout evolution, a wholly
molecular system of bactertal classification is arising.

Introduction 4




The Light Reactions of Photosynthesis

In essence the light reactions of photosysthesis bave two phases, firstly the
capture of light energy and sccondly its conversion to chemical energy. In those
photosynthetic organisms studied thus far both these steps have been found ta occur in
assemblies of pigmeni-protein complexes (Kaplan & Arntzen, 1982; Drews, 1985).
These complexes have been studied in most detail in photosynthetic bacteria where
structural simplicity (in comparison to higher plants), case of 1solation and the ability to
apply molecular biological techniques, have facilitated a more rapid advance in
knowledge. However the similarity in structure between the photosynthetic systems of
higher plants, algae, cyanobacteria, and those of photosynthetic bacteria allows much of
the knowledge gained in the study of photosynthetic bacteria to be applied to all
photosynthetic organisms (Zeber & Brunisholz, 1991; Margulies, 1991; Ford, 1992;
Otsuka, 1992).

Structure and function of the bacterial PSU

The purple bacterial photosynthetic apparatus contains pigment molecules
bound to integral membrane proteins and arranged in a highly ordered fashion, which
appears to be essential for effictent energy capture and conversion (see following
sections) (Zuber & Brunisholz, 1991). Those purple bacteria studied thus far have a
photosynthetic unit which consists of a Reaction Centre complex (RC) which carries
out a charge separation (Feher ¢ af., 1975; Norris et al., 1975), surrounded by one or
more [ight-harvesting complexes {(LHC), which as their name suggests are involved in
the absorption of light cnergy followed by its transfer to the RC (Knox, 1977;
Pearlstein, 1982; Sauver, 1986). Following the transfer of an exciton to the RC and
charge separation, the electron produced is used to reduce a quinone molecule (Debus e
al,, 1986). This pracess is repeated and a second electron passed to the quinone
(Dracheva et af., 1988), the quinone then takes up two protons from the cytoplasm and
diffuses out of the RC complex (Crofts & Wraight, 1983). The membrane bound
cytochrome bcy complex transfers the electrons and protons from the quinone to the
periplasm (Trumpower, 1990), the electrons are then returned to the RC by cytochrome
proteins (Rich, 1984; Deisenhofer, 1985), and the protons used by the ATP synthase
complex to synthesise ATP. Thus light driven cyelic electron transport builds a proton
gradient across the membrane, which can then be used for the synthesis of ATP
(Mitchell, 1979).
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Figure 3

Frgures 3u, b and ¢ show structural views of the RC from the carotenoidless meiant strain R-26 of

Rb. sphaerofdes, and were adapled {tom Rees, et al., 1989,

Figure 3a

Sterco veiw of the RC. This
shows the cofactors and the
carban backbone ol the protein
subunils. The twofold axis of
symmetry is in the plane of the
paper, with the cytoplasmic side
at the butlom ol the [1gure.

Figure 3b
A sceond view of the RC,
showing colactors wnd protein
subunits.  T'he a-helices are
represented  as evlinders.

Helices of the L subunil are

labelled in plain type, those of

the M subunit in ilalic and H
subunit in bold. The phytyl and
seprenaid tuls of the cotactors
have been truncated lo clarily
the view. The RC is in the

same ortenlation as tigure 3a.

Figure 3¢

Calactor siructure of the RC
shown in the same orientation
its lgure 3a. The phytyl and
1soprenotd Lails of the colaclors
have been truncated. D, Behl
dimer; B. accessory Behls 2,
Bphe: Q. Qumone; Fe. non-

heme iron. TFor (further details

o nomenclature please see

main texy,



The reaction centre and energy conversion

The determination to atomic resofution of the RC structures fyrom
Rhodopseudomonas viridis (Deisenhofer er al., 1985; Deisenhofer & Michel, 1989) and
those from Rhodobacter sphaeroides sirain R26 (Allen er al., 1987a & b; Yeates ¢f al.,
1987, Chang er al., 1991}, wild type strain 2.4.1 (Allen ¢ al., 198R8a; Yeates et al.,
1988) and wild type strain Y (Arnoux er al., 1990; Reiss-Husson ef af., 1990), has
provided detailed information about the way in which photosynthetic organisms carry
out the primary events of photosynthesis. The structure and function of reaction centres
has been reviewed extensively (Feher et al., 1989; Deisenhofer & Michel, 1991a;
Deisenhofer & Michel, 1991b; Ermler ¢f al., 1994; Deisenhofer ef af., 1995), for a more
detailed description than that given below the reader should consult these reviews.

The structure of the RC has proved to be highly conserved not only between the
different strains of Rb. sphaeroides, but also between Rb. sphaeroides and Rps. viridis.
Indeed so homologous are the structures that the coordinates of the Rps. viridis RC
were used to solve the phase problem of the initial Rb. sphaeroides crystallographic
structure (Allen et al., 1986; Chang et af., 1986). The main diffcrence between the two
species concerns the number of protein subunits present within the crystallised
complex. Both species have three polypeptides termed I, (light), M {medivm) and H
(heavy), according to their apparent molecular weights as determined by SDS-PAGE
(Feher & Okamura, 1978). But Rps. viridis has an additional fourth subunit, a c-type
cytochrome which is bound to the RC on the periplasmic side of the membrane, now
termed as subunit C (Deisenhofer er al., 1995).

Bound to the 1. and M polypeptides are ten cofactors that take part in the charge
separatton that is the function of a reaction centre. These vary slightly between the two
species but include 4 Behl molecules (Bebl a in Rb. sphaeroides, Behl b in Rps. viridis),
2 Bphe (Bphe a in Rb. sphaeroides, Bpbe b 11 Rps. viridis), 2 quinone molecules (hoth
ubiquinone-10 in Rb. sphaeroides, one menaquinone-9 and one ubiquinone-9 in &ps.
viridis), a ferrous iron ion, and a single carotenoid molecule (Rb. sphaeroides uses
sphaeroidene whilst Rps. viridis has dihydroneurosporene).In addition to this Rps.
viridis has four heme wnils covalently bound to the C subunit (cytochrome ¢}, in Rb.
sphaeroides a water soluble cytochrome ¢ interacts with the reaction centre in place of
a bound cytochrome (Deisenhoter er al., 1995; Ermler et al., 1994).

Figure 3 (Opposite} iflustrates the structure of the RC from Rb. sphaercides
strain R26, showing the three polypeptides L, M and H, together with their associated
cofactors (excepting the carotenoid). Figure 3a provides a view of the overall structurc
of the RC, Figure 3b also gives an overall view but highlights the protein subunits. In
total the 3 protein subunits have 11 transmembrane a-helices, the L and M subunits
contribute S helices cach (labelled A, B, C, D and E) and the H subunit | (Deisenhofler
et al., 1995; Ermler ef ¢l., 1994). The remainder of the H subunit consists of a globular
domain which lies within cytoplasm, coniains 2 antiparalfel B sheets, and appears to
stabilise the complex whilst also creating part of the environment necessary for efficient
electron transfer between the two quinone molecules (Debus ef af., 1985).
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Figure 4

Schematic diagram of cnergy transter and cyclic electron transport.through the reaction
centre. Adapted from Feher ef al., 1989.

ho

cxogenous
quinone Q

DPAQAQ
y AQals —~_

. D*®aQaQs
DD
QHs aQa 2\
s D+®A-QaQp
"\
DdaAQaQp2- 2HT D+®AQa~ Qe
Fg ho cyt c2+
DdAQA Q" 4
eyt ca+
oyt c3+
o D®AQaQs"
Cy't C2+ D+d AQ A"Qp" D* b QA%B-

‘7\ D+da"QaQp” a5

Note:  Following the iniiad exeitation of D (step 1), the primary electron transfer steps between D®
and ry (step 2) take place in ~3-4 ps (Flemming ef al., 1988). Although not illustrated bere B, docs play
a role, electron wanster from D 1o B, occurs in ~3.5 ps, followed by a 0.9 ps transler between B, and @,
(Creighton ef af. | 1988; Dressler er al., 1991 Hamum o7 of., 1995). Flectron transler from w, 10 Q (step
3) s somewhat slower at ~200 ps (Kirmaicr & Holten, 1987), and that between Q, and Qg slower stitt at
around 100 ms (Debus ef of., 1986). Before a second clectron transter 1o Q can take place the dimer (D)
must be re-reduced by exvtochromer (step 4). A second excitation cun then oceur (step 5) and drive a
sceand electron transfer to Qs (steps 6, 7 & 8), thus producing a double reduced quinone Qq' {Dracheva
ef af., 1988). This reduced quinone picks up a complement af two protons (step 9), diffuses out of the
reaction cenire (QHa, circled) {step 10), and 15 replaced by an exogenons gquinone from the membrane
pool (step 1) (Crofis & Wratght, 1983}, A typical total eycle time would be ~107 s (Feher ef «f., 1989).

For detatls of abbreviations and nomenclature picase sce main (ext.

Ul Rb. sphaeroides (he reduction of the special pair is carricd out by a water soluble cytochrome ¢,
which interacts with the RC (Rich, 1984), in Rps. virfdis the cytochrome bound 1o the RC carrics out the
reducton {Deisenhaofer, 1985).




One of the most striking features of the RC is the two-fold symmetry of the L
and M subunits, this symmetry is also visible in the arrangement of the cofactors bound
to them. The L and M subunits bold the cofactors in two almost identical symmetrical
‘arms’, as illustrated in Figure 3c, despite the similarity between the two arms electron
transfer appears to occur preferentially along the chain of cofactors bound to the L
subunit. A closc cxamination of the two subunits shows that although their overall
similarity is high, minor differences in the structure of the proteins, orientation of
cofactors and in the protein environment surrounding the cofactors, result in the L chain
being the favoured route for electron transfer (Deisenholer ef wl., 1995; Ermler ef al.,
1994). This asymmetry has given gives rise {0 a cofactor nomenclature that
distinguishes between the two chains, with those cofactors bound to the L subunit being
termed as the ‘A’ chain, and those bound to the M subunit as the ‘B’ chain. The
cofactors themselves have recognised abbreviations (D, Behl dimer; B, accessory Behl;
@, Bphe; Q, Quinoune; Fc, non-heme iron), each cofactor is referred to as, for example,
b, or ®p, thus indicating the cofactor chain to which it belongs. The exception to this
rule relates 1o the two Beh! molecules which form the dimer or “speciat pair”. Since
both these molecules are involved in the charge separation reaction and thus can be
considered as part of the A chain, they are labelled Dy, and Dy in accordance with Lhe
protein subunit to which they are bound (Deisenhofer et al., 1995).

The three dimensional arrangement of the cofactors is illustrated in Figure 3c.
Al the periplasmic side of the complex forming and lying on the central axis of the 2
fold symmetry, are two Bcehl molecules (D & 1Dy) which form a dimer. Next along the
chains are two monomeric Behl molecules (B4 & Bg), below these are Bphe molecules
(P4 & @) and following those the two quinone molecules (Qa & Qg). Between Qs &
Qr the non heme iron is bound, in Rps. viridis the iron is centrally placed between the
twao quinone molecules, but in Rb. sphaeroidey it is asymmetrically placed and lies
slightly closer to Qs than to Qa (Deisenhofer er al., 1995; Ermder er al., 1994). The
carotenoid molecule present in the wild type RC is not shown in Figure 3¢, since the
Figure shows the cofactors from strain R26, a carotenoidless mutant. However the fong
chain carotenoid molecule has now been identified on the M subunit side of the RC,
lying in the plane of the membrane close to, and in van de Waals contact with, By in
both Rb. sphaeroides and Rps. viridis (Arnoux ef al., 1990; Deisenhofer et al., 1995).

Energy transfer through the reaction centre and beyond

Cyclic electron transfer through (he RC is sammarised in Figure 4 (opposite).
Initially energy is passed from the light-harvesting complexes to the Behi dimer or
“special pair”, wherc a charge separation occurs (Feher ef al., 1975; Nortis ef al., 1975).
The energy, now in the form of an clectron migrates rapidly along the A branch via B,
(Creighton et al., 1988; Zinth ¢f al., 1985; Dressler ¢t al., 1991; Hamm e¢f al., 1995) and
@, to the primary guinone Qa, where it is used to reduce the secondary quinone, Qp
(Debus er al., 1986). A second charge separation event followed by the transfer of a
second electron down the A chain to Qs (Dracheva et al., |988), is necessary before Qp
is able to take up two protons from the cytoplasm and diffuse out of the the RC into the
lipid membrane (Crofts & Wraight, 1983). Once in the membrane Qy passes to the
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membrane spanning cytochrome 6¢; complex, this oxidises the quinol and
simultaneously (ransfers the electrons plus three to four protons to the periplasm
(Trumpower, 1990), thus generating the proton gradicnt necessary for ATP synthesis
(Mitchell, 1979). The electrons are shuttled back to the RC via a water soluble
cyiochrome ¢z (Rich, 1984), and the bound cytochrome in Rps. viridis (Deisenhofer,
1985), where they are used to reduce the Behl special pair prior to a new cXcitation
event.

In comparison (o the purple nonsulfur bacteria the light driven cyclic electron
transfer of the quasi-photosynthetic bacteria secms to be impaired. The RC of the
quasi-photosynthetic bacterium Ro. denitrificanst dilfers from other purple bacterial
RCs in the structure of its cylochrome subunit, which is associated with the RC as in
Rps. viridis (Shimada er al., 1985: Takamiya e al., 1987). It appears that the RC
cytochrome is unable reduce the special pair under anaerobic conditions (Garcia ef «l.,
1994), thus impeding cyclic electron transfer through the RC, and preventing this
organism carrying out photosynthesis under anaerobic conditions (Garcia er gf., 1994
Okamura et al., 1985). Thus an impaired photosynthetic electron transfer pathway
appears to lcad to a requirement for aerobic conditions in order that cell growth and
photosynthesis (at low effeciency) can occur (Okamura er «l., 1986), and probably
represents the core difference between quasi-photosynthetic and purple photosynthetic
bacteria (Okamura et al., 1985; Gest, 1993).

The role of cofactor environment in eiectron transfer

Electron transfer has been found to occur down only one of the two apparently
syminetrical arms of cofactors found in the RC (Michel-Beyerle et al., 1988). From
analysis of the 3 dimenstonal structures and amino acid sequences of the proteins, it
seems likely that differences in the amino acid sequences of the L and M subunit
proteins resull in deviations from the axis of symmetry (Bélanger ef ¢l., 1988; Ermler ¢z
al., 1994; Deisenhofer er al., 1995). The resulting differences in relative cofactor
orientation, and interactions of amino acid side chains with the cofactors (Deisenhofer
& Michel, 1989), appear to provide an explanalion for the observed route of electron
transfer down the A branch. Systems suitable {or the site directed mutagenesis of RC
proteins in several species were constructed (Youvan et al., 1985; Farchaus &
Qesterhelt, 1989; Nagarajan et al., 1990; Paddock e? al., 1989; Takahashi et al., 1990;
Laussermair & QOesterhelt, 1992; Jones ef @f., 1992). These made possible stedies
involving site directed mutagenesis of RC proteins in combination with spectroscopic
analysis of mutation effects, which have confirmed that the route and speed of energy
transfer through the reactton centre is greatly influenced by the arrangement and
covironment of the cofactors . A review of mutagenesis studica can be found in (Ermler
et al., 1994). A summary of the main cofactor-protein interactious is given below.

The Behls forming the special pair are covalently bound to Histidine residues in
the L and M proteins via the magnesium atoms at the ceatre of their porphyrin rings
(Michel er al., 1986), hydrogen bonding also occurs between the special pair and
several amino acid residues (Ermler er al., 1994). In the region of the special pair in

1 This species was previously known as Erytirobacter sp. OCh 114 (Shiba, 19913,
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Rps. viridiy are I'yrosine (M subunit) and Histidine (L subunit) residues, which form
hydrogen bonds to the Dy and Dy respectively. In Rb. sphueroides the residue
comparable to the Histidine is a Phenylalanine residue that is unable to form hydrogen
bonds, thus asymmetry is introduced into the binding of the cofactors {Ermler er af.,
1994),

Two residues, a Tyrosine residue on the A side of the complex and a symetry
related Phenylalanine on the B side, lie near the centre of the complex and are each in
van der Waals contact with 4 pigment molecules (Tiede ef af., 1988). That these
residues are conserved in the RC’s of the species Rps. viridis, Rb. sphaeroides, Rb.
capsulatus, and Rs. rubrum, suggests that they have an important function.
Mutagenesis studies in Ré. sphaercides suggest that these residues are involved in
electron transfer from the special pair to ®4 (Nagarajan ef al.. 1990, Gray et af., 1990).

The two Behl monomers (Bs and By) are bound to the proteins in a similar
manner to the special pair, forming covalent bonds between their Mg2+ atoms and
Histidine residues on the L and M subunits (FErmler et al., 1994; Deisenhofer ¢t al.,
1995). As well as interacting with the proteins the monomers appear to interact with
the special pair and Bphe molecules (Creighton ef af., 1988). The Bphe molecule @,
forms a hydrogen bond with a conserved Glutamine residue on the L subunit, no simifuar
residue is found near ®p (Ermler ez af., 1994),

Between &, and Q4 in both Rb. sphueroides and Rps. viridis is a conserved
Tryptophan residue that forms a hydrogen bond with a Threonine (both residues are on
the M subunit}, these residues appear to play a role in binding of Q4 and possibly in
electron transfer fram 4 to Qa (reviewed by Ermier er al., 1994). The binding site of
Qa in Rps. viridis contains two residues, an Alanine and a Histidine, which hydrogen
bond to the menaquinone (Q; Michel ef al., 1986). Rb. sphaeroides uses a ubiquinone,
but this is found in a similar position (Allen, ef al., 1988Db).

The structure of the Qg binding site and position of the Fe2+ atom vary between
Rb. sphacroides and Rps. viridis. In both species the Fe+ is covalently bound to 4
histidine residues (2 on M and 2 on L), and a glutamic acid residue (M subunit), it has
been suggested that these interactions with Fe2+ may play a role in stabilising the RC
structure (Michel et al., 1986; Feher et al., 1989; Lrmler et al., 1994). In Rps. viridis
the Fe2+ atom lies almost equidistant from both Q. and Qp on the cofactor axis of
symmetry which runs perpendicular to the membrane and centres on the special pair
(Michel et al., 1986). In Rb, sphaeroides the e+ atom is asymmetrically positioned
and lies closer to Qg than to Q,, both of which are ubiquinone molecules (Allen, er al.,
1988b). This asymumnetry is thought to provide an energetically favourable environment
for electron transfer from Qa to Qu (Feher ef al., 1989). Such asymmetry is not required
in the Rps. viridis RC because of the inherent difference in redox potential between Q4
(imenaquinone) and Qp (ubiguinone; Feher ef al., 1989). Several studies have focused
on the path of proton transfer to Qy, two residues in the Qg binding pocket are of
particular importance, a Serine residue (1. subunit} is thought to donate the first proton,
and a (rlutamine (L subunit) the second (Okamura and Feher, 1992; Leibl ez al., 1993).

Refinement of the Rps. viridis reaction center crystallographic structure has
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revealed the presence of 201 water molecules within the RC (Deisenhofer er al., 1995).
More than half of these are bound at the interfaces belween protein subunits, and thus
probably coutribute to subunit interactions, water molecules were also tound to form
part of the environmen! around some of the cofactors. The water molecules
surrounding the cofactors interact with amino acid side chains and cofactors to form
networks of hydrogen bonds. Such nelworks involving water molecules are found
between the special pair and first heme group of the cytochrome ¢ subunit, also in the
region of By and By (where hvdrogen bonds arise not only to By and B, but (o residues
which interact with the special pair), and surrounding the Qp binding site (Deisenhofer
et al., 1995). These bound water molecules clearly have roles to play in the structure
and functioning of the RC.

Light Harvesting Complexes

Surrounding the RC are one or more light-harvesting complexes which capture
light energy and transfer it to the RC by exciton transfer (Sauer, 1986}. All species of
photosynthetic purple bacteria studied thus far appear to synthesise a ‘core’ LHC which
1s associated with the RC, and which is present in fixed amounts relative to the RC,
some species also synthesise ‘peripheral’ complexes which are present in variable
amounts depending on the prevailing environmental conditions (Aagard & Sistrom,
1972; Takemoto & Huang Kao, 1977; Thornber et al., 1978; Cogdell & Thormber,
1979; Drews & Oelze, 1981; Ohad & Drews, 1982; Chory & Kaplan,1983;
Hawthornwaite & Cogdell, 1991). The LHCs are identified, named and classified
according to their NIR absorption spectra (Cogdell & Thornber, 1980), thus a B830
core complex has a single absorbance peak at 890 nm, whilst the B800-850 and B800-
82Q) peripheral complexes have two peaks in the NIR. It shouid be noted that certain
species, notably Rps. palustris, are able to synthesise two spectrally different types of
B80G-850, these are termed type I and type 11 BROO-850 (Hayashi, et al., 1982;

Thornber 7 al., 1983; Evans ef al., 1990). Rps. acidophila was also thought to produce
a similar type I LH2, but the identification of this complex may have resulted from
incomplete separation of the type [ LH2 and LH3 during LHC isolation (Cogdell ef al.,
1983).

There is an alternative nomenclature by which the complexes arc also kuown,
where the B&90 type complex is called the Light-harvesting one (or LI1) complex, the
RB800-850 complex the Light-harvesling twa (or LH2) complex and the B800-820
complex the Light-harvesting three (or LH3) complex. For the purposes of this
discussion the latter nomenclature will be used to describe the various LHCs.
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Figure 5

Absorption spectra of sotubilised chromawphore membranes and isulated light-harvesting

complexes lrom a range of purple photosynthetic bacteria. Data suplied by Dr. Alastair Gardiner.
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The characteristic absorption spectra for LH1, LH2 and LH3 from a range of
species are illustrated in Figure 5 (opposite)2. Rps. acidophila strain 7050 produces all
three LHC types, as shown in spectra A, C and E. The actual absorbance peaks may
vary from the ‘name’ values in any given complex or species, for example, the LH1
(B&90) from Rps. acidophila strain 7050 (speetra A, Figure 3) has its absarbance peak
at 880 nm, the LH2 (B800-850; spectra C) has peaks at 300 nm and 860 nm, and the
LH3 (B800-820) peaks at 800 am and 830 nm. For comparison Figure 5 shows several
other spectra, Rs. rubrum strain S1 RC-1LHT (B), is clearly very similar to that found in
Rps. acidophila strain 7050 (spectra A). Spectra D, F and G show LE2 from Bps.
acidophila strain 10050, Rb. sphacroides strain 2.4.1 and Rps. palustris strain French
respectively. The latter spectra s visibly different, the 800 nm peak dominating that at
850 nm in contrast to the other species. This complex is in fact a sccondary type of
LLH2 complex (defined as a type I LH2) synthesised by Rps. palustris strain Prench at
low irradiance levels, at higher light levels a compiex with an absorption speclrum more
closely resembling that of Rb. sphaercides strain 2.4.1 (FF) is produced (a type [ LH2)
(Hayashi e/ «l., 1982; Mantele e al., 1988; Evans et al., 1990).

The structural basis for these observed differences in absorption spectra, the
environmental factors influencing Lheir occurrence, and their importance in energy

transfer are discussed in the following scctions.

Structure and Function of Purple Bacterial Light-harvesting Complexes

The structure of LH1, LH2 and LH3 proteins appears to be very similar, they ali
appear to consist of membrane spanning oligomeric assemblies of two polypeptides, a
and g, which bind bacteriochlorophyll and carotenoid molecules (Aagard & Sistrom,
1972; Thornber et al., 1978; Cogdell & Thornber, 1979; Zuber and Brunisholz, 1991).
The - and p-pelypeplides are present in a 1:1 ratio in each complex (Cogdell er al.,
1980). In contrast the number of Behl and carotencid molecules bound appears to be
complex and species speceific. Although the number of Bchl molecules bound within a
complex appears fixed, L.HI binding 2 Bchl, LH2 and ILH3 binding 3 Bcehl per o/
polypeptide pair (Cogdell & Crofts, 1978; Cogdell & Thoruber, 1979; Cogdeli &
Thornber, 1980), the number of Car molecules bound seems to be more variable
(Cogdell, 1986; Thornber, 1986; Zuber, 1986). Thus per o/@-polypeptide pair LH1
from Rs. rubrum (Picorel, 1983, Evans er al., 1988), Chr. vinosum (Cogdell &
Thornber, 1979) and Rps. acidophila (Cogdell ef al., 1983) binds 2 Behl and 1 Car,
whereas LH1 from Rb. sphaeroides (Cogdell & Crofts, 1978; Cogdeil & Thornber,
1980), Rb. capsulatus (Peters & Drews, 1983) and Rv. gelafinosus {(Hawthornthwaite &
Cogdell, 1993; Jirsakova & Reiss-Husson, 1993) bind 2 Behl and 2 Car.

2 Please note that in those spectra recordel from solubiliscd membranes (see Figure 5 legend), more than
one LITC may be present. This is particularly noticable in spectra £ where a shoulder can be seen at 890
nm representing the LH1 complex, however the predominant peaks are still representative of the named
LHC.
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Figure 6

Images from crystallographic structures of purple bacterial light-harvesting complexes.

a & b : Two views of the 3D
crystallographic model of LH2 from Rps.
acidophila strain 10050. Adapted from
McDermott et al., 1995. The a—apoproteins
are coloured yellow and the B-apoproteins
green. Looking down on the complex from
above a shows the ring of B850 Bchla
molecules, with their ring structures aligned
perpendicular to the membrane surface. In b
the B800O Bchl a molecules can be seen,
located between the fB-apoproteins, with their
ring structures parallel to the plane of the
membrane. The inner cylinder has a diameter
of approximately 36 A, whilst the outer is 68

A in diameter.

C . Image processed projection map of LHI
from Rs. rubrum obtained from 2D crystals.
Adapted from Karrasch er al., 1995. The
outer surface has a 116 A diameter, the inner
68 A. An approximate van der Waals
projection of the LM subunits and single
transmembrane a-helix of the H subunit from
Rps. viridis (Deisenhofer er al., 1985) has
been placed arbitrarily within the LHC ring.
The structure is a clearly similar to that of the
the LH2 complex (a above), with a presumed
inner ring of 16 a—apoproteins, outer ring of

16 B-apoproteins and the pigment molecules

in between. Bar represents 20 A. — — i



Similarly LH2 and LH3 bind Car in a complex and species specific manner, LH2 from
Rb. capsidarus (Shiozawa et al., 1982) and Chr. vinosum (Cogdell & Thornber, 1979)
appear to contain 3 Bchl and 1 Car per o/f- pair, as do the LH3 of Chr. virosum
{Thornber, 1970) and Rps. acidophila (Hawthorathwaite & Cogdell, 1991) and the type
1L LII2 ol Rps. palusiris (Evans er al., 1990). In contrast the type [ LH2 from Kps.
palustris (Evans er al., 1990) and LH2 from Rb. sphaeroides (Evans et al,, 1988) and
Rps. acidophila (Hawthornthwaite & Cogdell, 1993) appear to contain 3 Behl and 2 Car
per a/f- pair.

The amino acid sequence of the apoproteins is highly conserved between
specics as illustrated by alignments of the «- and g-polypeptides from a range of
photosynthetic purple bacterial species in Tables 1 and 2 (Following pages). The
alignments highlight several conscrved regions, suggesting that those amino acids have
important roles to play in the functioning of LHCs. A comprehensive review of
conserved regions plus biochemical and spectroscopic data from a range of LHCs was
carried out by Zuber & Brunisholz (1991). These analyses provided a good picture of
the structurc and function of bacterial LHCs.However our understanding of LHC
structure has improved considerably following the recent determination of the 3D
crystallographic structure of LHZ trom Rps. acidephila sirain 10050 (McDermott et al.,
1995), and a low resolution 2D crystal structure of LH1 from Rs. rubrum S1 (Karrasch
et al., 1995). Some elements of these two stuctures are illustrated in Figure 6
{opposite).

It is clear that LH1 and LH2 have a very similar structure, as was suggested by
their highly conserved polypeptide sequences and pigment composition (Zuber &
Brunisholz, 1991). The overall structure of the LHCs can be described as follows. The
a- and f-polypeptides form two concentric cylinders, the a-polypeptides form the inner
cylinder and the f-polypeptides the outer cylinder, the pigment molecuies are located
between the two cylinders (McDermott er al., 1995; Karrasch et af., 1995). The @-
polypeptides are tilted at an angle relative to the plane of the membrane, whilst the a-
polypeptides are mare perpendicular (McDermott ef al., 1995; Karrasch ef al., 1995).

The main difference between LH1 and LH2 concerns the number of «- and g-
polypeptides which counstitute the complex, the Rps. acidophila sirain 10050 LH2
structure has nine ofg-pairs (McDermott e @l., 1995), whilst the Rs. rubrum LHI1
complex appears to have 16 pairs (Karrasch ef al., 1995). The larger ring structure of
the LH1 complex is a necessary requirement for enclosure of the RC complex which is
known to be located within the LH] ring (Saver & Austin, 1978; Miller, 1982). A
secondary difference, mentioned above, concerns the number of bound Behl molecules
in each complex, LHI binding 2 Behl and LH2 binding 3 Behl per o/f-polypeptide pair
(Cogdell & Thormber, 1979; Drews, 1985). In the Rps. acidophila strain 10050 1.H2
structure the Behl molecules form 2 rings, the ring sitirated towards the periplasmic side
of the complex consists of 18 overlapping Behls arranged with their porphyrin rings
perpendicular (o the plane of the membrane, in the ring located nearer the cytoplasmic
side of the complex the 9 Behls lie with their porphyrin rings in the plane of the
membrane (McDermott ef af., 1995).
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Since the LHI complex only binds 18 Behl molecules, and since these have been shown
to intcract in a manner similar to the group of [8 in the 1.H2 complex (Cogdell &
Scheer, 1985) it is scems likely that they also form an overlapping ring.

The Rps. acidophile LH2 appears to bind 2 Car molecules per w/p-pair
{Hawthornthwaite & Cogdell, 1993), however only one Car molecule was visible in the
initial model of the crystallographic structure (McDermott er al., 1995), although 2
appear to be present in a refined model (Prof. R.J. Cogdell, personal communication).
The single carotenotd visible in the published Rps. acidophiia LH2 structure spans the
depth of the complex in an ‘s’ shape (all-trans configuration), interacting with a “set’ of
3 Bcehl motecules (bound to one ofp-pair), and with adjacent «- and p-polypeptides
{McDermott ef af., 1995). Thus carotenoid is not only involved in light harvesting and
energy transfer, but potentially in stabilising the structure of the complex (Jirsakova &
Reiss~-Husson, 1994; McDermoit er al., 1995). Given the important role that the
carotenoid(s) may play in LHC stability it seems plausible that the Car will be found in
a similar position in LH! when a high resolution structure becomes available. 'The
structurc of LHI can not be described in any greater depth at present because of the low
resolution so far obtained 1n structural studies, however much of the structural detail
described below for the LH2 complex is likely to be relevant to the LH1 complex also.

Polypeptide topography and interactions in LH2

The main {eatures ol the Rps. acidophila strain 10050 LH2 are described below
with reference to the alignments of [LHC apoproteins in Tables 1 & 2, the Rps.
acidophila |.LH2 a- and p-polypeptides are positioned at number 23 in both tables.

As was originally suggested (Brunisholz er al., 1984), the o- and p-polypeptides
have a tri-partite domain structure with a central hydrophobic membrane spanning
a~helix, the three domains are clearly marked on table 1| and 2. The N and C terminii
turn to hie flat against the membrane and contain hydrophobic residues which anchor
the terminii to the surface, these anchors appear to hold the helices at the correct angle
within the membrane (McDermott ez al., 1995). In the N-terminus of the p-polypeptide
(Table 2) three such hyrophobic residues accur, an Alanine (-29), a Leucine (-27, highly
conserved amongst LH2 and LH3 complexes) and a second Alanine (-25). The C-
terminus is shorter, bul also contains three hydrophobic residues - Proline, Tryptophan
and Leucine (8, 9, 10) which are highly conserved amongst both [.H2, LH3 and LHI p-
polypeptides. The C-terminus of the o-polypeptide (Table 1) forms an amphipathic
helix, but again hydrophobic residucs anchor the helix to the membrane surface, in this
case Tryptophan, Phenylalanine, Tyrosine and a second Tryptophan (9, 10, 13, 14).
These four residues are well conserved amongst LH2 «-polypeptides. The N-terminus
of the a-polypeptide is similar to the C-terminus, forming an amphipathic helix with
Isoleucine (-25) Tryptophan (-24) and Valine (-22) anchoring it, but differs in that the
actual N-terminus (formyimetbionine) is buried within thc moembrane where it
coordinates with the central magnesium atom of the 800 am absorbing Bchl
(McDermott et al., 1995). The anchoring residues of the N-terminus arc highly
conserved amongst LH2 and LH3 «-polypeptides, and to a lesser extent in the I.LH] N-
terminus (Table 1). The N-terminal Methione is also highly conserved, though this may
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to some extent resuit from the prelerence for Methionine as the start codon of many
genes In bacteria.

There are no direct helix-helix interactions between the «- and B-apoproteins
within the membrane spanning region, however indirect interactions occur via (he
pigment molecules and water (McDermott ef «f., 1995). In the N-terminmt imteractions
oceur between pairs of a- and p-polypeptides, but not between them. In contrast at the
C-terminii interactions occur both belween «/B-pairs and between adjacent pairs, in
particular Lhe four aromatic «-polypeplide residues Tryptophan (9), Phenylalanine (10),
‘T'yrosine(13) and Tryptophan (14) bind the apoproteins together via hydrogen bonds
and hydrophobic interactions (McDermott ¢z af., 1995). These arc the same residues
that anchor the «-polypeptide C-terminus, this further explains why those residues are
so highly conserved in LH2 a-polypeptides from several species (Table 1),

Pigment-protein interactions in LH2

The most striking feature in tables 1 and 2, in many core and peripheral LHCs,
is the presence of conserved histidine residucs towards the C-terminal (periplasmic)
side of the hydrophobic membrane spanning region (point O in Table 1 and 2).
Resonance Raman studies suggested that these histidine residues bind the 850 nm
absorbing Bchl molecules {Robert & Lutz, 1985), and circular dichroism studies
suggested that Behl molecules formed a dimer (Saucer & Austin, 1978). In the Rps.
acidophila 1. H2 structure this has been shown to be essentially correct, the 2 Behl
molecules bound o an «/p-pair do indecd dimerise, but the dimers lie so closc to each
other that they can essentially be considered as a ring of Behi molecules (McBermoti e
al., 1995) (this is discussed In greater detail below). A number of other residues also
interact with the 850 nm absorbing Behls, forming a hydrophobic pocket around them,
on the a-polypeptide the residues Alanine (-4), Isoleucine (3) and 'I'typiophan (14) and
on the f-polypeplide residues Phenylalanine (-8), Alanine (-4} and Tryptophan (9) all
make contacts (McDermott er «l., 1995). The latter three residues are all highly
conserved amongst LHCs, as is the o-Alanine (-4; Table 1 and 2). Two residues form
hydrogen bonds to the 850 nm absorbing Bchls, o-Tryptophan (14} forms a bond with
the «-Histidine coordinated Behl, and o-Fyrosine (13) of an udjucent o-polypeptide
forms a hydrogen bond to the p-Histidine coordinated Behl (McDermott ef al., 1995},

A second conserved histidine located towards the N-terminal or cytoplasmic
side of the membrane spaniting region of the p-polypeptide is visible in table 2 (-18,
shown in bold type). This was postulated as the ligand for the 800 nmn absorbing Behl
(Zuber, 1985; Zuber ¢r al., 1987), but Resonance Raman studies suggested that other
residues may be involved (Robert & Lutz, 1985). The lalter assertion bas proved
correct, as previously mentioned the N-terminus of the u—apoprotein coordinates with
the Magnesium at the centre of the 800 nm Bcehl, but the conserved histidine also
interacts with the Behl, via a2 water molecule located between the Histidine residue and
Bcehl molecule (McDermott ef af., 1995). A hydrogen bond is formed between the 800
nm Bchi and and the g residue Arginine (-10), this residue is part of a group of lrighly
conscrved LH2 residues.

The observed Car spans the depth of the membrane, one end is associated with
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u—polypeptide residues Lysine (-26) and Thrconine (-23), the olher end is associated
with the 850 nm Behl binding Histidine (0) of an adjacent a—polypeptide (McDermoit
er al., 1995). On its path through the complex the Car makes several van der Waals
contacls with adjacent a- and p-polypeptides, and with both the 800 nm and 850 pin
absorbing Bchl molecules (McDermott ez af., 1995).

One of the more interesting questions regarding LIC structure concerns the
manner in which small changes in polypeptide sequences give rise to profound
differences in the NIR absorption peak of the 850 nm absorbing Behls. On the basis of
sequence homologies, and deviations therefrom, it was suggested that changes from the
two highly conserved a-polypeptide residues Tyrosine (13) and Tryptophan (14) were
responsible for the blue shift in Behi absorbance found in LH3 (820 nm) (Brunisholz et
al., 1987; Bissig et al., 1988; Brunisholz & Zuber, 1988). More specifically, these
residues were shown 1o be different in the ILH3 «-polypeptides of Rps. ucidophila strain
7050 (Table 1 row 20) and strain 7750 (Table 1 row 22), where they were found to have
changed to Phenylalanine plus Leucine (7050) and Phenylalaninc plus Threonine
(7750). Furthermore site directed mutagenesis of these residues in Rb. sphaervides
LH2 causes a blue shift similar to that observed in Rps. acidophila L.H3 (Fowler ef al.,
1992; Fowler et ul., 1994; Hess et al., 1994). Given the roles that these residues play in
the [LH2 structure of Rps. acidophila strain 10050 (they form H-bonds to the 850 nm
Behls and to other apoproteins, holding the complex together, and anchor the C-
terminus to the membrane surface - as described above), it is perhaps not surprising that
they have a large effect on the functional properties of LH2 and [LH3.

A similar set of highly conserved residues is found in the c-terminus of the LH1
w-polypeptides (table 1), these are Phenylalanine (9), Asparagine (10) and Tryptophan
(T1) (Zuber & Brunisholz, 1991). Since those LH1 «-polypeptides which deviate from
this belong to complexes which have distinctive absorption maxima (e.g. Rps. viridis
LH1 a-polypeptide, Table 1 Row 3, absorption maxima at 1015 nm), it seemas likely
that these residues play a similar role in LH1.

Pigment interactions in LH2

It was predicted on the basis of circular dichroism studies that the 850 nm
absorbing Bcehl molecules would form dimets in vive (Sauer & Austin, 1978), this is
indeed the case in the Rps. acidophiia strain 10050 LH2 structure, but the dimers also
lie close enough to each other to form van der Waals contacts, and should be considered
as a ‘ring’ of Behl molecules (McDermott er al., 1995) (see Figure 6). As previously
stated the 18 850 nm absorbing Behls are arranged with their ring structures
perpendicular to the membrane, whilst the 9 800 nm absorbing Behl molecules lie in the
plane of the membrane. There is an interaction between the 800 nm and g-coordinated
850 nm absorbing Bchl molecules in that their phytyl chains twist together and pass
across the face of the opposing porphyrin ring, close enough to form van der Waals
contacts (McDermott ez ¢/, , 1995).
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Figure 7

Arrangement of pigments in the Rps. acidophila stain 10050 LH2 structure model. The pigment

molecules bound to 3 a/B-polypeptide pairs are illustrated below.
Adapted from McDermott et al., 1995.

Note: The carotenoid is coloured yellow; B800 Bcehl green; B850 bound to the p-apoproteins red and
those bound to the a-apoproteins orange. The carotenoid can be seen to extend through the depth of the
complex, passing close to both a B80O Bchl and B850 Bchl. Phytyl chains of the B8OO Bchl molecules
(green) twist up to coordinate with the a-liganded B850 molecules (red), whilst those of the p-liganded
B850 molecules (orange) pass down and across the ring structures of the B8OO molecules. Only one

carotenoid is pictured, but there are two present in a refined model of the complex (see main text).



Each Car molecule also forms van der Waals contacts with both an 800 nm and 850 nm
Bcehl bound to each polypeptide pair, such that all the pigment molecules within [.H2
can be considered to be interconnected (McDermott ez al., 1995). Figure 7 {oppaosite)
illustratcs the arrangement of pigments in the LH2 structure.

Energy transfer within and through LHCs to the RC

The absorption peaks of the various LHCs hint that transfer of captured light
energy is an energetically “downhill” process, an exciton being passed to progressively
fonger wavelength absorbing pigment molecules uatil it reaches the RC (Monger &
Parson, 1977; Pearlstein, 1982; van Grondclle, 1985). Light harvesting is carried out in
the NIR (Q,), UV (~380 nm, soret band) and vigible (~590 nm, Q) regions by Bchl, and
in the visible region of the spectrum (around 450-550 nm) by Car, which acts as an
accessory light-harvesting pigment as well as playing a photoprotective role (Cogdell,
1985). Pigment molecules located in any of the LHC complexes present may harvest
light and thus an exciton may begin its journey to the RC at &4 number of points along
the transfer pathway, for the purpose of describing the pathway I will assume that
excitons follow the generalised path Car > B800 > B850 > B&Y(Q > RC (where B80O
indicates the 800 nm absorbing Bchl), it (s however, important to bear in mind that Car
molecules may also transfer cnergy to B850 and B890.

Exciton transfer from Car to Bcehl occurs with variable efficiency (Goedheer,
1959; Nishumura & Takamiya, 1965), depending on the apoprotein structure and type of
Car bound to the complex (Boucher er al., 1977; Cogdell ef «!l., 1981 Hayashi et al.,
1989; Noguchi et al., 1990). Certain species e.g. Rb. sphaeroides and Ry, gelatinosus,
appear to have much higher transfer efficiencies (70-100%), than species such as Rs.
rubrum, Chr. vinosum and Rps. palustris (30-40%) (Kramer et af., [984; Evans et al.,
1990; Noguchi et af., 1990). The intimate contacts between Car and Behl in the LH2
complex (McDermott ef al., 1995) allow transfer to the BB0OO to occur very quickly
{Gillbro et al., 1988; Gillbro & Cogdell, 1989). Exciton transfer between B800 and
B850 absorbing molecules occurs in around Q.7 ps (van Grondelle ef al., 1994), In LH3
and type Il LH2 complexes the transfer from B80O to B820 or B830 appears to be faster
than in type | LH2 complexes (Bergstrom ef al., 1988). Upon transfer of an exciton to a
B850 the energy is rapidly delocalised over the complete ring of 18 B850 molecules,
from any point on the ring transfer can occur to the B890 ring within LHI. The transfer
between complexes oceurs on a longer time scale of 5-20 ps (van Grondelle et al.,
1994), the exact transfer time being dependent on the topological arrangement of LHCs
within the membrane - this varics with environmental condittons (discussed in the next*
section).

The ring-like structure of LHCs, and the positioning of Behl molecules to allow
delocalisation of exciton energy, provides an elegant method of arranging LHCs within
the ICM, such that transfer can occur between any adjacent LH2 and L.H1 complex
regardless of their orientation {Pcarlstein, 1985; McDermott ¢f al., 1995).
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Plasticity of the Photosynthetic Unit.

Many purple bacteria synthesise extensive amounts of lipid bilayer by
invagination of the cytoplasmic membrane, this is known as the intracytoplasmic
membrane, into which the photosynthetic apparatus is inserted. These invaginations
may take the form of vesicles (e.g. Rb. capsulatus, Rb. sphaeroides, Rs. rubrum, Chr.
vinosum), lamellae (e.g. Rps. acidophila, Rps. palustris, Rps. viridis}), stacks (e.g. Rs.
photometricum, Rs. molischianum) or tubules (e.g. Thiocapsia pfennigii} (Pfennig &
Triiper, 1973). Some species however appear to have relatively weak development of
the ICM (e.g. Rv. gelatinosus, Re. purpureus, Rc. tenue) suggesting that much of their
photosynthetic apparatus may be located in the cytoplasmic membrane (Pfennig &
Tritper, 1973; Oelze & Drews, 1972; Zuber & Brunisholz, 1991).

Both the amount of ICM and components of the photosynthetic apparatus vary
in responsc to environmental factors, the two most important factors being oxygen
tension and light intensity (Ohad and Drews, 1982). The exuct response to these factors
is species specific, Rb. sphaeroides synthesises no ICM or photosynthetic apparatus in
the presence of oxygen, whilst Rb. capsulatus appears to produce smail quantities even
under aerobic conditions (Khug, 1993), however only under anoxygenic conditions are
they produced in large gquantities (Drews, 1991). It should be noted however that small
amounts of photosyuthetic apparatus are synthesised in the dark as long as the oxygen
tension is low and the bacteria are able to grow chemotrophically (Cohen-Bazire &
Kunisawa, 1960).

One cxeeption to this is the species Rb. sulfidophilus3 which synthesises large
amounts of [CM and LHCs under both anaerobic and aerobic dark conditions
(Hagemann ef al., 1995). Further exceptions can be found in the quasi-photosynthetic
bacteria, species such as Ro. denitrificans and Er. longus appear to synthesise small
amounts of photosyuthetic apparatus under fully aerobic conditions (Shiba & Simidu,
1982; Harishima & Nakada, 1983; Shiba, 1987). However guasi-photosynthetic
bacteria are unable to utilise photosynthesis as a major source of energy and thus
represent a special case (Gest, 1993), it is clear however that their photosyathetic
apparatus is highly homologous to that of purple photosynthetic bacteria (Shimada e
al., 1985; Liebetanz et al., 1991) but regulaied in a different manner, thus they represent
an interesting comparison to purple photosynthetic bacteria.

Ounce anaerobic conditions have been established the amount of ICM, number of
RC-LH1 aggregates, and also the presence of, and relative amounts (to RC-LH]1) of the
peripheral LHCs (LH2 and LH3) vary according to the incident light intensity (Aagard
& Sistrom, 1972; Takemoto & Huang Kao, 1977; Drews & Oelze, 1981; Chory &
Kaplan,1983). The synthesis of these photosynthetic components being inversely
proportional to the light intensity, i.e. the relative size of a PU and the number of PUs
increase as the light intensity is decreased (Takemoto & Huang Kao, 1977).

3 A proposal has recently been made 10 rename this species Rhodovidum sulfidophilus (Hirvaishi & Ueda,
1994),
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Figure 8

Absorbance spectra ol sotubibined chromatophore membranes From Kpss, acidopliifa strains 7050 and

7750 cuttured under yarying conditions,  Adapted {rom Gardiner er af., 1993,
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The exact response to changing irradiance levels is species specific, a species
such as Rs. rubrum which synthesises only a B875 core complex and hence has a PU of
a fixed size, will synthesise more 1CM and more PUs to compensate for a reduction in
irradiance (Oelze & Drews, 1972; Aagard & Sistrom, 1972). In contrast species like
Rb. sphaeroides and Rb. capsulaius which produce a peripheral ILH2 are able nol ouly
to alter their ICM structure and number of Plls, but also to vary the size of the PU by
synthesising variable proportions of LH2 (Takemoto & Huang Kao, 1977). A further
type of response is found in species such as Rps. acidophila and Rps. palustris wherc
under conditions of very low itradiance an LH3 complex is produced (Hawthornthwaite
& Cogdell, 1991; Tadros, 1990).

Figure 8 (opposite) illustrates the responsc of Rps. acidophila sirains 7050 and
7750 when cultured under a selection of growth conditions. In frame A absorbance
spectra of strain 7050 cultured under progressively lower light intensities are displayed,
it can be seen that there is a gradual shift from production of LH2 (B800-850) to
production LH3 (B800-820) as the light intensity is lowered. This strain also alters the
type of Car which it incorporates into its LHCs, as can be seen if one examines the
triplet carotenoid peaks of the spectra in frame A. This change in Car is visibie by eye,
when cultured under high light intensity the cells are a red-brown colour (Rhodopin and
Rhodopin-glucoside predominate), whilst under low light they are a deep purple colonr
(Rhodopinal and Rhodopinal-glucoside are incorporated) (Heinmeyer & Schmidt, 1983;
Cogdell ez al., 1983). Strain 7750 shows a similar responses to changes in light-
intensity (frame B, Figure 8), synthesising LLH3 (B800-820) at low light intensities. At
the very lowest light intensity strain 7750 appeared to synthesise LI2 as well as LH3,
the reasons for this remain obscure (Gardiner et al., 1993). A second difference
between the two strains concerns the change in Car, strain 7750 also synthesises a
different Car at low light intensity, but in this case there is no colour change (Rhodopin-
glucoside is replaced by Rhodopin at low light) (Cogdell ¢t al., 1983). Strain 7750 also
shows a response to temperature, this can be visualised in frame C of Figure 8. At
moderate light intensities (~50 wmol s m?2) when the cuiture tempcerature is reduced,
LH3 replaces 1.H2 in a similar manner to that seen with decreasing light intensity
{Gardiner et al., 1993).

These examples illustrate some of the ways in which purple bacieria modify the
size and character of their PSU in response to envirommental conditions, in the
following sections 1 will describe what is known about the molecular biology
underpinning these changes.
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Molecular Biology of Purple Photosynthetic Bacteria

Purple photosynthetic bacteria form part of a group of bacteria which includes
many non-photosynthetic species, including well studied species such as
Agrobacterium, Rhizobium, and the ubiquitous £. coli ('Proteobacteria’, see the section
“Taxonomy of the purple photosynthetic bacteria™, page 2). Like these other species
their nucleic acids are relatively easy to 1solate and manipulate, allowing identification
of photosynthetic unit componeats in photosynthetic bacteria and their manipulation for
the purposes of study. 'The study of purple bacterial molecular biology has enhanced
and extended biochemical, biophysical and structural studies of photosynthesis by way
of mutagenesis studies, which provide a way of probing the structure and function of
proteins. Site directed mutagenesis of RC and LHC proteins are excellent examples of
how molecular techniques can be used to analyse the function of proteins (Youvan ef
al., 1985; Farchaus & Oesterhelt, 1989; Nagarajan et af., 1990; Paddock ef al., 1989,
Takahashi et al., 1990; Lausscrmair & Qesterhelt, 1992; Jones et al., 1992; Ermier
al., 1994, Fowler ¢t al., 1992; Fowler et al., 1994; Hess et al., 1994).

Furthermore the strategies employed by photosynthetic bacteria for gene
regulation appear to be similar to those found in non-photosynthetic species (see
[ollowing sections), thus study of photosynthesis gene regulation increases our
understanding of prokaryotic gene regulation in general.

Of further intevest are the strategies which photosynthetic bacteria use to adapt
optimise their photosynthetic capacity, and the way in which they adapt to a changing
environment. Since many of the structural elements involved in photosynthesis have
been conserved through the evolution of a wide range of photosynthetic organisms,
from bacteria and algae through to higher plants, it seems possible that they will adopt
sinilar patterns of gene regulation and expression. This seems especially likely when
one considers the [act that the chloroplast organelles of higher plants are essentially
symbiotic photosynthetic bacteria (Zabler e¢f af., 1975; Bonen & Doolittle, 1975).

Two species of purple photosynthetic bacteria have been studied extensively
these are the related Rb. sphaeroides and Rb. capsularus. The latter species has been
the subject not only of studies involving photosynthesis genes, but also of genes
involved in other metabolic processes, such as nitrogen fixation (recent reports include:
Hubner er al., 1993; Schuddekopf er al., 1993; FosterHartnett ef ai., 1993; Cullen et al.,
1994; FosterHartnett ez al., 1994a ; FosterHartnett er al., 1994b),

Genome size and organisation in purple bacteria

Genomic mapping studies have been carried out for both Rb. sphaercides and
Rb. capsulatus, yielding estimated genome sizes of 3.8 Mb for Rb. capsulatus (Fonstein
ef al., 1992; Fonstein & Haselkorn, 1993, Fonstein e al., 1995) and 4.5 Mb for Rb.
sphaeroides (Suwanto & Kaplan, 198%a). This compares with an estimate of 4.7 Mb
for the genome of £. coli (Smith et al., 1987). Interestingly Rb. sphaeroides has been
found to possess two circular chromosomes of 3 Mb and 0.9 Mb (Suwanto & Kaplan,
1989b; Suwanto & Kaplan, 1992), in conirast to the single chromosome of
Rb. capsularus (Fonstein et al., 1992; Fonstein & Haselkorn, 1993: Fonstein et al.,
1995).
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Figure 9

A schemaue representation ol the photosynthetic gene clusters of Rb. sphaeroides, Rb. capsulatus and
Rs. centennm.  Adapted from Yildiz ef al., 1992, The diagrams are based on genetic and physical
mapping data from several studies: for Rb. sphaeroides (Coomber et al., 1990; McGlynn & Hunter,
1993): tor Rb. capsulatus (Taylor ef al., 1983 Armstrong et al., 1989; Zsebo & Hearst, 1984; Yang &
Bauer. 1990; Burke eral.. 1993a; Bollivar eral., 1994); and for Rs. centenum (Yildiz er al., 1992).
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Note: The distance between the puhA gene and the puf operon in the Rs. centenum PGC is estimated to
be between 38.4 and 46.3 kb, this compares with a distance of ~45 kb in Rb. capsulatus and Rb.
sphaeroides (Yildiz et al., 1992). The PGC from Rb. capsulatus has now been DNA sequenced in full
(Genbank AC: Z11165), hence the greater detail of the Rb. capsulatus diagram. The unshaded ORFs
have been given temporary designations (Genbank AC: Z11165), and several have been studied by
directed mutagenesis (Bollivar er al., 1994). The diagram of the PGC from Rb. sphaeroides is based on
minture of DNA sequence information and genetic mapping (for references see top of page), and that
from Rs. centenum on complementation studies (Yildiz er al., 1992), thus these maps are of a lower

resolution than that from Rb. capsulatus.




Multiple chromosomes have now been identified in several other Proteobacteria,
namely Brucella melitensis (Michaux e al., 1993), Leptospira interrogans (Zuerner ef
al., 1993), Agrobucterium tumifaciens (Allardet-Servent ef al., 1993), and
Pseudomonas cepacia (Cheng & Lessie, 1994). The second (smaller) chromosome
from A. fumifaciens is also notable because it is linear rather than circular (Allardet-
Servent et al., 1993).

The genctic and physical mapping studies carried out on Rb. sphaeroides
(Sawanto & Kaplan, 1989a; Suwanto & Kaplan, 1989b; Coomber ef ai., 1990; Wu ef
al., 1991) and Rb. capsulatus (Taylor et al., 1983; Zsebo & Hearst, 1984; Fonstein et
al., 1992; Fonstein & Haselkorn, 1993; Fonstein et al., 1995) have tdentitied a region of
the genome approximately 50 kb in size within which the majority of structural genes
required for the construction of a PSU are clustered. This is termed the “Photosynthesis
Gene Cluster” (PGC) (Marrs, 1981; Taylor et al., 1983; Zsebo & Hearst, 1984), and is
described below.

Organisation of purpie bacterial photosynthesis genes

The PGC contains genes required for the Behl and Car biosynthetic pathway
flanked by the genes encoding the RC and LH1 polypeptides, and gencs necessary for
the assembly of the PSU. The PGC appears to be a highly conserved element in purple
photosynthetic bacteria (Yildiz ez al., 1992). Figure 9 (opposite) illustrates the
arrangement of genes within the PGC of Rb. capsulatus, Rb. sphaeroides and Rs.
centerut.  Although less information is available regarding the PGCs of Rb.
sphaeroides and Rs. centenum it is clear that most of the genes are conserved and lie in
similar positions. Many of the genes required for pigment biosynthesis are clustered
together, flanked on one side by the puf operon containing the LH1 and RC structural
genes, with the exception of puhA (the RC H subunit) which lies on the other side of
the pigment biosynthesis genes. In Rb. sphaeroides it has been shown that genes
required for pigment biosynthesis also lie outside of the PGC, such as hemt’, hemA
{Choudhary er al., 1994) and hemF (Coomber er al., 1992). However these genes
appear to be involved in the earlier steps of Behl and heme biosynthesis, thus it has
been suggested that only those genes required for the latter stages of biosynthesis of
PSU pigments arc encoded within the PGC (Coomber ¢t al., 1992; Neidie & Kaplan,
1993).

The exact function of the gene products of the beh and crt genes has yet to be
determined, a partial picture of the biosynthesis pathways and the role each protein
plays in pigment biosynthesis has been outlined. For descriptions of Car and Behl
synthesis pathways in Rhedobacter, and the suggested function of the various crt and
bch genes, the reader should consult the following (Armstrong er al., 1989; Armstrong
et al., 1993; Armstrong, 1994; Lang ez al., 1994; Lang ef /., 1995; McGlynn & Hunter,
1993; Burke ef al., 1993a; Burke et al., 1993b; Bollivar ez af., 1994).

The genes required for LH2 synthesis (excepting pigment biosynthesis genes)
are clustered in the puc operon which is located ~18 kb away from the PGC in the
direction of puhA, in Rb. sphaercides (Suwanto & Kaplan, 1989a) and maps
approximately 1.7 Mb away in Rb. capsularus (Fonstein ef al., 1995),
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Figure 10

Schematic representation of the pul operon from a range of purple bacteria. Adapted from Nagashima ef
al., 1994, The original data come from scveral sequencing studies: Rps. viridis (Wicssner ef al., 1990),
Rs. rubrum (Saegasser, 1992), Ro. dinitrificans (Licbetanz ef al., 1991), Ry, gelatinosus (Nagashima &z
al., 1994), Rb. capsulaius (Youvan ef al., 1984; Bauer ef al., 1988; Bauer & Marrs, 1988) and Rb.
sphaeroides {Williams et al., 1983; Williams ef al., 1984; Williams e ai., 1986; Kilcy et al., 1987; Lee
et ., 1989),
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Note: It can be seen that there is a conscrved core of genes within the puf operons displayed above, the
genes pufBALM being present in each species. These genes code for the [LHI f- and a-polypeptides
anc the RC L and M subunits. In addition to this corc of genes those for pufC (RC cyvtochrome subunit),
pufQ, pufX (for possible functions see main text), and genes whose {enction is at present unknown may
also be found. A major deviation from this arrangement is seen in the green photosynthetic bacterium
Chioroflexus aurantiacus , where the pufL.M genes are found in one operon and the pufBA genes in a
second operon (Shiozawa et al., 1990; Watanabe erf al,, 1995). I[n cach species the gencs have been
shawn to be transcribed from a promeotor upstream of pufB (or pufQ where present), and thus transcribed
{rom left to right in the diagram (Adums et «f., 1989; Hunter er al., 1951; Wicssner ef al., 1990;
Sacgasser, 1992; Liebelanz e¢f al., 1991; Nagashima ez al., 1994). 1t should also be noted that Ro.
denitrificans is a quasi-photosynthetic specics which although capable of svnthesising a photosynthetic
apparatus is tncapable ol anaerobic photosynthesis (see the sections “Taxonomy of the purple
photosynthetic bacteriu” and “Energy lransfer through the reaction centre and beyond” for a more
delailed explanation).




It should be noted that the LH3 encoding genes have also been termed puc genes, since
the amino acid sequences of LH3 apoproteins are extremely similar to those of LH2
(Tadros & Waterkamp, 1989; Tadros et al., 1993, MacKenzie, 1990; Gardiner et al.,
1992). 'The puf and puc operons from a number of species have been cloned, and are
described below.

The structure of the puf operon

The arrangement of genes within the puf operon of the species Rb. capsularus,
Rb. sphaeroides, Ro. denitrificans, Rps. viridis, Rs. rubrum and Rv. gelatinosus is
described in Figure 10 (opposite). In most species the genes pufBALM are present,
coding for the LHI «- and B-polypeptides and the RC L and M subunits. In those
species which have a cytochrome associated with the RC the gene pufC is found to be
present downsiream of pufM (Wiessner ef af., 1990; Liebetanz ef al., 1991; Sacgesser,
1992; Nagashima ef al., 1994). The two Rhodobacter species have two genes known as
pufQ and pufX, flanking the basic pufBALM unit (Bauer et af., 1988; Bauer & Mauirs,
1988; Lee ef al., 1989a). The exact function of both these genes has yet to be
elucidated, however pufQ appears to play a role in RC and | HC assembly and possibly
acts as a carrier for Behi (Bauer et al., 1988; Hunter ef al., 1991; Gong et al., 1994,
Iidai et al., 1994). The pufX gene product is a small protein with a possible membrane
spanning helix (Lee er al. 1989a), that has been shown to be involved in cyclic electron
transport (Lilburn ez al., 1992; Farchaus et «f., 1992). Thus it has been suggested that
PufX plays a role in the transfer of ubiquinone and ubiquinol between the RC and the
cytochrome bc, complex (Lilburn et ai., 1992; Farchaus ef al., 1992; Westerhuis et al.,
1993). A further study suggested that PufX was not necessary for cyclic electron
transport in the absence of a LHC (McGlynn ef al., 1994), and thus may affect clectron
transport indircetly. However Karrasch et af. (1995) point out that since LE1 appears
to completely encircle the RC it is not clear how the quinone molecules travel between
the RC and the cytochrome be, complex. [t is clear therefore that PufX may well assist
in the transfer of quinone (o and from the RC ‘through’ LH1, possibly by preventing
LH1 blocking the RC Qg binding site (McGlyun er al., 1994) - it would thus not be
necessary in the absence of LHCs.

No pufQ or X genes have thus far been found associated with the puf operons of
other purple bactcria, rather in the other species from which the puf operon has been
cloned, that is: Rps. viridis (Wiessner ef al., 1990}, Rs. rubrum (Saegasser, 1992), Ro.
dinitrificans (Licbetanz er al., 1991) and Rv. gelatinosus (Nagashima et «l., 1994);
fragments of Bchl synthesis genes have been found to lic upstream of the puf operon -
further evidence that the PGC may be a widely conserved structure in photosynthetic
bacteria. As can be seen in Figure 10 the puf operon of Rv. gelatinosus does have extra
genes within the puf operon, these two ORFs have no homology to either pufQ or X
and their function is at present unknown (Nagashima ef af., 1994). Although ORF 2

shows some homology to pufB and may have a membrane spanning helix (Nagashima
et al., 1994),
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Figure 11

Schemalic representation of the puc operon from a range of purple hacteria. The original data come
from scveral sequencing studies: Rb. capsidatus (Youvan & Ismail, 1985; Tichy ef al., 1989); Rb.
sphaeroides {Ashby et af., 1987, Kiley & Kaplan, 1987; Lee er af., 1989; Gibson et af,, 1992); Rb.
sulfidophilns (Hagemann & Tadros, 1994); Rps palustris (Tadros & Waterkamp, 1989, Tadros ef «al.,
1993); Rps, ucidophiia (MacKenzie, 1990, Gardiner ef al., 1992; Barrett, 1995).
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Note : Like the puf operon the puc operon has a conserved core vl genes - the pucBA genes - these code
for the LE2 8- and a-polypeptides. Those species which do not synthesise an LH3 complex appear 1o
have a single copy of Lhe puc operon, usually with the pucC gene lying downstream of pucA. The pucC
gene has been shown to be essential for formation of L112, PucC protein appears to be membranc bound
(Tichy ef af., 1989), and it has been suggested that it plays a role in the assembly of LH2 complexes
(Tichy et at., 1991). In Rps. acidophila and Rps. paliestris - species which synthesise an LH3 complex -
multipie copies of the puc operon have been found, some copies of the operon are thoughe to code for
[LH3 f- and w-polypeptides in these species (Tadros & Waterkamp, 1989; Tadros ef al., 1993,
MacKenzic, 1991; Gardiner et al., 1992). Rb. capsulatus has further genes downstream of pucC, pucD
and E. The pucE gene product is the LH2 y polypeptide, which appears Lo stabilise the 1.H2 complex
(Tichy et af., 1991}, the function of pucD is not clear at present.

The genes are transcribed from a promotor upstream of pucB, in the order pucBA (or pucBAC,
pucBACDE where extra genes are present) (Tichy er al.. 1989; Lee ef al., 1989; Gibson et al., 1992;
Hagemann & Tadros, 1994; Tadros et af., 1993; Bamrett, 1995).




The only other example of a puf operon currently available is from the green
photasynthetic bacteriuimn Chloroflexus aurantivcus, which synthesises a RC and LH1
(B806-860) similar to those of purple bacteria (Feick er «f., 1982; Wecehsler ef wf.,
1987}. In this bacterium the pufi.M gencs are located in onc operon (lermed pufl)
(Shiozawa er «d.. 1990} whilst the pufBAC genes are localed in 2 separate operon (puf2)
(Watanabe et «f., 1995). This represents a deviation {rom the arrangement - described
above - of genes found in pul operons of purple photusynthelic bacteria.

The structure of the puc operon

The puc operon encodes genes required for the synthesis of LH2 or LH3, and
has been cloned and sequenced in a number of species, namely: Rb. capsulatus
(Youvan & lIsmail, 1985; Tichy er «f., 1989);, Rb. sphaeroides (Ashby ef al., 1987,
Kiley & Kaplan, 1987; Lee ¢f af., 1989b: Gibson et al., 1992); Rb. sulfidophilus
(Hagemann & Tadros, 1994); Rps. palustris {Tadros & Waterkamp, 1989; Tadros ef af.,
1993); and Rps. acidophila (MacKenzie, 1990; Gardiner ef «f., 1992; Barrett, 1995).
The structure of the puc operon in these species is outlined in Figure 11 (opposite), it is
apparent that there is much more variation in the sleucture ol the puc operon than in the
puf operon. The minimal structural unit of the puc operon can be considered to consist
of the pucBA genes which encode the LH2 (or LH3) «- and B-apoproteins, in species
which synthesisc only LH! and LH2, such as Rb. sphaeroides, the minimal unit is
extended by the addition of the puc(l gene downstrcam of pucA (Lee ef wl., 198%9h;
Gibson ¢f ¢l., 1992}, and in Rb. capsuiatus by the genes, pucCDE (Tichy et al., 1989).
Inn species which synthesise LH3 an unusual arrangement of puc genes is found,
multiple copies of the puc operon are present. At present 5 pucBA gene pairs have
been dentificd in Rps. palustris (Tadros & Waterkamp, 1989; Tadros ef al., 1993) and
& in Rps. acidophila (MacKenzie, 1990; Gavdiner ¢t al., 1992; Barrett, 1995), some of
these pairs are linked to form Jarger clusters. Two pairs are known (o be physically
linked in the Rps. palustris genome (¢ and d), but the relationship between the other
pairs is unknown (Tadros ef «f., 1993). In Rps. acidophile two clusters have been
sequenced, containing 3 (pucl, puc2 and puc3) and 2 (pucd and puc5) pucBA gene
pairs (MacKenzie, 1990; Gardiner ef al., 1992; Barrelt, 1995). A further 3 gene pairs
have been identified within a 20 kb fragment (pucé, puc7 and puc8) most likely
forming another cluster, but the exact physical relationship between them is not known
(MacKenzie, 1990)+ . As with Kps. palustris the physical distance between the clusters
is unknown (Gardiner ¢f ¢l., 1992; Barrett, 1995).

At present there are no reports of a pucC’ gene associatedd with one or more of
the pue clusters i Rps. palustris, however a gene homologous Lo pucC has recenlly
been identificd in Rps. acidophile, lving downstream of one of the pucBA gene clusters

4 The nomenclature that has been use to describe the multiple gene copics differs in the two specics.
Workets on Rps. palusiris frave used a rather confusing nomenclaiure where the gene pairs are labefled as
«fSq, ofiy and so forith. A more acceplieble nomenclature has been used lor Rps. acidophita, following 2
scheme which has been used to describe the sphit pull operon of C. aurantiacus and multiplc copies of
operons in B.oceli. Thus the pairs are {abelled puciBA, puce2BA, puc3BA and so forth. Since the
refationship ol between operons of the two species (for instance whether ofda is equivalent Lo pucdBA) is
nat clear at present, | will use the deseribed nomenclature of Bps. acidophifa, and refer 1o the pene pairs
ol Rps. patustris as, by example, pucaBA.
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{Dr S.J. Barrett, personal communication). 1t seems likely that the pucC gene of other
species will be identified in the future given the importance that it appears to have in the
Rhodobucter species.

In both Rb. cupsularus and Rb. sphuercides deletion of pucC results in LH2
being absent from photosynthetic membrancs (Tichy ef «l., 1989; Gibson ef wl., 1992;
LeBlance & Beatty, 1993). Hydropathy analysis reveals that PueC is very hydrophobic,
indicating that it is probably an intcgral membrane protein (Tichy e¢f ai., 1989; Gibson
et al., 1992), and phoA fusion studies bascd on hydropathy analysis indicate that it has
12 membrane spanning segments {LeBlanc & Beatty, 1994). 1t has been suggested that
PucC is involved in the assembly of LH2 (Tichy eral., 1991). It is intcresting (o note
that PucC has ~ 24% homology with two other ORFs in the PGC of Rb. capsulatus
{Bollivar er al., 1994), one of these, orf477 {previously known as F1696), is thought to
have a role analogous to PucC (to which it is 47 % homologous), but be involved in the
assembly of LHI (Bauer e af., 1991). Deletion of orfd77 in Rb. capsulatus results in a
30% decrease in the levels of LH] (Zsebo & Hearst, 1984; Bauer ¢f al., 1991), since
deletion of pucC results in absence of LH2 it has been suggested that pucC is able to
compensate in part for the loss of orf477 but not vice versa (Tichy er al., 1991). The
position of orfd77 in the PGC of Rb. capsulaius is also notable, it lies upstream of puhA
and is probably transcribed with it (Bollivar er «l., 1994). The other ORF, known as
orf428 is situated within the Behl synthesis genes between behG and behP (Boltivar ef
al., 1994).

No reports of Rb. capsilatus pucDE gene homologs in other species have been
published thus far. The pucE gene product is the Rb. capsulatus LH2 y polypeptide,
which appears to stabilise the LH2 complex (Tichy er ¢l., 1991), since no other isolated
[.H2 complexes scem (o have a y polypeptide it is perhaps not surprising that the pucE
genc has not been identified elsewhere. The function of pucl) is not clear at present,
but may have some role associated with that of pucE sinece the coding frames of these
two genes overlap by 4 nucleotides (Tichy er af, 1989), and the genes may be
transtationally coupled (LeBlanc & Beatty, 1993).

introduction 34




tonen3ar 2udf SISOUASOION] ., UONIIS L UL L3AIT
sT suonoe Aotemaal i pue stonpoid 2usd asay) jo uoneurldya [n] v (Ze61 v 42 eduedg) Aeamed sissquuds mog o ur 9)or v s<eyd osm owkzud sy
26 WBnoy st 1] -spioe oulwe JurnEicD inydins Jo wistjoqeism ayl m 9jo1 L3y & sKerd yoyam ase[oIpAy dursISAd0WOY-]-[ASOUSPE-§ SWAZUS S} SIPOIUD
suad Aoye 2yl (qwee| i 1o AS3ng) co pue Aoyr jo uotdussuen syi Juneanoe Apusiedde se jjas se uorssudya umo sp Sunem3aione jo spqeded |
d1aH (epag| v 12 £33ng) suciado ynd puw nd jo nonduosuer) o soyeAnse VIAH ‘(Gp6G1 “72 12 A33ng ‘epge] v 12 £88ng) sioreanse reuonduosuen
99 o1 seadde gaap pue yIiap] gpoq pue ‘wasAs Kojendol sasuodsar B e jo urd 2q 01 mwadde cjio pue giag pue VIAH (Se61 yp 1o onoul
PoGT 17 12 AQJSOIN ‘Te61 ‘teneg pue eFuedg) vortsusy ualixo ur sofueyd 0) asuodsar ur sauag sisayuisaloyd jo uonemsa1 o) Ul pasjoau Ajqeqold red
Jore|ngas ssuodsarjaseury 108uas e ale sionpold auod y3ar pue g3a1 oYL (b6GT ‘7P 45 AS[SOIN) SEIJOUR OS{E ST HOLIOUNJ §1T 1nq SUINO0Id 3$BULY{ JOSUSS )
SONLE[IES SBY JUIS /IO PUR C[IO Pa|[ade] aze 9531 “Wussard 18 (eajoun 1 $aus3 oml Jo uonoun) 1oexa [, "uonduodsuel jo uoRoarp oy ur juiod yoigas
saoue &g pansaidal are s3uad a1, “azis Ul gy £ Ajewrxosdde swonsd oy jo vordar v Sumueds sawesy Suiprar uado g SUIRIUOD INSAP DL AN

240 Aoue Guo qiry viny  vbau ouss gbe:

PpEGI w13 A33ug pue gasl 7w 19 eduelg woly padepy “supmsdoo gy jo 1msagp suad Lrorendar sisayudsoioyd i) Jo uonejuasaidal STRaog

21 amnbiy




The regulaiory gene cluster

In Rb. capsulatus a number of genes which appear to have a role in regulation of
photosynthesis genes have also been found to be clustered together (Sganga & Bauer,
1992; Sganga ef al., 1992; Buggy ef al., 1994da; Buggy et al., 1994b; Moscly et al.,
1994}, Figure 12 (opposite) illustrates the arrangement of genes in the photosynthesis
regulatory gene cluster of Rb. capsulatus. The cluster includes 8 genes spanning a
region of the genome approximately 7 kb in size. The exact function of two genes is
unclear at present, these are labelled orf5 and orf7.

The regB and regA gene products are a sensor kinase/response regulator pair,
probably involved in the regulation of photosynthesis genes in response to changes in
oxygen lension (Sganga and Bauer, [992; Mosley er al., 1994; Inoue er al., 1995). The
regA gene has also been cloned and sequenced from Rbh. sphaeroidesS (EBraso &
Kaplan, 1994; Phillips-Jones & Hunter, 1994), as has the regB gene (Eraso & Kaplan,
1995). The predicted amino acid sequence of Rb. spageroides RegA exhibits 81%
identity to that of Rb. capsulatus RegA (Phillips-Jones & Hunter, 1994), whilst the
RegB amino acid sequences are 58% identical (Eraso & Kaplan, 1995), suggesting tha
the system of gene reguialion in response to oxyvgen tension may be conserved between
the two species. SenC has similarities to sensor kinase proteins but its function is also
unclear (Mosley et al.,, 1994). Sen(C has also been cloned and studied in Rb.
sphaeroides (Fraso & Kaplan, 1995). The results of this study indicate that SenC is
anchored in the membrane with its c-terminus in the periplasmic space and that like
RegB it is involved in the positive regulation of photosynthesis gene expression in
response to decreasing oxygen tension, althongh with a much more subtle effect (Eraso
& Kaplan, 1995).

[veA and HvrB and orf5 appear to be part of a light responsive regulatory
system, and both HvrA and HvrB appear to be transcriptional activators {Buggy ef af.,
1994a; Buggy et al., 1994b). HvrA activates the transcription of puf and puh operons
{Buggy et al., 1994a). HvrB is capable of anforegulating its own expression as well as
apparenily activafing the transcription of ahcY and orf5 (Buggy er al., 1994b). The
ahcY gene encodes the enzyme S-adenosyl-1.-homocysteine hydrolase, which plays a
key role in the metabolism of sulphur containing amino acids. It is thought that this
enzyme also plays a role in the Behl synthesis pathway (Sganga er af., 1992).

There are few genes that have been found to play a part in the the regulation of
photosynthesis gene expression but to be unlinked to both the PGC and the regulatory
gene cluster. These include the previously mentioned hemT, hemA and heml’ genes of
Rb. sphaeroides (Coomber er al., 1992; Choudhary et af., 1994), which code for
enzymes involved in heme biosynthesis and thus may influence the synthesis of Behl |
and a gene known as orf798 (Pollich ef af., 1993). Transposon insertion into orf798
(Pollich er af., 1993) results in an inability of Rb. capsulatus to ‘de-repress’ the puf, puh
and puc operons when the oxygen tension drops to a level suitable for photosynthesis.

2 It should be noted that Phitlips-Jones & Hunter, (1994) have applicd the regA terminology lirst used in
Rb. capsulatus (0 Rb. sphaeroides, whilst Eraso & Kaplan, (1994 & 1995) have used a different
ternunology. However it is clear that these genes are homologous in both sequence and function, thus i
will usc the Rb. capsufatus terminology in this discussion. The Rb. sphaervides gencs prrA, priB and
prrC will theretore be considered equivalent to regA, regB and senC ta Rb. capsilatus.
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Figure 13

Photosynthesis gene transcript levels measured in response to different oxygen tensions and irradiance
tevels in the specics Rb. capsilatus and Rb. sphaeroides. Table A adapted from Zhu & Hearst, 1986.
Table B from Zhu & Kaplan, 1985.

Table A: Rb. capsulatus transcript levels

* The relative amounts of mRNA
mHANA level, %~ were measured by dot
Gene High Dark Low High Low} hybridization, guantificd by
Light  (dhr)  Light Oxygen Oxygen| densitometry of x-ray film, and
pucBA 100 35 182 3 1i13] expressed as the percentages of
pufBA 100 51 173 a8 110| MRNA level under high light (set
il 100 25 130 27 100} #5100
putM 100 28 139 32 96
pubA 100 28 176 30 106
txhl, G, D 100 25 124 76 36
bchH, K, F 100 36 119 140 30
crtg, 17 100 62 80 30 60
behl, criA, 1, B 100 31 8C 105 29
crtC, D 100 55 &2 59 34
crntE 100 69 76 72 69

Tahle B: Rb. sphaeroides transcript levels

MRANA level, %* * The relatgve amounts _of mRNA were
- -+ measured by dot hybridization, quantified by
Gene }‘.{lgh Dark i:.OW Sem' scintillation counting of the [ilters, and
Light (1hr) Light Aerobic expressed as the percentages of mRNA level
pul(BA 100 30 183 25| under high light (set as 100}.
pufBA + pulL 100 28 152 28
purM 100 25 147 25

Note: The two tables above illustrate the relative transcript levels of a number of photosynthesis genes
when the bucienia Rb. capsulatus and Rb. sphaercides arc grown under various conditions, 1t should be
noted that since these values are relative rather than absolute it is only possible to compare data between
columns in a single row, and pot between rows or belween the two tables. The high light treatment of
Table A was 30 Wm-2 and the low light treatment 6 Wm 2 (Zhu & Hearst, 1986). This compares with a
high light irradiance of 10 Wm2 and low light of 3 Wm-2 for Table B (Zhu & Kaplan, 1985). In both
studies the durk treatment was carmied out by placing high light grown cultures in the dark for 1 hr. The
semi-acrobic condition of the Rb. sphaeroides study is equivalent to the low oxygen condition of the
R, capsidatus study.




However it is not yet clear whether orf 798 has a direct effect on oxygen repression, or
an indirect effcet via the porphyrin biosynthesis pathway (Pollich et al., 1993).
A more detailed description of the state of knowledge as regards these gene
products and their regulatory actions is given in the following sections.

Photosynthesis Gene Expression

Early studies on photosynthetic bacteria indicated that synthesis of pigment-
protein complexes was inhibited by oxygen, and suppressed by high irradiance under
anaerobic conditons (Cohen-Bazire & Kunisawa, 1960; Aagard & Sistrom, 1972;
Oelze & Drews, 1972; Takemoto & Fluang Kao, 1977; Drews & Oelze, 1981; Ohad &
Drews, 1982; Chory & Kaplan, 1983). Following the cloning of many photosynthesis
genes from Rb capsulaius and Rb sphueroides studies on their expression showed that
the pattern of gene expression closely matches the pattern of pigment and protein
synthesis idenlified in early studies on photosynthetic bacteria (Clark ef @l., 1984; Zhu
& Kaplan, 1985; Zhu & Hearst, 1986). Both light and oxygen were shown to repress
transcription, in the same manner that they were showp to repress the levels of protein
and pigments in the [CM.

Oxygen response

Oxygen appears to have a much stronget repressive effect on photosynihesis
gepe cxpression than light, however the scale of repression varies depending on the
gene product encoded. Initial studies in Rb. capsulatus indicated that crt gene transcripl
levels vary little in response to oxygen, whilst beh genes are more firmly repressed and
respond in a manper similar to the puf and puh operons (Clark ez al., 1984; Klug ef l.,
1985; Zhu & Hearst, 1986). The puc operon appeared most sensitive of all to oxygen
tension (Clark et al., 1984; Zhu & Hearst, 1986). These responses to oxygen are
described in Figure 13 (opposite), where the results of two studies are displayed in table
form. Itis clear thaf certain transcripts vary more widely (han others, but that all cxeept
those hybridising with the Rb. capsulatus behH, K F probe are repressed by oxygen. it
now seems clear however that the laiter resnlt was due to the fact that the probe carried
part of the ppsR regulatory gene which is expressed under high oxygen tcusion
(Ponnampalam et al., 1995).

However detailed studies on the crt, bch, puf, puh and puc gene exptession of
Rb. capsulatus during the transition to avaerobiosis, have provided a slightly more
complicated picture (Cook er al., 1989; Armstrong er «f., 1993). These studies
indicated that whilst the level of crtl and B mRNA remained constant during the
transition, levels of crtA, C, D, E, F, K, bchC and behD increased 2- to 12-foid
(Armstrong ef «f., 1993). The levels of puf and puh mRNA increased in a similar
manner, 6 to 8 fold (Cook er af., 1989), whilst puc mRNA increased 25-fold, but the
puc increasc lagged ~20 minutes behind other genes (Zhu & Hearst, 1986). This lag
has been observed in several other studies of Rb. capsilatus (Klug et al,, 1985) and Rb.
sphaeroides (Humter et af., 1987; Kiley & Kaplan, 1987). The response of Rb.
sphaeroldes s clearly different in a least one respeet, since the levels of crtl mRNA
decrease under acrobic conditions, rather than rernaining constant as they appear to do
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in Ré. capsulatus (Lang eral., 1994),

Light response

Whilst puf, puh, puc and beh transeript levels are reduced under high light
intensity, crt cxpression reacts in the opposite way, increasing with irradiance levels
(Zhu & Hearst, 1986). This is to be expected given the role that Car plays in
photoprotection (Cogdell, 1985). Figure 13 illustrates the cffect of light-intensity on
photosynthesis gene expression. It can be seen that the puc operon is most responsive
to changes in irradiance in both Rb. sphacroides and Rb. capsulaius, this is also to be
expected since the puc operon is regarded as the variable LHC, increasing in quantity in
response to decreasing irradiance,

Rps. palustris and Rps. acidophila show a more complex pattern of gene
expression in response to changing irradiance as befits their more complex
photosynthetic units. Three of the pucBA gene clusters of Rps. palustris appear to be
expressed only under low-light growth, whilst at high light all five are expressed
(Tadros et al., 1993). Surprisingly northern blot hybridisation indicated that the
abundance of all these transcripts increased as the light intensity is raised, this Is the
opposife to the response generally observed in other species (Tadros et al., 1993).
Whilst one would expect expression of genes encoding LH3 to change in this way, LH2
genc expression would be expected to react in the opposite manner, however it is not
known at present which of the gene clusters encodes which LHC polypeptides (Tadros
et al., 1993). There is also a study on puc operon expression in Rb. capsulatus in which
a similar response is observed (Zucconi & Beatty, 1988). Although northern blot
hybridisation using RNA from high and low light grown cullures showed greater
abundance of puc mRNA at [ow light, an additional approach using 81 nuclease
protection appeared to show the opposite, that there was more puc mRNA at high light
than low (Zucconi & Beatty, 1988). This discrepancy suggests that interpretation of the
early blot hybridisation studies (mentioned above) may be somewhat more complex
than was initially assumed, however further studies using techniques which allow
measurement of promotor strength under various conditions should clarify this arca.

Of further intercst in regard to light regulation of photosynthesis genes is the
discovery that the expression of puc and puf operons in Rb. sphaeroides is repressed to
the greatest exient by blue light at a wavelength of 450 nm, and furthcrmore thal greater
repression of the puc operon occurs than of the puf operon (Iba & Takamiya, 1989;
Shimada e/ al., 1992). This suggests that light induced repression of photosynthesis
gene expression may be mediated in part by a blue prgment (Shimada er al., 1992).
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Regulation of photosynthesis gene expression

In the previous sectious I have summarised the physical arrangement of genes
thought to be involved tn the construction of the photosynthetic apparatus in purple
photosynthetic bacteria and outlined the changing gene expression in response (0
environmental changes. Regulation of the expression of these gencs can occur at 4
conceptual levels: at the level of transcription; post transcription; at translation; and
post-translationaily. Evidence of regulatory mechanisms has already been detected at
the transcriptional, pest-transcriptional and post-translational levels, and the current
state of knowledge regarding these mechanisms will be presented in the seclions
following. As in previous sections extensive reference will be made o the species
Rb. capsulatus and Rb. sphaeroides, since much more is known regarding the molecular
biology of photosynthesis in these spectes than in less studied species. Where
information from other species is known comparisons will of course be made.

Transcriptional control mechanisms

The coatrol of transcription from photosynthesis genes has been shown to be
relatively complex in Rb. capsulatus and Rb. sphaeroides, this is perhaps not surprising
given the large number of genes (42 in the Rb. capsulatus PGC aud puc operon) which
have to be expressed coordinately in response to changing irradiance levels and oxygen
tension. To achieve this control photosynthetic bacteria appear to utilise transcriptional
controt clements simitar to those used by other Proteobacteria, such as E. coli as well as
novel ctements. The promotors, activators, repressors, sensors and response regulators
of bacterial gene expression all appear Lo be applied to photosynthesis genes. However
a further method of coordinating gene expression appears to be used by Rb. capsalatus
and Rb. sphacroides, bolh this ‘superoperonal’ control mechanism and the more
traditional control elemenis thus far defined for photosynthesis genes are described 1n
the following sections.

Superoperonal transcription

The genes constituting the photosynthesis gene cluster of Rb. capsulatus are
arranged into several operons®, each operon appears 0 have its own promotor {rom
which polycistronic transcripis may be transeribed (Armstrong ef al., 1989; Young
et al., 1992; Alberli, 1991). However it has also been suggested that ‘superoperons’
exist in the PGQC of Rb. capswlatus (Young ef al., 1989), these result from
transcriptional read-through across (wo or more operons. Figure 14 (opposite)
illustrates the inital trapscripts proposed to be produced from the PGC of Rb.
capstulius (Bauer et al., 1991; Wellington et «fl., 1992). These include transcripts
covering the operous puh, bechENBHLMorf427 |, ppa-pps, bechEIGorf428Porf176,
ertAbehIDO, erlIBK, crtDC, erlEF, behCXYZ and pufQBALMX (Bauer ef al., 1988;
Giuliano e/ «f., 1988; Young ef ul., 1989; Adams ¢f «l., [989; Wellington and Beatty,
1989; Burke et al., 1993b). And superoperonal transcripts covering ertEl*-bchCXYZ-
pufQBALMX (Young er «l., 1989; Wellinglon and Beatty, 1991), bchCXYZ-

6 An ‘operon’ is defined as two or more adjicent genes, transcribed into a single mRNA, and the
adfacent lranscriptional control sites required for expression.
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pufQBALMX (Young et wl., 1989; Wellington and Beatty, 1991), and
bchFNBHLMorf427-puhA (Bauer er al., 199]). The multi-opcronal messages
produced from such rcad-through allow the transcriptional linkage of pigment
biosynthesis and structural polypeptide genes. This superoperonal linkage has been
shown to be essential for wild-type transeriptional levels of the bchCXYZ and puf
operons (readthrough from the crtBEF and bchCXYZ promotors) (Young ef al., 1989;
Wellington and Beatty, 1991; Wellington ¢f «l., 1991), and the puh operon (readthrough
from bchFNBHLMorf427 promotor) (Yang and Bauer, 1990; Bauer et al., 1991). This
is thought to confer two advantages to Rb. capsulatus : firstly it ensures that pigment
biosynthesis 1s linked to structural polypeptide production, thus preventing a potentially
dangerous accumulation of unbound pigment (from which free radicals could be
produced in the presence of light and oxygen); secondly it facilitates the rapid transfer
from aerobic respiratory to anaerobic photosynthetic growth, since there will be a low
level of photosynthetic apparatus and its precursors synthesised under aerobic
condittons, which can be utilised as soon as anaerobic conditions are established
(Young et al., 1989; Yang and Bauer, 1990: Wellington and Beatty, 1991; Wellington
etal., 1991; Bauer et al., 1991; reviewed by Wellington er af., 1992).

The apparent conservation of the PGC in purple photosynthelic bacteria
suggests that superoperonal control mechanisms may also be widespread. However the
large superoperonal transcripls detected in Rb. capsularus have rarely been detected in
other species. One study involving anatysis of the crtEF-bchCXYZ-put region of the
Rb. sphaeroides PGC, has revealed the presence of a potential promotor between crtk
and criF, and that the promotors of these and the bebCXYZ, operons are iikely to be
oxygen regulated unlike thosc in Rb. capsulatus (Lang et al., 1995). However a related
study on the bchCXYZ region revealed the presence a large (>9.5 kb) transeript, as well
as a 2 smaller transcripts, suggesting that a superoperonal transcripl possibly covering
bchC to pufX is produced by Rh. sphaercides (MceGlynn & Hunter, 1993). This
suggests that superoperonal transcription is 2 conserved feature of the PGC, but that the
distribution of transcription initiation points and the regions spanned by transcripts
follows a species specific pattern.

‘T'he other photosynthesis genes identified in the previous sections fail into more
typical operon structures, the puc operon from various species of photosynthetic
bactcria appears to be expressed in the {orm of a single polycistronic transcript (sec
Figure 11), and the Rb. capsulatus reguiatory gene cluster has several smali operons
(Sganga et al., 1992 and Buggy et al., 1994a).

Cis acting regulatory elements

A number of elements have been tdentified which lie up and downstream of
photosynthesis genes and play a role in the regulation of transcription from them.
Whilst many of these elements have been identified by sequence homology and thus
remain potential sites of action, several have been identified and analysed by the use of
assays for DNA binding proteins and site dirccted mutagenesis. These elements include
prometors, many of which show homology to the consensus o™ and o0 promotor
recognition sequences of E. coli (Young et al, 1989; Armstrong er al., 1989).
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Sequences which are thought 1o represent the recognition sites of repressor and
activator proteins have also been identified, again these often show homology to known
protein binding sites. A number of siles which bear no resemblance to known protein
binding elements have also been revealed, though it is not yet clear what role these
elements play in the regulation of photosynthesis genes.

Transcription termination occurs at sites in cis to photosyathesis genes and has
been shown to be an important factor in the regulation of several photosynthesis
operons, however since the cis elements invelved often have secondary roles in post-
transeriptional control mechanisms, [ will first discuss those cis sites and trans acting
factors which influence transcription initiation before moving onto transcription
termination,

Promotors

Initial attcmpts to identify promotors of photosynthesis genes involved mapping
of the 5" end of a detected mRNA species, which should of course represent the site of
transcription tnitiation, However this was often complicated by the superoperonal
organisation of photosynthesis genes, which potentially allows transcription of genes
from several upstrcam promotors and by the post-transcriptional processing of
transeripts (described in the section “Post-transcriptional control” below). Difficultics
with sequence analysis were encountered because several promotors (notably those of
puf and puh operons) lic within the ORFs of upstream genes, masking any homology
between promotors. Thus site directed mutagenesis and the use of transcriptional
Tusions to reporter genes have proved essential for delincating promotor regions.

The promotors identified upstream of photosynthesis genes appear to fall info 3
generalised groups, the first of these includes the promotors of most crt and bch
encoding operons which show some homology to the &, coli 70 promotor consensus.
The E. coli o7 consensus , TTGACA(N)5,sTATAAT (McClure, 1985), is usually best
matched in the more distal -35 (to transcription initiation) region, with more variation
occurring in the -10 region. It should be noted that even E. coli o7 promotors vary
from this consensus, such variation actually seems to determine the strength of the
promotor (MecClure, 1985; Reznikoff er af., 1983), it is also important to note that
variation away from the consensus in one region can be compeunsated by increasing
consensus to the other regions of the promotor (including the spacer region). Thus far
sequences matching the o™ consensus have been identified upstream of the Rb.
capsutlatus genes behFF (Burke et af., 1993b), bchC (Ma ef al., 1993), crtl and crtD
(Armstrong ¢r «f., 1989). Similarly the Rb. sphaeroides gencs behC (Penfold &
Pemberton, 1994); behF and behE (Gomelsky & Kaplan, 19935); crtA, crtD and crtE
(Lang ef «l.., 1995) have potential o™ like promotors. 1t should be noted however thal
most of these promotors have been identified by sequence homology, only the element
upstream of Rb. capsulatus beh(C has been studied by site directed mutagencsis (Ma er
al., 1993).

The second group of promotors includes the puf and puh promotors, which
appear to have a somewhat unique structure. These have been sequenced in a wider
range of species and studied intensively in the two Rhadobacter species. In both puf
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and pub operons the promotors lie within upstream genes, the puf promotor within the
behZ (Bauer er al., 1988; Young ef al,, 1989; Hunter er uf., 1991)7 gene and the puh
promotor within orf477 (F1696) (Berard er al., 1989; Bauer ¢f af., 1991). It has been
suggested that puf and puh promotors resemble the consensus of o™ (NtrA) promators
involved in transcription of nitrogen fixation genes in Ré. capsulatus (Bauer et al.,
1991). This is of interest because nitrogen f1xation, like photosynthesis, is only carried
out under anoxygenic conditions. However NtrA is not itselll involved with
trauscription of photosynthesis genes since nlrA” strains are still capable of
photosyathesis (Jones & Haselkorn, 1989). Such homology has led to the suggestion
that the puf and puh promotors utilise an aliernative o factor specific to photosynthesis
(designated of), as yet no other evidence for such a « factor has been found (Bauer ef
al.,, 1991). As well as homology between the puf promotors of Rb. capsulatus, Rb.
sphaeroides and Rps. viridis, homology also exists between these promotors and the
puh promotors of Rs. rubrum and Rb capsulatus (Bauer et al., 1993). This suggests that
similar elements are uscd to control cxpression of puf and puh operons and that these
elements are conserved to a limited extent between species of photosynthetic bacteria.

The last group of promotors contains only that of the puc operon, in the
Rhodobacter species this shows some homology to the o™ like crt promotors,
particularly in the -35 region, bat clearly differs more around the -10 region. The Rb.
capsulatus puc operon is differentiated from that of Rb. sphaeroides however because
two transcription start sites have been mapped which oceur within 15 bp of each other
(Zucconi & Beatty). The Rps. palustris puc gene clusters have been shown (by ihe use
of lacZ gene fusions to the puc upstream regions) to have different promotor strengths,
and there (s clear variation between their sequences {Tadros ef al., 1993). Only the
pucZBA and puc5SBA clusters have potential 70 recagnition sequences, it is not clear at
present what promotors are utilised upstream of (he other Kps. palustris puc gene
clusters (Tadros et af., 1993). The puc operon promotors thus far cloned differ further
[rom 70 type promotors of crt and bch gences in their use of certain other cis and trans
elements, these are described in the following sections.

Repressors and activators of transcription

A number of intcresting sites adjacent to mapped and suggested promotor
elements have been found. Probably the most widespread and highly conserved cis
acting elememt thus far identificd in photosynthelic bacteria is the palindrome
TGT{N):ACA. This sequence has been identified upstream of the Rb. sphaeroides
behF, behE (Gomelsky & Kaplan, 1995); crtl) (Garfi et al., 1992); crtl (Lang ef al.,
1994) and occurs in tandem upstream of the puc operon (Lee & Kaplan, 1992).
Similarly Rb. capsulatus has this element upstrcam oi the genes behi (Burke er al.,
1993b); behC (Ma er «f., 1993); pucB (Tichy ef al., 1989); crtD and crtE (Armstrong e
al., 1989); and in tandem upstream of citA and crtl (Armstrong ef al., 1989). In

7 1n conlrast 10 the deletion analysis carried oul by Hunter et af., (1991), which indicated that the Rh.
sphaeroides Oz regulated puf promotor lay upstream wf pulQ, transcript end-mapping experiments (Zhu
et al., 1986; DeHolf er af., 1988; Lec ef al,, 1989a) suggested two puf (ranscription slart sites upstream of
pufB (downstream of puf(}), thus some confusion remains over the location of Rb. sphaeraides puf
operon promotors although 1t seems likely that the oxygen regulated promotor lies upstream of puf(Q.
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addiiion four of the five sequenced puc gene clusters from Rps. palustris aiso have this
palindrome lying upstream, it occurs once 5 to puclBA, puc2BA and pucdBA, and
twice upsiream of puc3BA (Tadros er al., 1993).

These sites are known to bind the protein PpsR, which is responsible for oxygen
stimulated repression of many photosynthesis genes in Rb. capsulatus (Ponnampalam er
al., 1995) and Rb. sphaeroides (Gomelsky & Kaplan, 1995). Most of the sites overlap
the putative 70 promotor elements described in the previous section, this is a typical
position of E. celi repressor binding at o70 promotors and probably reflects a need for
physical blocking of the promotor sequence {Collado-Vides er al., 1991). The
palindrome is also homologous to a consensus hinding site - TGTGT(N)e10ACACA -
derived from a range of prokaryotic DNA binding regulatory proteins which act as
repressors or activators (Gicquel-Sanzey & Cossart, 1982; Buck et al., 1986). The
PpsR protein and its action are discussed further in the section “Trans acting regulatory
elements™ below.

Cis clements less typical of o7 promotors are {found upstream of the Rb.
sphaeroides puc promotor, in particular a sequence 120 bp upstream of the transcription
start - AAAATTGTCCCTTTT — has been shown to bind a protein (designated PORP --
puc oxygen responsive protein) that appears to bind more strongly when cells are
cultured under aerobic conditions (McGlynn & Hunter, 1992). Thus this site may
represent the point of action of an oxygen responsive repressor protein (McGlynn &
Hunter, 1992). Of further interest regarding this site is that it bears a resemblance to the
consensus FNR regulator binding site (Colonna-Romano ef al., 1990; Lee & Kaplan,
1992) and is overlapped by a putative IHF binding site that is protected by E. coli IHF
in DNase | [ootprinting analysis (Lee & Kaplan, 1992). This site also marks the
boundary of the puc operon DRS (downstrcam regulatory region, -150 to -1 of the
trapscription start and involved in regulation of expression by oxygen) and URS
{upstream regulatory region, -629 to 150, involved iu regulation by light and oxygen),
identified by Lee & Kuplan, (1992). Since IHF belongs to a family of proteins involved
iy DNA binding and bending (Oberto et al., 1994), it was suggested that this site
functions in the bending of the DNA and thus facilitates interaction of the URS with the
DRS, to allow activaied transcription of the Rb, sphaeranides puc operon as well as
serving as a repressor binding site in the presence of oxygen (I ee & Kaplan, 1992; Lee
et al., 1993).

Between the putative THE binding site and the promotor/PpsR binding region or
the Rb. sphaeroides puc operon lies a sequence - TGGC(N);cTCGCA — which is
similar to a sequence — TGGC(N)sCCGCA —~ found in a comparable position in the puc
operen of Rb. capsulatus, interestingly a similar sequence lies upstream of the pufQ
gene in the Rb. sphaeroides — CGGC(N).TCGCT -- and Rb. capsulatus —
CGGOMN)TCGCT — puf operons (Lee & Kaplan, 1992). Although this sequence has
ne known function at present its conservation and positioning (close to and upstream of
the promotor) suggest that it may have a role Lo play in transcriptional regulation,
possibly as an activator binding site (Collado-Vides er al., 1991; Lee & Kaplan, 1992).

A further cis acting site has been identified in the puf operons of Rb. capsuiatus
and Rh. sphaeroides, this elemeul is a represented by a region of partial dyad symmetry
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and approximately 10 bp 37 to it located immediately 5 to the puf promotor region
(Klng, 1991b). Initial gel retardalion studies in Rh. capsulatus indicated that the
element represented a protein binding site, and that different DNA-protein complexes
formed with extracts of cells cultured under different conditions (Klug, 1991b).
Specitically, extracts from cells grown under aerobic conditions were secn to form 2
different DNA-protein complexes (I and 1), when semi-aerobic conditions were used
only complex I was formed (Klug, 1991b). Thus it was suggested that the site
functioned in oxygen regulated repression of the puf operon, and also the puc operon,
since this competed with the puf operon to bind the putative repressor (Kiug, 1991b).
In Rb. sphuervides the homologous element has also been shown to be a protein
binding site but to be involved in light regulated repression of the operon as well as
oxygen stimulated repression (Shimada er al,, 1993).

Trans acting regulatory elements

Trans acting elements can be conceptually divided into two groups, that is those
which interact with cis regulatory sites, often binding DNA, and those which act further
up the regulatory pathway, sensing and responding to environmental conditions such as
light and oxygen. Those binding to the cis elements described in the previous section
will be described first, before a description of the remaining trans acting efements is
given.

The regions of partial dyad symmetry in the puf operons of Rb. capsulatus and
Rb. sphaeroides described above bind a protein or proteins in a manner which suggests
that the protein acts to repress transcription when oxygen is present (Klug, 1991b). The
observation of two DNA-protein complexes, only one of which appeared to form under
semi-aerobic conditions, has led to the suggestion the protein may dimerise (or that a
sccond protein may also bind) under fully aerobic conditions (Klug, 1991b). This
would thus allow a two step repression process, with complete repression at high
oxygen tension, and partial repression at Jower oxygen tension (at which some puf
transcript is usually formed) (Klug, 1991b). The protein was also shown to bind more
strongly when dephosphorylated (Klug, 1991b). The comparable element in Rb.
sphaeroides has also been shown to bind a repressor-like protein which binds more
strongly when dephosphorylated (Shimada ef /., 1993). Thus far however it has only
been seen to form a single DNA-protein complex, covering only one arm of the dyad
symmetry element (like the Rb. capsulatus corplex I), although this difference may the
result of vartation in the assay conditions used (Shimada et al., 1993). In addition the
protcin was shown to bind more strongly using extracts from cells cultured semi-
aerobically under blue light;, than when red light exiracts were used (Shimada et al.,
1993). This suggests that under semi-aerobic conditions the protein also mediates light-
regulated repression of the puf opcron in Rb. sphaeraides (the effect of light was not
measured in Rb. capsulatus) (Shimada er al., 1993). Thus although this protein has
been identified in Rhodobacier its exact role, and the method by which it is
phosphorylated/dephosphorylated in vivo have yet to be determined.

The trans acting factor PORP which binds upstream of the puc promotor of Rb.
sphaeroides has received little more attention as yet, as mentioned previously PORP
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appears to be a monomeric oxygen responsive repressor protein, and has an apparent
molecular weight of 22500 (McGlynn & Hunter, 1992).

IHF can be considered as a putative trans acting factor binding in cis to the puc
operon, although it has not been shown that native [HF binds to the puc operon site
protected by £. coli THY (Lee & Kaptan, 1992; Lee et af., 1993), both the himA and hip
genes (encoding the « and R subunits of IHF) have been sequenced in Rb. capsulatus
{Toussaint ef al., 1991; Toussaint et «f., 1993), and himA in Rb. sphaeroides (1Lee er al.,
1993). This suggests that a native IHF is present and may bind to these sites in vivo.
‘The binding of THF from Rb. capsulatus to DNA has also been modelled (Toussaint ef
al., 1994).

The best studied trans acting factor at present is the protein PpsR. This is
encoded by the ppsR gene, located between the behF and behE gences in the PGC of
both Rb. capsulatus and Rb. sphaeroides (see the Figure 9) (Penfold & Pemberton,
1991). Ppsk is a repressor protein which binds to the palindrome TGT(N),ACA
(Gomelsky & Kaplan, 1995) by means of a helix-turp-helix (HTH) motif in its C-
terminal domain which shows homology to many other DNA biunding proteins,
including several response regulator proteins (Penfold & Pemberton, 1994). However
the N-terminal domain has little homology to these response regulator proteins (Penfold
& Pemberton, 1994). Interruption of ppsR induces over-production of Behl and Car,
whilst over-expression of ppsR leads to a complete suppression of photopigment
biosynthesis (Penfold & Pemberton, 1991; Penfold & Pemberton, 1994). PpsR appears
to represses crt, bch and pue gene expression in response to the presence of oxygen
(Zhu & Hearst, 1986; Ma et al., 1993; Ponnampalam ef af., 1995). It is not known at
present how oxygen tension is sensed and the information passed onto PpsR.

Genes coding for scveral trans acting factors are located in the previously
described regulatory gene cluster of Ré. capsulatus and several are also linked in Rb.
sphaeroides. These include the RegB and RegA proteins which operate as a sensor
Kinase/respontsc regulator pair, and required for full anaerobic induction of puf, puh and
puc operons (Sganga and Bauer, 1992; Mosley e7 al., 1994; Inoue et al., 1995; Phillips-
Jones & Hunier, 1994; Eraso & Kaplan, 1994; Eraso & Kaplan, 1995). RegB is a
sensor histidine kinase with a transmembrane domain and a cytoplasmically located
domain, the transmembrane domain scrves to anchor the protein in the membrane and
may also allow it to sense the redox state of components of the electron transport chain
(Mosley ef al., 1994). The cytoplasmic domain is able lo autophosphorylate at a
conserved histidine residue and transfer the phosphatc to a conserved aspartate restdue
on RegA (Inoue ef al., 1995), these are typical features of sensor kinase/response
regulator two component regulation systems (Ronson et al., 1987; Parkinson, 1993).
RegA shares homology with several response regulator proteins, but has no apparent
DNA binding domain (such as an HTH motil), thts indicates that RegA functions as an
intermediate in a more complex regulatory cascade, most likely passing on the
phosphate to further regulatory factors (Sganga and Bauer, 1992; Phillips-Jones &
Hunter, 1994; Eraso & Kaplan, 1994). SenC which is ecncoded by the sen(C gene lying
between regA and regB may also interact with RegA (Mosley et al., 1994; Eraso &
Kaplan, 1995). SenC like RegB has similarities to sensor kinase proteins and is
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anchored in the membrane, but in contrast tls C-terminus in the periplasmic space, like
RegB it is involved in the positive regulation of photosynthesis gene expression in
response to decreasing oxygen tension, although with a much more subtle effect
(Mosley et al.. 1994; Eraso & Kaplan, 1995). It should be noted that RegB may also
have phosphatase activity and thus negatively affcet photosynthesis gene expression
under aerobic conditions (Eraso & Kaplan, 1995). Thus the RegB/RegA/SenC system
appears to play a role in global activation of photosynthesis genes in response to a drop
in low oxygen tension.

Two light responsive trans acting factors have been identified in Rb. capsulatus,
encoded by the genes hvrA and hvrB (see the section “The regulatory gene cluster”™).
HvrA and HviB and orf5 appear to be part of a light responsive regulatory system, and
both HvrA and HvrB appear to be transcriptional activators (Buggy et al., 1994a;
Buggy e al,, 1994b). HvrA has a potential HTH motif and may to bind to the puf and
puh promotor regions, activating transcription under low light conditions {(Buggy er al.,
1994a). HvrA is in fact required for the WT response to low light conditions, HvrA~™
mutants have slower growth under these conditions (Buggy ef al., 1994a). HvrB shows
homology to the LysR family of transcriptional regulators, and like these regulators
contains an HTH motif in jts N-terminal domain (Henikoff er al., 1988; Buggy et «l.,
1994b). HvrB also shares several other features with members of this group: it has a
similar mass (~32 kDa); it is capable of autoregulating its own expression; and it
discoordinately activates the transcription of the nearby ahcY and orf5 genes (Buggy e
al., 1994b). HvrB appears to activate the expression of orf5 only under high light and
the expression of ahcY only under low light (Buggy er al., 1994b). HvrB may differ
from other members of the LysR family however in that these usvally have metabolic
compounds as coregulators which are 1nvolved with the activities of Lhe target genes,
thus far HvrB seems only to respond to Tight intensity (Buggy ef al., 1994b). It is not
known at present whether HvrB directly senses light intensity or whether further trans
acting lactors are involved. Although the role of the orf5 gene is unknown, aheY gene
is known to encode the enzyme S-adenosyl-L-homocysteine hydrolase, which plays a
key role in the metabolism of sulphur containing amino acids (Sganga et af., 1992). It
is thought that this enzyme also plays a role in the early stages of the Behl synthesis
pathway, and that Rb. capsulatus may thus partly regutate Behl synthesis by controlling
the level of Behl precursors (Sganga et al., 1992).

DNA gyrase, a more generalised trans acting factor of gene regulation may also
affect photosynthesis gene expression, a study using gyrase inhibitors has indicated that
transertption of puf, puc and bech genes is inhibited by gyrase inhibitors (Zhu & Hearst,
1988}. This suggests that DNA supercoiling is necessary for effective transcription of
photosynthesis genes (Zhu & Hearst, 1988).
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Figure 15

Diagrams iltustraling the patenlial secondary struclurc clements (stem-100ps) in the puf operon transciipt
of Rb. capstdains (A) and the pal intercistronic stem-loop structurcs from Rb. sphaeroides (B). Adapted
from King, (1993) and DellofT ef al., (1988).
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Termination of transcription

Downstream of pholosynthesis genes sequences resembling £. cofi transeription
terminators and attenuators (Platt, 1986) are often present (Chen ¢f «/., 1988). Usually
these clements are comprised of inverted repeats {palindromes) which are capable of
forming secondary structure (stem & loop} in an RNA transcript once they have been
transcribedS, such structures are also important for the main post-transcriptional control
mechanism identified thus far for photosynthesis genes (I'ritsch e al., 1995). The
downstream stem-loops preveat degradation of the upstream transcript by RNase
enzymes, thus increasing the lifetime of certain photosynthesis gene transcripts (britsch
et al., 1995), a more detziled explanation of this stabilisation rolc is given in the section
“Post-transcriptional control” below.

The proposed mechanism of transcription termination by stem-loop forming
dyad symmetry elements involves the formation of the RNA secondary structure as the
DNA is transcribed, followed by termination of transcription at a run of Thymidine
residues lying immediately downstream of the symmetry element (Platt, 1981). It has
been suggested that the dyad symmetry element acts to slow down the polymerase
(Gilbert, 1976), and that the relative instability of Adenine-Uridine bonds facilitates the
rclease of the transcript (Martin & Tinoco, 1980).

Analysis of potential terminators in Rb. capsulatis has revealed that a run of as
few aus 4 Thymidine residues may be sufficient for termination, but that deviations
below this level result in extensive transcriptional readthrough (Chen et al., 1988). For
example the puf intercistronic stem-loop {between pufA and L) is followed by the
sequence CATA which appears to terminate {(at most) 25% of transcripts (Belasco e
al., 1985). The 2 stem-loop structures lying downstream of Rb. capsulatus putX more
closely resemble trunseription terminators, being followed by the sequences TATT and
TITT, and clearly function as such (Chen er «f., 1988). These structures are illustrated
in part A of Figure 15 (opposite).

A comparable stem-loop found downstream of the pufA gene of Rb.
sphaeroides appears to be far more effective at terminating transertption (DeHoff er «l.,
1988; Lee ef ¢f., 1989a). This structure is illustrated in part B of Figure 15 (oppuosite).
Unlike Rb. capsulatus it has been suggested that the two majos Rb. sphaeroides puf
transcripts {(pufBA and pufBALMX) may be transcribed from different promotors (Zhu
et al., 1986)2. Furthermore it has been proposed that the putBA transcript is transcribed
from the more distal of the two promotors and terminates at the stem-loop downstream
of pufA, whilst transcription from the closer promotor appears to rcad through the
intercistronic stem-loop and give rise to the larger pufBALMX transcript (Zhu er al.,
1986; DeHolt et al., 1988). A mechanism involving ribosome stalling at the ribosome
binding sife of an untransiated leader ORF (termed orfK) upstream of pufB has been
suggested (DeHoff er al., 1988). In the proposed model the full length puf transcripts
initiate too close to this ribosome binding sequence for ribosomes to bind, and thus
8 "Fhese clements arc also known as Repetitive Extragenic Palindromic sequences (REP's) (Stern ¢ af.,
1984).

9 Although a dillerent report suggested only a single promotor [urther upstream (Hunter ef al., 1991),
the model described may still be compatibie, but with the two alternative mRNA 57 ends considered as
processing sites rather than transcripbion initiation sites.
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translation begins at the start of pulB and remains coupled with transcription. The close
proximity of the ribosome (0 RNA polymerase prevents the RNA from folding into a
stem-loop as it is transcribed, allowing the polymerase to read through the terminator
sequence. In coutrast the transcripts initiated at the more distal promotor contain the
upstream ribosome binding site, ribosomes bind to this site and stall, uncoupling
transcription from translation. In this case the terminator is able to fold into its
secondary structure following transcription and thus transcription terminates
downstream of pufA. This mechanism is simifar {o the mode] for attenuation at
secondary structure elements which lie upstream of E. coli amino acid biosynthesis
operons (Oxender ef ¢f., 1979), and the Rb. sphaeroides puf intercistronic terminator
has thus also been viewed as an attenuator. Thus in the Rb. sphaeroides puf operon
attenuation may in part give rise to the differential expression of the genes contained
within the puf operon.

It shounld be noted that similar stem-loops have been identified in the puf
operons of Rs. rubrum (Belanger & Gingras, 1988), Rps. viridis (Wiessner et al., 1990),
Ro. denitrificans (Liebetanz ef al., 1991}, and Rv. gelatinosus (Nagashima et al., 1994),
Also in the Rb. capsulutus (Tichy et al., 1991) and Rb. sphacroides (Lee et al., 1989b)
puc operons; downstream of the crtK, crtC, ortl, crtB and ertl” genes of Rb. capsulaius
(Armstrong ei al., 1989), and downstream of the Rb. sphaeroides cetK, crtC, crtB and
crtE (Lang ef al., 1994; Lang er al, 1995). Even the multiple puc operons of
Kps. palustris have dyad symmetry etements lying downstream (Tadros et ¢l., 1993).
However it is not clear at present to what extent these structures act as {ranseription
terminators, attenuators or transcript stabilisers.

Post-transcriptional control of photosynthesis gene expression

The main method of post-transcriptional control that has been identificd thus far
involves the degradation of mRNA transcripts by ribonucleases. Stem loop structurcs
identified in Rb. capsulatus which lie between the pufA and L genes and downstream of
pulX have been shown to stabilise puf mRNA, and to be essential for wild-type
expression of puf genes (Klug ez al., 1987; Chen ef al., 1988; Belasco & Chen, 1988;
Klug & Cohen, 1990). The secondary structures form part of the recognition site for
endoribonuclease cleavage (Ehretsmann et al., 1992; Mackie, 1992), and also protect
the 5° region from 3°-5" exortbonuciease degradation (Chen er al., 1988; Klug &
Cohen, 1990; Fritsch ez al., 1995). Such control of transeript degradation appears to be
responsible (at least in part) for the difference in abundance of the puf transcript
segments, the 0.5 kb pufBA {ragment (half life ~20 min.) being nine times morc
abundant than the witial 2.7 kb puf BALMX transcript from which it is derived (half life
4-5 min.) (Belasco et al., 1985). This differential transcript stability clcarly plays a role
in determining the eventual molar ratio of T.H! to RC proteins {(~ 16 :1) necessary for
the correct RC-LH1 structure in Ré. capsularus (see the section “Light harvesting
complexes” for more information). A similar pattern is seen in Rb. sphacroides where
the 0.5 kb pufBA segment (half life ~20 mins.) is 10-15 times more abundant than the
initial 2.6 kb pufBALMX transcript (half life ~9 mins.), Rb. sphaeroides also has a
stem-loop structure 37 to pufA which acts to stabilise the transeript (Zhu er al., 1986).
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Similar RNA secondary structure elemeuts have been found in the Rb.
capsutatus puc operon (Tichy et al., 1991), suggesting that a similar mechanism is used
to achieve the differing abundance of the pucBA, pucC and pucDE wanscript segments.
These elements are also present in the puf (DeHoff er «/., 1988) and puc {Lee er al.,
1989a) operons of Rb. sphaeroides, in the puf operon they have been shown Lo stabilise
transcript segments in a similar manner to Rb. capsulatus (DeHoff et al., 1988). In
addition similar stem-loops have been identified in the puf operons of Rs. rubrum
(Belanger & Gingras, 1988), Kps. viridis (Wiessner et al., 1990), Ro. denitrificans
(Licbetanz et af., 1991), and Rv. gelatinosus (Nagashima ¢f al., 1994), and similar {(long
lived pufBA, short lived puf BALMX) transcripts identified in Rs. rubrum (Belanger &
Gingras, 1988), Rps. viridis (Wicssner et al., 1990) and Rv. gelatinosus (Nagashima et
al., 1994) - although in the latter case the transcripts arc larger owing to the presence of
extra ORFs next to pufB and A (see the section “The structure of the puf operon™).
Additionally the Rb. capsulatus puc operon has a sirilar array of stem loop forming
structures and a polycistronic transcript with segments of differential stability (Tichy e
al., 1991; LeBlanc & Beatty, 1993). The conservation of these elements suggests that
the methods of puf transcript degradation, as well as the overall structure of the puf
operan may have been conserved in many photosynthetic bacteria.

A more recent study has identified an E. coli like RNase E in Rb. capsulatus
which may influence the rate of decay of photosynthesis gene transcripts (Fritsch et al.,
1995). In E. coli this enzyme cleaves mRNA transcripts at specific sites close to stem-
loop structures (Ehretsmann ez al., 1992; Mackie, 1992). A consensus sequence for the
RNase E cleavage site in £. coli has been deduced — (G/A)AUU(A/U) — with one or
more cleavages occurring in the central AUU section (Ehretsmann er al., 1992). A
second consensus — GNYUUU - represents the cleavage site of E. coli RNase K
(Lundberg et al., 1990}, which is a proteolylic fragment of RNase E (Carpousis et al.,
1994). Furthermare RNase F appears to initiate the decay of the bulk of ranseripts in
F. coli (Babitzke & Kushner, 1991; Melefors & von Gabain, 1991; Taraseviciene ef a!.,
1991), indicating that it influences the rate of decay of many transcripts.

It has been found that a sequence element in the pufLMX segment of Rb.
capsutarus which influences rate limiting cleavage of the t{ranseript segment shows
homology to the RNase E cleavage sites of E. coli, and is cleaved by RNase in vivo in
E. coli as well as in Rb. capsulatus (Fritsch et al., 1995). This element consists of an
RNA sequence — GGC'UNUU - and a downstream stem-loop, cleavage occurring
between the CC and the U (Fritsch ef af., 1995). On this basis a model of puf transcript
decay has also been outlined (Klug, 1993; Fritsch et af., 1995), the general priuciples of
which should apply to other photosynthesis gencs and to many other genes from a wide
range of species. In this model the stem-loop structures serve to prevent degradation of
the transcript by 3" to 57 acting exoribonucleases. The rate limiting step in puf
transcript degradation must then involve endonucleolytic cleavage by RNase E at
specific sites within the transcript. Following this initial cleavage sccondary
degradation processes occur very rapidly, probably because RNase E is associated with
PNPase (phosphorolytic 3” exonuclease polynucleotide phosphorylase) as has been
found in X. coli (Carpousis et al., 1994). The distribution of target sites and stem-loop
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structures thus determines the stability of the various transcript segments,

The conservation of this degradation mechanism between two such diverse
bacterial species and the fact that similar RNA secondary structures are evident
downstream of genes in other photosynthetic bacteria (see above) and in bacteria in
general (Stern ef al., 1984; Wong & Chang, 1986; Newbury ef al., 1987), indicates that
differential transcript segment stability may be a widespread mechanism for differential
gene expression (Fritsch er af., 1995).

Of further interest is the discovery that stability of certain photosynthesis gene
transcripts is aftected by oxygen tension in both Rb. capsulaius (Klug, 1991a) and Rb.
sphaeroides (Zhu er af., 1986}, indicating that transcript slability in the face of
ribonuclease digestion has a role to play not only in ensuring the correct stoichiometry
of proteins in the photosynthelic apparatus, but also in the oxygen regulation of
photosynthesis gene expression. That exposure to oxygen accelerates the degradation
of puf transcripts (Klug, 1991a; Zhu et al., 1986) 1s evidence of another method by
which photosynthetic bacteria respond to changes in oxygen tension, and provides a
rapid mechanism by which synthesis of the photosynthetic apparatus can be shut down.
This response also indicates that post-transcriptional control mechanisms extend further
than differential transcript stability based on cis acting regulatory sequence clements, to
include trans acting efements capable of responding to envirommental stimuli.

Post-iranslational control of photosynthesis gene expression

Liitle hard evidence of post translational control mechanisms is available at
present. Howcver several observations indicate that post-transiational control
mechanisms are likely to exist. For instance, it has been found in that in mutant Rb.
sphaeroides strains which do not contain coloured Car, the pucBA genes are transcribed
and trapslated, but their products are not incorporated into the membrane, Car is
essentiai for stability of and assembly of LH2 (Lang & Hunter, 1994). The assemnbly
process appears (o be very important, RC £, M and LH1 polypeptides are similarly
unstable in the absence of photopigments or one of the constituent polypeptides
(Dierstein er al., 1984; Sockett ef af., 1989; Varga & Kaplan, [993). Also LHC or Car™
strains often show altered membrane morphology (Hunter e al., 1988; Kiley et al.,
1988; Golecki ef al,, 1991; Gibson e af., 1992: Lang & Hunter, 1994), All these
observations underline the necessity for coordinated expression of photosynthesis genes
and assembly of the various products into a viable photosynthetic apparatus. When
‘these processes break down the gene products (with some exceptions) appear unstable
and are rapidly degraded, thus post-translational mechanisms must exist to coordinate
the assembly of the photosynthetic apparatus, and prevent unnecessary use of cellular
resources when this is not possible.

Rubrivivax gelatinosus

In the previous sections I have described the present statc of knowledge
regarding the synthesis and structure of the purple bacterial photosynthetic apparatus.
The work within this thesis was carried out using the purple bacterium Rubrivivax
gelatinosusy, initially this organism was known as Rhodopseudomonas gelatinosa, later
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renamed and reclassified as Rhodocyclus gelatinosus (Imhoff et al., 1984}, and more
recently as Rubrivivax gelatinosus (Willems er al., 1991). Ry. gelatinosus is one of the
few species of photosynthetic bacteria identified thus far which belongs to the B
subclass of the Proteobacteria, most species belong to the « subclass (sce the section
“Taxonomy of the purple photosynthetic bacteria” for more details). This separate
cvolutionary lincage is also reflected in the structure and functioning of the Rv.
gelatinosus photosynthetic apparatus, Protein sequencing of the LHC polypeptides and
spectroscopic analysis indicate an overall similarity to species in the « subelfass such as
the RAodobacter species, but also some interesting differences, most notably in the size
of the .H2 «-polypeptide which appears to have two membyrane spanning segments — a
feature not observed in any other species (Zuber & Brunisholz, 1991; Brunisholz ef af.,
1994). The puf operon has been cloned from Rv. gelafinosus strain 1L 144 (see the
section “Structure of the puf operon™), and also shows similarity to other purple
bacterial species, but has additional genes (Nagashima er al., 1994). Thus Rv.
gelatinosus provides an interesting comparison to species of the « Proteobacteria,

The study detailed within this thesis was based on a difference noted between
two strains of Rv. gelatinosus and described by Brunisholz et al., (1994). The two
strains DSM 149 and DSM 151 appear to differ in the ratio of RC-LH1:LH2 that they
synthesise when cultured under identical conditions, strain 151 producing more [.H2
than 149. Since this difference must be due to a difference (or differences) in the
regwlation of LHC synthesis it was thought thatl these two strains would provide an
interesting comparison in terms of photosynthesis gene expression. Thus the initial
aims were to clone and sequence the puc operon from both strains, and to delineate
more precisely the physiclogical difference between the two strains. Sequencing would
allow a comparison of cis elements surrounding the puc gencs, and may indicate a
stinple difference between the iwo strains, The culture of the two strains under
different regimes coupled with spectroscopic and northern hybridisation studies would
allow the difference to be defined on a more precise basis, and may indicate whether

any differences occur at the transcriptional level.
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Materials and Methods

General laboratory reagents were purchased from the Sigma Chemical
Company, Fisons Ltd. or BDH Ltd. uniess otherwise stated. Company names are given
in square brackets.

Culture of photosynthetic bacteria

Strains 149 and 151 of Rv. gelatinosus weve cultured under various conditions,
in all cases medium with Succinate as a carbon source was used, and a temperature of
28°C+2°C was maintained. A recipe for e-succinate medium can be found in Appendix
1.1. At the beginning of the project a glycerol stock (30% glycerol/70% liquid culture,
mixed and stored at -70°C) was made from a culture obtained from a single colony, and
this used as a source for the isolation of single colones each time material was required
for experimental work. All plating and culture transfer was carried out in a faminar air-
flow hood using sterile media and equipment.

Anaerabic solid culture

Initial cultures were grown in sterile plastic petri dishes on 1.5% agar
supplemented with yeast extract (0.3%) and casamino acids (0.2%). These plates were
placed in GasPaK® containers [BBL Microbiology Systems] to provide an anaerobic
environment, and illuminated with incandescent bulbs. Following growth a singfe
colony was selected, streaked onto a second agar plale, and a single colony from this
plate used to inoculate stab cultures (in 25 ml McCartney bottles) haif filled with the
same media. Following a minimium of 48 hours growth succinate media was used to {ill
the bottle and the culture incubated further 48 hours, the resulting liquid culture was
then used to inoculate larger liguid cultures as described below.

Anaerobic liquid culture

100 or 500 mi flat sided glass bottles containing sterile c-succinate medivm
were tnoctlated with 5 to 20 mi of suspended Rv. gelatinosus from a stab culiure or
from a previous liquid culture. Culture then occurred at 28°C+2°C and at the irradiance
level stated for each experiment. Different irradiance levels were achieved by placing
the 100 mi culture bottles at different distances from the light source, and by using
different numbers of incandescent bulbs for the hight source. High irradiance cultures
were centred between two banks of threc 100 W household light bulbs (total six),
medium irradiance cultures were placed {o one side of a bank of three bulbs, whilst the
lowest irradiance level was acliteved by placing the culture bottle in front of a single
bulb {100 W). The flat side of the bottle was always facing the light source. The
irradiance level was measured using a UDT 40X Opto-meter [Usited Detector
Technologics], which measures light energy over the range 400 to 800 nm. The three
irradiance levels used were measured to be 100, 40 and 18 W 2, and will be referred
to as high-light (HL.), medium-light (ML) and tow-light (LL) throughout the thesis.
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Aerobic and semi-aerobic liquid culture

These conditions were achieved by dark culture in 250 ml conical flasks, the
semi-aerobic cultures contained 200 ml of c-succinate medium and the aerobic cultures
100 ml. Both types were incubated in a orbital shaker at 140 rpm, 28°C, the difference
in volume and sherefore acration gives risc to a difference in oxygen tenston.

Cell counts

Cells were counted in a number of samples from a growth curve experiment as
follows. The samples were diluted in iodine/glycerol (50% aqueous lodine/50%
Glycerol) to both stain and immeobilise them, dilution was to a level which would allow
easy counting of the cells. The selution was then placed on a microscope slide and cells
counted using a haemocytometer grid. The grid had a volume of 1 mm3 and was
divided into 25 squares, the bacteria in 5 of these squares were counted, then the mean
calculated multiplied by 25000 and by the dilution factor to give the number of cells per
ml. The cells were visible as darkly staining rods {or spheres when viewed head on),
and were often moving slowly.

Absorption spectroscopy

Whole cell absosption spectra were measured on a Shimadzn Corporation UV-
2101PC recording spectrophotometer fitted with an integrating sphere attachment to
reduce the effect of scattering in particulate samples. The 3 ml quartz reference cuvette
was filled with sterile c-succinate media from the same batch used to cunlture the
bacteria, and the spectrophotometer parameters set as follows: Recoding range - 0 10 0.8
absorption units cm-t; Wavelength range - 900 to 350 nm; Scanning speed - very slow;
slit width - 5.0 nm; Sampling interval - 1 nm. Absorption was always measured across
a 1 cm path length.

A Shimadzu UV-160A recording spectrophotometer was used for the assay of
specific absorbance values where necessary, in particular foy the measurement of
Asgonm { Asgonn ratios used in the determination of nucleic acid concentration and purity.
A three ml quartz cuvette was used to measure absorbance at 260 and 280 nm and the
concentration calculated as described below.

Molecular biological techniques

Determination of Nucleic acid concentration

Foliowing the measurement of Az nm as described above the calculation of

DNA, RNA and oligonucleotide concentration and purity was made using the following
cquation:

(A2e0um— Azsunn) X 2 = Ad}usted A260 nm

This adjusted A .m value was then multiplied by: 350 wg mi-! for DNA, 40 pg mi-t for
RNA, and 20 ng mi? for oligonucieotides as described in Appendix E5 of the
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Handbook of molecutar cloning (Sambrook et ¢f., 1989).

When too little sample was available for spectroscopie determination, the
Ethidium Bromide plate method was wsed. This is also described in the Handbook of
molecular cloning, Appendix ES {Sambrook ¢z al., 1989), the concentration was
cstimated by spotting 1 or 0.5 i of the sample onto a thin 1% agurose gel containing
Ethidium Bromide, iluminating using a UV transilfuminator and comparing the
intensily of the dot with those of fambda DNA of a known concentration.

Restriction endonuclease digests

Restriction enzymes were purchased either from Gibeo-BRI. Lid., Pharmacia
Ltd., or Promega Corporation. Digests were carried out in the buffer supplied by the
manufacturer and at the specified temperature (usually 37°C). In the case of muitiple
digesis (using more than one enzyme and digesting in the same buffer), a compatible
buffer was used if specified by the manufacturer or a medium sait buffer such as 1-4-all
buifer (Pharmacia Ltd.). Incubation was for I hour unless otherwise specified.

Agarose gel eiectrophoresis

Agarose gel electrophoresis was used to size-separate DNA and RNA
fragments. DNA (or RNA) in solution is negatively charged at neutral pH, thus when
foaded tnto a gel near the cathode and an electric current applied down the gel it moves
towards the anode. The agarose gel fibres slow the progress of the DNA but
differentially slow movement of fragments of differcnt sizes. Thus electrophoresis
separates different sized nucleic acid fragments. A full explanation of this technique in
both practical and theoretical terms is given in Section 6.3 of the Handbook of
molecular cloning (Sambrook ez al., [989} and by Ogden & Adams, (1989).

Electrophoresis tanks of various sizes were purchased from Gibeo-BRL i_td. and
Anachiem Ltd, a model 400 power supply [Gibco-BRL Ltd] was used to run the gels.
Agarose was purchased from Gibeco-BRL. Lid and melted using a microwave oven. For
DNA Tris-Borate- EDTA (TBE) gel buffer was used (Ingredients given in Appendix
B23 of the Handbook of molecular cloning (Sambrook et «f., 1989), whilst RNA gels
used a denaturing buffer (formaldehyde gel running buffer) containing formaldehyde
and formamide, as described by Ogden & Adams, (1987). Additionally RNA samples
contained formaldehyde and formamide and were heated to 65°C to denature before
loading. Samples were alse mixed with loading buffer before loading (15% Ficoll 400,
0.25% Bromophenol Blue and 0.25% Xylene cyanol in water), and were stained within
the gel by immersing the gel in a solution of Ethidium Bromide at a concentration of
0.5 ng mi-!' for 15-30 miautes, followed by iminersion in deionised water for
approximately 15 minutes. Agarose concentration, voltage applied to the gel and
staining/destaining times were varied according to experimental requirements, exact
parameters are given with particular experiments in the Results sections.
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Photography cf agarose gels

Following staining (and destaining where necessary) gels were placed on a UV
transilluminater {UVP, inc.] and photographed with a 35 mm camera |Pentax] fitted
with a X2 close up filter [Jessops] and a red{25A) filter [Hoya Corp.]. Exposure times
of 30 s, I minute, and 1 minute 30 s were used and the best exposure for a particular gel
was developed.

Southern and Northern transfer

Both RNA and DNA were transferred to Hybond-N nylon membrane
[Amersham International plec] by capillary transfer, using modifications of the
techniques described by Southern, (1975) and Meinkoth & Wahi, { 1984).

Southern (DNA) transfer to nylon membrane was carried out in accordance with
the manufacturers instructions, and essentially as described in section 9.42 of the
Handbook of molecular cloning (Sambrook et «l., 1989), where details of buffer
preparation and equipment selup can be found. Where fragmentis larger than 10 kb
were to be transferred the gel was first soaked in 0.25% HCI to partially hydrolyse the
DNA and thus ensure (he transfer of such fragments. Soaking time was in the region of
20 minutes, or 10 minutes after the dyes in the loading buffer changed colour. 1f all
fragments to be transferred were smaller than 10 kb this step was omitted and the gel
saaked in denaturing solution {1.5M NaCl, 0.5M NaQH) for 45 minutes. The gel was
then soaked in neutralising solution (1.5M NaCl, 0.5M Tris-HCI pli 8.0} for 30
minutes, Transfer was carried out in 6x SSC buffer diluted from a 20x stock solution
{(3M NaCl, 0.3M Nas citrate} using 3MM paper |Whatman Paper 1.td.] as a wick.
Following the transfer the membrancs were washed i 2x SSC and allowed to air dry,
DNA side up, before [ixing.

Several Southern blots were carried out using the Alkaline transfer protocol
described in Section 9.45 of the Handbook of molecular cloning (Sambrook er «l.,
1989). In this case the denaturation slep was shortened to 30 minutes and the
neutralising step omitled. Transfer was carried out using alkaline transfer buffer
(0.25M NaOH, 1.5M NaCl). This protocel has the advantage of speed, reducing the
amount of time that DNA has to di(luse through the gel before transfer begins.

RNA was transferred to Hybond-N using 20x SSC buffer, the gel being given no
pre-treatments except for destaining (30 minutes). Following transfer the filter was
rinsed with 2x SSC, then dried and fixed as for DNA containing gels.

Iollowing blotting both DNA and RNA were fixed to the membrane by UV
crosslinking, fifters were covered with catcring grade “cling-film’, placed DNA side
down on a UV transilluminator, and iluminated for 2 minutes.

Preparation of nucleic acid probes

T'hree basic types of DNA probes were used in the analysis of Northern and
Southern blots, that is fragments of DNA obtained by restriction enzyme digestion and
purified from agarose gels, fragments of DNA obtained by PCR, and synthesised
oligonucleotide probes.

A 29 base oligonucleotide homologous to the 5” end of the pucA gene was used
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for ininial southern hybridisations and during the construction of the strain 151 genomic
library. This oligonucleotide was designed by Dr. Stuart Barrett of the University of
Glasgow for the analysis of puc genes in Rps. acidophila, and is homologous to the 57
end of the Rps. acidophila pocA genes (see the Intreduction section “Structure of the
puc operon”), and is known as the ‘o-consensus oligonucleotide’. Since the protein
sequence of the Rv. gelatinosus LH2 «-polypeptide had been published (Zuber &
Brunisholz, 1991}, it was possible to calculate that the oligonucleotide would be
between 72% and 93% homologous to the pucA gene of strain 151, and thus be suitable
for use in isolation of that gene. The o-consensus oligonucleotide is degenerate, its
sequence 1s given here:

37 TAC TTG GT(T/C) CCG TT(T/C) TAG ACC TGG CAG CA 5~

the residues in brackets are degenerate, and represent the two possibilities at cach point
(thus the «-consensus oligonucleotide is actually a mixture of 4 different molecules).
The most leftward triplet is the antisense strand of the AT start codon (Methionine) of
pucA.

This oligonucleotide was labelled with 32P using 'I'4 polynucleotide kinase
[Boehringer-Mannheim] according (o the protocol given in Appendix 3.1 and described
in Section 11.31 of the Handbook of molecular cloning (Sambrook er al., 1989). T4
polynucleotide kinase phosphorylates a free 5-OH group of a DNA molecule by
transfer of the y—2P phosphate trom [y-32PJATP. Following the labelling reaction the
oligonucleotide was purified away from [ree radiolabel by passage through a Sephedex
G-25 chromatography column as described in Section 11.37 of the Handbook of
molecular cloning (Sambrook er af., 1989), once eluted it was added to the
hybridisation mixture.

A fragment encoding part of the Rb. sphueroides pucC gene was also used as a
probe, this was cut from a plasmid construct known as pUBS+-pPUCF;BamEco3, kindly
supplied by Dr. Lucien Gibson of the University of Sheffield. Double digestion of this
plasmid with BamHI and Pstl yields a 1.45 kb {ragment carrying most of the pueC gene
(the gene is truncated at its 37 end), this fragment was separated from such a digest by
etectrophoresis in a low melting point agarose gel run with TAE (Tris-Acetate-EDTA)
buffer as described in Appendix B23 of the [andbook of molecular cloning (Sambrook
et al., 1989). A slice of gel carrying the 1.45 kb fragment was excised from the gel and
the fragment extracted using a Geneclean 11 kit [Bio 101 Inc.] according to the
manufacturers instructions. This kit uses a silica matrix which binds DNA allowing
contaminants to be removed, once the fragment has been eluted from the matrix it is
pure enough for labelling.

Probes were also produced using the polymerase chain reaction (also see section
on PCR). These include a fragment carrying the pucBA genes from strain 151 and a
second {ragment carrying most of the pucC gene from strain 151, these were produced
as described in the section on PCR below.

Both PCR produced probes and probes excised from gels were labelled by
Random priming. A protocol for the Random prime labelling of DNA is given in
Appendix 3.2, based on that described by Feinberg & Volgelstein, {1983). This
involves the binding of random hexanucleotides to denatured doublc-stranded DNA,
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followed by a ‘fill in’ reaction using the Klenow fragment of E. coli DNA polymerasc
1, and radiolabelled nucleotides. Samples were cleaned up after the labelling reactions
using Magic™ DNA clean-up minicolumns [Promega Corp.], as specified in the
manufacturers instructions. This is a resin based system which reversibly binds DNA,
such that contaminants are either removed during a wash step (80% isopropanol) or
remain in the column when DNA is eluted. The probes were eluted from the Magic
columns in 50 ul of sterile analar water and denatured using the alkali denaturation
method as described by Mason & Williams, (1987). Alkali denaturation was achieved
by adding one tenth volume of 3M sodium hydroxide and leaving for 5 minutes at room
temperature. The sample was then neutralised by the addition of one fifth of the
original velume of 1M 'I'ris- HCI pH 7.0, and one tenth of the original volume of 3M
HCI. The probes were then ready for addition to the hybridisation solution.

Nucleic acid hybridisation

A full discussion of the kinetics and theory of nucleic acid hybridisation can be
found in Britten & Davidson, (1987), as can practical advice on the techniques used in
hybridisation.

Two slightly different hybridisation protocols were used depending on whether
the probe being used was an oligonucleotide or a double-stranded DNA probe. These
are described in Section 9.47 of the Handbook of motecular cloning (Sambrook et al.,
1989), and recipes for solutions given in Appendix B4 of the same handbook, the
protocols are outlined below.

All hybridisations were carried out in sealable plastic containers or in sealed
plastic bags, and incubated in a shaking waterbath. The volume of hybridisation
solution added was approximately 1 ml for every 5 cm? of filter being probed. For
hybridisation utilising oligonucleotide probes [ilters were first placed directly into
prehybridisation solution (4x SET buffer, 10x Denhardts solution, 0.1% SDS and 0.1%
sodium pyrophosphate)} and prehybridised at 48°C for a minimum of 2 hours. This step
saturatcs binding sites on the membrane which would otherwise give rise to high
background levels caused by non-specific binding of the probe. Hybridisation was
carried out by raising the temperature to the desired level, in the casc of the o-consensus
oligonucieotide this was 56°C, and adding the labelled oligonucleotide to the
prehybridisation solution. Following hybridisation, which was usually carried out
overnight, the filters were washed. The hybridisation solution was poured off and
prewarmed wash solution | (3x SET buffer, 10x Denhardts, 2% SDS and 1% sodium
pyrophosphate) immediately added. This was then incubated in a shaking water bath
(at the hybridisation temperature) for 30 minutes, following which the wash solution
was replaced with prewarmed wash solution 2 (I1x SET buifer, 1% SDS and 0.1%
sodium pyrophosphate), and incubated with shaking as before. After 30 minutes the
second wash soluiion was poured off and the filters treated as described at the end of
this section.

Filters being probed wilh random prime labelied DNA probes were hybridised
in a differcnt manner. Prehybridisation solution (4x SET buffer, 10x Denhardts
solution, 0.1% SDS and 0.1% sodium pyrophosphate) was used as for the
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oligonucteotide probed filters, however for the Rv. gelatinosus strain 151 pucBA probe
and pucC probe an incubation temperature of 63°C was used, whilst the Rb.
sphaeroides pucC probe was prehybridised and hybridised at 53°C. Prehybridisation
was for a minimum af 2 hours, hybridisation was cartied out overnight. Two washes of
20 minutes duration with wash solution { (3x SET buffer, 0.1% SDS§ and 0.1% sodium
pyrophosphate) at the hybridisation temperature, were tollowed by a single wash of 20
minutes in wash solution 2 (1x SET buffer, 0.1% SDS and 0.1% sodium
pyrophosphate). When a more stringent wash was required a 0.1% SET containing
wash solution was used as the second wash.

Following washes filters from both types of hybridisation were wrapped in cling
film (without diying, to (acilitate reprobing where necessary), and autoradiographed as
described below.

Autoradicgraphy

Autoradiography of radiolabelled samples was carried out in cassettes [GRI
Ltd.}. For Northern and Southern blots, which were investigated using probes labelled
with the isotope 32P, the cassettes were fitted with High-Speed-X intensifying screcus
[GRI Itd.] and autoradiography was carried out at -70°C. For DNA sequencing the
samples were labelled with 335, in this case the intensifying screens were removed and
autoradiography was carried out at room temperature. In all cases Fuji RX medical X-
ray film [Fuji Photo Film Co., Ltd.] was used, and was developed in an X-Omat
automatic film processor [Kodak I.td.|. Exposure times were varied according to the
requirements of individual experiments.

Oligonucleotide design and preparation.

Oligonucleotides for use in PCR, DNA sequencing and as probes were designed
avoiding sequences which could potentially dimerise or form loops. A GC content of
50% was attempted, but this proved difficult owing to the high GC content of the Rv.
gelatinosus genome (~72%) (Willems ef al., 1991). A check was also made for other
potential binding sites in the target sequence (when target sequence information was
available). Primers were synthesised in bouse by V.B. Math of the University of
Glasgow. They were prepared by ethanol precipitation and resuspended in sterilc
analar water, the concentration was then calculated and the primers diluted to a useful
concentration before storage at 4°C.

Culture of E. coii

Two strains of . coli were used, DHS« was used for the transformation and
propagation of plasmid DNA, whilst KW251 was used in the propagation of phage &
DNA. The strain genotypes are given in Appendix 4. Glycerol stocks of these strains
were maintained at -70°C and streaked out onto LB agar when required, isolated single
colonies were then used for the production of larger cullures. Details of LB agar and
LB medium composition can be found in Appendix Al of the Handbook of molecular
cloning (Sambrook ¢¢ af., 1989).

Small scale cultures {(~3 ml) of E. celi were grown in 50 ml falcon tubes
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containing sterile 1.B medium and stoppered with a cotton wool plug, these were
incubated in a orbital shaker at 37°C and 140 rpm overnight. Where necessary the
appropriate antibiotic was added to the medium. Large scale cultures were grown in
one litre glass conical flasks containing 250 m) of LB and incubated under the same
conditions as the small scale cultures. Again, antibiotics were added where necessary.
For medium scale cultures a 100 ml conical flask with 10 or 20 ml of LB was used.

Culture was generally carried out overnight, with 2 notable exceptions. When
DHSa cells were required for transformation their Aqo was monitored and cells
harvested at or near an Ay of 0.125 cm-1. This is equivalent to 1 x 103 celis mt-L, such
a culture consists almost entirely of young cells, which are required for efficient
transformation. The second exception was during the culture of phage A, which were
harvested when fysis occurred, this is described in more derail in the section “Methods
used in genomic library construction” below,

Plasmid isolation and purification

Small scale preparations of plasmid DNA were isolated from 3 mi cultures.
1.5 ml of cells were harvested at 13000 rpm for 5 minutes in a microcentrifuge, and
DNA isolated according to the protocol described in “Lysis by boiling” Section 1.29 of
the Handbook of molecular cloning (Sambrook ef «l., 1989). During this protocol
genomic DNA, protein and ribosomal RNA become congealed into a lump which can
be removed from the tube, leaving behind plasmid DNA, iRNA and mRNA. A simple
RNase treatment followed by precipitation with isopropanol and resuspension in TE pH
8.0, yields plasmid DNA of a quality suitable for restriction enzyme digestion. This
method was used to obtain plasmid DNA for screening following transformation.

Large scale preparations of plasmid DNA were obtained from 250 ml cultures,
according to the Alkaline lysis method of (Birnboim & Doly, 1979), and esscntially as
described in Section 1.38 of the Handbook of molecular cloning (Sambrook er af.,
1989), the exception being that since 250 ml cultures were used (as opposed to 500 ml)
all volumes quoted in the the Handbook of molecular cloning were halved. Cuiltures
were harvested in a Beckman JA-10 rotor at 4000 rpm, 4°C for 10 minutes. Following
washing the cells were resuspended in lysis buffer and transferred to a sterile 50 ml
falcon tube. Later centrifugation steps were carried ont in the 11133 rotor of a Sigma
3K12 centrifuge, and the pellets finally resuspended in 8 ml of sterile analar water.

Following isolation by alkaline lysis the DNA was purified by equilibrium
centrifugation in Ceasium chloride/Ethidium bromide continuous gradients, as
described in Section 1.42 of the Handbook of molecular cloning (Sambrook ef al.,
1989). The high concentration of Ethidium bromide present denatures protein and
hinds to any nucleic acids present, however RNA plus linear or nicked plasmid DNA
bind more cthidium than circular supercoiled plasmid DNA. This causes them to
equilibrate at a different point on the column, and thus allows the separation of highly
pure undamaged plasmid PDNA. Prior lo equilibrium centrifugation, but after the
addition of alt components (in a falcon (ube), the samples were centrifuged at 5000 rpm
in the 11133 rotor of a sigma 3K 12 centrifuge at room temperature for 5 minutes.
Equilibrium centrifugation was carried out using disposable 11.5 m! Ultracrimp
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polyallomer tubes [Sorvall], in a T865.1 rotor [Sorvall] at 45000 rpm, 21°C for 24
hours in a Sorvall OTD65B ultracentrifuge. The sample (usually visible as a darker
band in daylight) was removed by piercing the side of the tube with a needle and
syringe and removing the band. Ethidium bromide was removed from the sample by
extraction against an several volumes of water saturated butanol as described in Section
1.46 of the Handbook of molecular cloning (Sambrook ef al., 1989). Finally the sample
was dialysed against 5 changes of 5 litres of TE pH 8.0, with at lcast 1 hour between
changes. DNA isolated in this manner was suitable for all enzymatic treatments
including DNA sequencing and PCR.

Genomic DNA isolation and purification

Genomic DNA was isolated by lysis with lysozyme followed by protein
digestion (using proteinase K), and phenol/chloroform extraction. Great care was taken
at all stages to avoid contamination and fragmentation since this DNA was to be used as
a source for the Genomic library, stertle plasticware was uscd extensively and any
equipment not used for the first ttme was washed extensively with sterile deionised
watcr.

DNA was isolated from pure cultures of both strains using 200 in! of a ‘Hl.” 500
mi liquid culture, grown for 48 hours in the case of strain 151 and 24 hours for strain
149. High molecutar weight genomic DNA was isolated according to the methods of
{(Birnboim & Doly, 1979) and (Klug & Drews, 1984), as described in depth by
MacKenzie, (1990). Cells were harvested in sterile plastic Falcon tubes [Elkay] by
centrifugation at 5000g, 4°C, in the 11133 rotor of a 3K 12 bench top centrifuge [Sigma
Ltd.] for 10 minutes.

Both strains of Rv. gelatinosus used in this siudy, but especially strain 151,
secrete a ‘muco-polysaccharide’ into the medium, in which many cells appear to
become trapped. This phenomenon appears te oceur as the cultures are reaching the
stationary phase of the growth curve, and can by avoided in the main by harvesting cells
before they reach their full density. However a small amount is produced at all stages
of culture and this vesulted in the production of a ‘two-tier’ peliet following the
centifugation stage described above. The lower tier contained a relatively hard pellet of
cells (as judged by its dark brown colour) whilst the upper tier appeared translucent and
to consist of the muco-polysaccharide, this upper ticr was poured off and discarded
before continuing with the isolation procedure.

The pellets were resuspended in 10 ml of Lysis buffer (%350 mM glucose, 25
mM Tris-HCl, 10 mM EDTA pH 8.0), and re-pelleted using the same centrifugation
conditions. ‘I'hey were then resuspended again in 10 ml Lysis buffer, which acts to
support the cell walls during subsequent lysozyme treatment. Once resuspended 1 ml
of lysozyme solution (100 mg ml™f Lysozyme [Sigma] in Lysis buffer) was added. The
cells were then incubated in a water bath at 28°C for 30 minutes. Following this
incubation period 1 mi Proteinase K solution (5 mg ml™! in Lysis buffer) and 50 ng
DNase free RNase was added and mixed by gently inverting the falcon tube 6 times.
These digest RNA and protein and thus aid the isolation of pure DNA. The detergent
SDS was then added from a 10% stock solution to give a final concentration of 1%, at
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this point the solotion became cxtremely viscous as the cell conlents were released.
The SIDS was mixed in by 6 gentle inversions of the falcon tube, and the tube incubated
for 1 hour at 36°C (the aptimum temperature for proteinase K activity).

Genomic DNA was purified from this mixture by extraction with
phenol/chloroform (prepared using Analar grade phenol and chioroform and buffered to
pH 8.0 as described in Appendix B4 of the Handbook of molecular cloning (Sambrook
et al., 1989) and dialysis against TE buffer (composition of TE buffer is given in
Appendix B20 of the Handbook of molecular cloning (Sambrock et al., 1989)). An
equal voluine of phenol/chlorcform was added to the lysed cells and mixed by placing
on a Multimux MMI rocking and rolling table [Luckham] for 1 hour. The mixture was
then cenfrifuged at 5000g, 20°C for 15 minutes in the 11133 rotor of a 3K 12 bench top
centritfuge [Sigma Ltd.]. The aqueous (upper) phase was removed using a truncated |
ml micropipettc tip (to avoid shearing the DNA), into a fresh sterile 50 ml {alcon tube
and a second extraction performed.

To remove any remaining traces of phenol and the other extraction chemicals
the samples were dialysed against 5 changes of 5 litres TT buffer pH 8.0 (25 mM Tris-
HCl, 10 mM EDTA, pH 8.0), with a minimmum of 1 hour between changes at room
temperature, or overnight at 4°C. Following dialysis the DNA was transferred to a
sterile falcon tube and stored at 4°C vntil used.

Isolation and purification of total RNA

RNA was isolated from cells grown under a range of growth conditions using a
modified version of the “acid guanidium thiocyanate-phenol-chloroform extraction”
protocol described by Chomczynski & Sacchi, (1987). This utilises guanidium
thiocyanyate which acts as a deproteinisation agent and inhibits ribonucleases which
may degrade the samples,

RNA was isolated from cells in early log phase to ensurce that no self-shading
occurred (thus altering the irradiance conditions), and also to ensure that strain 151
produced a minimal amount of mucus, which could potentially have interfered with the
RNA extraction. Three 1 ml aliquots were removed from the culture bofttles into sterile
1.5 ml microfuge tubes and stored at -20°C, absorption spectra were recorded {rom
these samples at a later point. The remaining culture solution (from a 100 m! bottle)
was uscd for the preparation of RNA. All cquipment was either sterile plasticware, or
had been treated with di-ethylpyrocarbonate (DEPC) before use, to ensure the removal
of ribonucieases. A protocol for the DEPC treatment of apparatus intended for use in
the preparation of RNA is described by Blumberg, (1987).

Cells were harvested by centrifugation at 10000 rpm in the 12156 rotor of a
Sigma K20 centrifuge, for 4 minutes. During this period a pestle and mortar were
cooled by pouring liquid nitrogen into the bowl of the pestle. Following centtifugation
the supernatant was discarded, and a sterile 3 mi plastic pipette used to add the eells one
drop at a time to a pool of liquid nitrogen in the pestle. The cells were then ground to a
powder and transferred to a 15 ml glass centrifuge tube [Corex} containing 5 ml of
Solution D (a recipe for the production of Solution D is given in appendix 2.1). These
were mixed together using the plastic pipette before adding 0.5 ml of 2M Sodium
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acetate (pH 4.0), 5 ml of water saturated phenol and 1 ml of chloroform (water
saturated phenol was prepared as described in Appendix 2.2). Centrifugation at 10500g
, 4°C in the 12156 rotor of a Sigma 3K12 centrifuge for 10 minutes, was usually
sufficient to pellet the protein at the phenol/aqueous phase interfuce. On occasion the
protein failed to separate fully at this [irst step and a second 10 minute centrifugation
was carried out. The agqueous phase was then transferred to a fresh corex tube and the
phenol extraction procedure repeated twice more, before extraction in 5 ml of
chloroform. Following this final extraction the aqueous phase was transferred to a fresh
tube and an equal volume of Isopropancl added and mixed, the sample was then placed
at -20°C for 30 minutes to precipitate the RNA. The RNA was then collected by
centrifugation at 10500g, 4°C for 10 minutes, and the pellet washed with 80% Ethanol
(20% DEPC treated water). Finally the pellet was air dried for ~5 minutes and
resuspended in 100 ul of DEPC treated sterile analar water. RNA samples were stored
frozen at -70°C until used.

Since in vivo degradation of RNA (ranscripts occurs continuously, it was
important to ensure that RNA was isolated from the bacteria as quickly as possible after
their removal from the growth chamber. Once the bacteria were added to the liquid
nitrogen (as described above), the worst of this danger is passed. The time taken to
reach this point was between 6 and 10 minutes for all RNA samples prepared.

Methods used in Genomic library construction
Some conslderations

A good discussion of the canstruction of genomic libraries is given in Kaiser &
Murray, (1985), and relevant information concerning bacteriophage » can also be found
in Section 2.3 of the Handbook of molecular cloning (Sambrook et al., 1989). Both
these sources also provide technicat advice and detail protocols useful in genomic
library construction. A genomic library is defined as collection of clones which
together encompass the complete genome of an organism. For an organism such as a
bacterium, with a relatively small genome (Rb. capsulaius 1s approximately 3.8 Mb -
see the [ntroduction for references), a lambda replaccment vector is a useful vehicle for
a genomic library. The ability to clone segments of up to 20 kb means that the
complete genome of an organism such as Rb. capsulanes can be contained by less than
1000 clones, to screen such a number of clones in the scarch for a gene is an achievable
target.

Although the use of commercial kits and prepared vectors has taken some of the
work out of genomic library cobstruction, it remains important to ensure that the library
is truly representative of the source genome. Care must be taken in the initial stages to
prevent contamination of the source material with alien DNA, and at later stages to rule
out the possibility of recombination within and between clones. The latter problem is
addressed by (he use of vectors and bacteria which are impaired in the functioning of
several cellular DNA manipulation systems, this will described in more detail below.
The former problem is addressed in two ways, firstly by ensuring that the source
bacterial culture is pure (see the section “Culture of pholosynthetic bacteria” above),
and secondly by using acid washed glass ware, or virgin plasticware during the course
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of DNA isolation.

isolation of high molecular weight genomic DNA

DNA was isolated from the two strains of Rv. gelatinosus as described in the
section “Genomic DNA. isolation and purification” above. At all stages the DNA was
treated gently to avowd shearing, ideally genomic DNA should consist of fragments well
in excess of 50 kb in size because it will be further reduced in size in the next step.

Digestion with Sau3Al

The wild-type bacteriophage X genome is 49 kb long, defetion of genes not
essential for replication allows the insertion of a forcign 20 kb fragment between the
two h ‘arms’, variations above or below this size lead to inefficient replication. Thus it
1s nceessary to produce a sample of genomic DNA consisting of fragments at or near 20
kb in length, furthermore these fragments should have ends compaltible with those of
the » vector arms, to facilitate their ligation.

The isolated DNA from strain 15} was digested with a range of enzymes, of
which Sau3A1 proved suitable for the production of 20 kb fragments. This enzyme
cuts very frequenily and a partial digest must be carried out in order to yield fragments
of the correct size, in this case the partial digest was achieved by performing a time
course digestion. An initial pilot digest was carried out to determine the digest time
which yielded the highest proportion of 20 kb fragments. Two premixtures were
constructed, one containing cnzyme (described in Appendix 5.1} which was incubated
for 15 minutes on ice and then warmed to 37°C for 5 minutes, and a sccond containing
genomic DNA (Appendix 5.2) which was incubated in water bath at 37°C for 20
minutes. Following the incubation period the two mixtures were mixed thoroughly
using a micropipette, and a zero time point aliquot (39 ul) immediately removed into
0.5M EDTA pH 8.0 (4.2 ul} and incubated at 65°C for 10 minutes to stop the digestion.
Further aliquots (42 nl) were removed into EDTA at time points over the next hour,
specifically at 1, 2, 3,4, 5, 7.5, 10, 12.5. 15, 20, 45 and 60 minuies after the slart of
digestion.

Analysis by agarosc gel electrophoresis indicated that a digest time of 8 to 12
minutes yielded the best sized fraction (The gel can be seen in the section “Results Part
2: Construction of Genomic Librarics & Cloning of the puc Genes™). The next step was
to scale up the digest for the production of sufficient quantities of 20 kb fragments to
make a library. The volume of all ingredients was increased such that the digest could
be carried out in a 1.5 ml microfuge tube, the componenis of the larger mixtures are
given in Appendices 5.3 and 5.4. Aa initial attempt at the scaled up digest did not work
well, probably due to a lack of mixing between the two solutions. Thus it was repeated,
paying special attention to the mixing of the two solutions at the start of the digest.
During the first repeat of the large scale digest aliquots were removed over the course
of 1.5 hours, at 2, 4, 8, 16, 20, 25, 30, 35, 40, 60, and 90 miputes. FElectrophoretic
analysis ol these samples revealed an optimum digestion time of 4 to 8 minutes, thus
the digestion process was repeated 2 further times removing aliquots only between 4
and 10 manutes {for strain 149 2 to 4 minutes appeared best).
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Figure 16
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Note: The AGEM-11 vector is a derivatlive of the AEMBL3 vector (Frischauf et af., 1983). The
multiple cloning sites (expanded to show detail) contain recoguition sites for several restriction
cnzymes, {lanking this arc Sfil sites. Sfil is a rare site culting enzyme and potentialty allows the insert
DNA {o be excised from the vector and mapped via an end labelling protocol. The bacteriophage T7
and SPG promoters ltacililate the production of RNA probes tor use in genome ‘walking’. The
overhanging 12 bp cohesive ends of X are labelled cos.




An aliquot of the samples from each digest was analysed by agurose gel
clectrophoresis and all the samples containing a substantial proportion of 20 kb
fragments were pooled for use in the next step of the procedure.

Size fractionation of Sau3Al digesied genomic DNA

The digested genomic DNA was size fractionated using sucrosc density gradient
centrifugation, this is described in Scction 9.27 of the Handbook of molecular cloning
(Sambrook et al., 1989). Sucrose soluticns containing 10 and 40% sucrose (plus 10
mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0 and 10 mM NaCl), were used to pour
continuous gradients as described by MacKenzie, (1990). The DNA sample was heated
to 68°C for 10 minutes then cooled on ice before loading onto the gradient. Following
centrifugation at 22000 rpm in a Sorvall AH629 swing-out rotor for 22 hours, the
solution was gently siphoned off through capillary tubing in ~0.5 mi aliquots, as
described by MacKenzie, (1990).

The collected aliquots were analysed by agarose gel electrophoresis (0.4% gel),
30 ul of cach aliquot was mixed with an equal volume of sterile analar water, load
buifer added and the sample heated to 65°C for 10 minutes before loading. An aliquot
or aliquots which were shown to contain fragments of the correct size were selected and
purified by ethanol precipitation.

Purification of size fractionated genomic DNA

The selected aliquots were dialysed against 3 changes of 5 litees of TE pH 8.0,
then transferred to microfuge tubes. A tenth volume of 3M sodium acetate pH 5.2 and
2 volumes of ethanol was added and mixed. The tubes were then ptaced at -20°C for 30
minutes, following which they were centrifuged at 21000g, 0°C for 1 hour in the 12154
rotor of a Sigma 3K20 centrifuge. The resulting pellets were washed with 70% ethanol
then vacuum dried before resuspending in 10 W of sterile analar water, The DNA
sample was then ready for ligation to the vector,

Ligation to the vector arms

Before describing the method used to ligate the inscrt genomic DNA to the
vector DNA 1 will first give a brief description of the vector used. The vector chosen
for the construction of both libraries was AGEM-11 [Promega Corp.}, this 1s a derivative
of the widely used AEMBL3 vector (Frischauf er al., 1983). Figure 16 (opposite)
illustrates the basic structure of AGEM-11, two features set this vector apart from the
EMBL3 vector. Firstly the prescnce of Sfi I restriction sites outside the polylinker
facillitates the high resolution mapping of insert DNA using an end labelling protocol,
and secondly the opposing bacteriophage T7 and SP6 promotor sites allow the
production of RNA probes for use iz genome walking. Although neither of these
featurcs was required for this project, il was thought that they may be of use in future
projects utilising the genomic library created as part of this project. It is also of note
that the vector is able to replicate inserts between 9 and 23 kb, however inserts that vary
from the optimum insert size replicate at lower efficiency,

The vector was purchased in a pretreated form, it had already been digested with
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the restriction enzymes Xbal, EcoRI and BamHI, and had also been treated with a
phosphotase (purchased from Promega Corp). The digestion with restriction enzymes
serves Lo preveat religation of the vector arms to each other, and to allow the ligation of
genomic DNA (o the vector, since BamHI digested ends are compatible with the
Sau3Al digested ends of the prepared genomic DNA. The phosphotase treatment
removes the 5° phosphate groups from the DNA terminii, this also effectively prevents
the vector from ligating 1o itself, resulting in very low backgrounds of unaltered vector
when the library is plated out.

Prior to ligation the vector DNA was heated to 42°C for one hour to anneal the A
cohesive ends, this helps to ensure that any given genomic DNA fragment is ligated to
both arms, and furthermore that the ligation product is a concatenate, the preferred
substrate for h packaging. The genomic DNA and AGEM-11 arms were added to the
ligation mixture in an approximate L:! molar ratio. Ligation was carried out at 18°C for
48 hours, using 1'4 Ligase (BRL} in the l.igase buffer (Appendix 6.4) with ATP at a
concentration of 1mM. Three control tubes were also set up, one using a test insert
supplied with the vector, this should ligate and be packaged at high efficiency and thus
checks that the vector is functioning correcily. In a second conirol the vector arms are
ligated to themselves, this tests the effectiveness of the previously described
phosphotase treatment. The third control contained no ligase, onty vector arins in ligase
buffer, when packaged this indicates the level of background contributed by undigested
vector. The cxact constituents of the ligation reactions are given in Appendix 6.

The packaging reaction

The ligated vector and genomic DNA was packaged into phage particles using a
Gigapack II Gold in vitro packaging kit [Stratagenc Ltd.]. This packaging kit consists
of extracts produced from two lots of cells infected with different A strains defective in
coat protein production, each extract is produced from a different mutant phage. Coat
proteins accumulate within the cells which are then lysed to yield the cxtracts. When
mixed together the two extracts provide all the necessary components to package
concalameric » genomes (including those carrying a foreign insert).

Besides the (putative) genomic ltbrary 5 controls were also packaged, thesc
included the three controls described in the ligation scction above and two packaging
controis. One packaging control was a positive control, this was wild-type A DNA
(Mcl857sam7) supplied with the packaging kil, which acts to test the efficiency of the
packaging kit. The second control contained only the packaging extracts to check that
these contributed no background.

Packaging of the genomic library was carried out according to (he
manufacturers instructions by adding the a 4 pl of the ligation reaction to one extract
immediately it thawed, then immediately adding the second extract and geatly mixing
using a micrapipette. The control DNA was treated differently, an aliquot of the DNA
to be packaged was first placed in a 0.5 ml microfuge tube and then one fifth of a single
packaging mix (as supplied} added 1o each tube. The two extracts were added quickly
in succession, then mixed. Following mixing all reactions were microfuged briefly (5
sccond pulse) to remove bubbles, and then incubated at room temperature for 2 hours.
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At the end of the incubation period several volumes of SM buffer were added (not
containing gelatin, see Appendix 7.1), that is 5300 ul (o the genomic library and 100 W to
each of the control reactions. Chlorolorm was also added to cach reaction, 20 ul to the
Library reaction and 4 ul to each of the control reactions, thus cffectively stopping the
reactions and sterilising them. The assembled phage were stored at 4°C until used.

Titering the library

Bacteria for use in the culture of phage were streaked out from a glycerol stock
on to LB agar, and incubated overnight at 37°C, following which it was stored at 4°C
for several days. When bacteria were required for phage culture 50 mi of LB medium
was inoculated with a single colony from the plate, and incubated at 37°C with shaking
for 4 to 6 hours, the Asonm Was not allowed to get higher than I cm1. The cells were
then harvested at 2000 rpm, 4°C for 10 minutes in the 11133 swing-out rotor of a Sigma
3K12 ceniriluge. The pellet was resuspended in a solution of 10mM MgSQ, to give an
Aeoam of 2 em-l. It is necessary to use a young bacterial culture when plating the
library because phage will also aitach to dead cells and cellular debris, any phage which
does this represents a lost clone, and lowers the titer of the library.

The E. coli strain KW251 was used for plating the tibrary and all controls except
the test DNA supplied with the packaging kit, this was plated on VCS8257 [Promega
Corp.]. The genotype of strain KW251 is given in Appendix 4.1. When plating 200 pl
of KW251 prepared as described above was placed in a sterile glass test tube and phage
dilucnt (from the packaging reactions, diluted in SM bufler, Appendix 7.1) added and
mixed, the phage were then left to adhere to the bacteria at 37°C fro 15 minutes.

BBL agar plates {Appendix 7) were poured on a flat surface, and oncc set were
dried until the surface became slightly wrinkly. These were then prewarmed at 37°C
belore use. When Lhe adhesion period had finished the phage/bacteria mixture was
added to 3-4 ml of BBL top agarose, mixed by swirling, and poured onto the
prewarmed agar plates. Once sei these plates were incubated at 37°C overnight.

- After approximately 12 hours of growth plaques become visible on the plate,
these clear patches in the agarose which is clouded by £, ¢oli (this is termed a *lawn’ of
bacteria) represent areas where phage have lysed the hacterial cells. Each plaque
should represent a single clone, the plaques were counted and the efficiency of the
packaging calculated as plague forming units per ml (pfu mi™1), for bolth control and
library packaging reactions. If the efficiencies were close to those expected it was
possible to move on to the screcning of the library.

Primary screening of the library

For screening of the library 90 mm square petri dishes were used since this
allows for easier access when performing plaque lifts (see next paragraph). LI agar
was used as the bottom layer and BBL top agarose for the top layer, the plates were
poured as described in the previous section. A volume of packaged genomic library
that contained ~1000 pfu was plated on each plate, this number of plaques can be grown
on a 90 mm plate without the plaques merging. Merging of plaques is to be avoided
since it engenders the possibility of recombination between clones. Approximately
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5000 plagues were sereened in the primary screening of both strains of Rv. gelatinosus .
Filters were also lifted {from plated control packaging reactions to act as controls in the
subsequent hybridisation,

Following overnight growth at 37°C, and when the plaques had reached a
reasonable size but before they began to merge, the plates were removed from the
incubator and placed at 4°C for | hour. This serves to slow phage growth, and also
causes the agarose top layer to beconic somewhat more solid, such that it is less likely
to be disturbed during the next step. Plaque lifts were performed according the protocol
deseribed by Kaiser & Murray, (1985), using Hybond-N nylon membrane [Amersham
Ltd.]. Fiiters were lifted in duplicate from each plate, feaving the first filter in place for
30 seconds and the second for two minutes. DNA was fixed to the nylon membrane by
exposure to UV for 2 minutes, once they had been dried and wrapped in cling-film.

The filters lifted from plates of the strain 151 library were probed using the a-
consensus oligonucleotide as deseribed in the sections “Preparation of nucleic acid
probes” and "Nucleic acid hybridisation™ above. These sections aiso describe the probe
carrying the strain 15} pucBA genes which was used to screen the strain 149 genomic
library.

Positively hybridising clenes appear as spots on the autoradiogramme, the
duplicate filters takes from each plate allow differentiation between background spots
and truly hybridising plaques, since the laller always appear at the same point on both
filters. The autoradiogramme can then be piaced beneath the plates and corresponding
plaques picked from the agar. Plaques were picked off as agar plugs as described by
Kaiser & Murray, (1935), and placed in 1 mi of SM buffer to which a drop of
chloroform was added (in order te Kill any bacteria present). These picked plaques
were stored at 4°C unti! the used in the secondary screening process.

Secondary screening

Prior to secondary screening each plaque solution was streaked across a tawn of
bacteria using a sterile toothpick, after culture a well isolated plagque was picked for use
in secondary screening. This process ensures that the screened plaques represent a
single clone. For the purposes of rescreening the isolated plaques several 90 mm square
plates were poured, using LB agar as the bottom layer and LB top agarose as the top
layer. Plating bacteria were mixed with the top layer before pouring but no phage were
added at this stage. Once the top layer had sct | @ of each phage suspension resulfing
from the primary screening was spotted onto the agarose surface, in a grid pattern
noting the position of each clone. The plate was then incubated overnight, a filter lifted
the following day and this probed using the same probe as for the primary screening (as
described above). Positively hybridising clones [rom the secondary screcning were
then cultured on a larger scale, DNA isolated for analysis and subcloning of a fragment
carrying the target genes.

Culture of » clones

The culture of isolated X clones for the isolation of DNA was cartied out in three
stages, firstly each clone was purificd by streaking a sealed Pasteur pipette which had
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heen dipped in the phage diluent, across a bacterial [awn. From this a well isolated
plaque was chosen and picked off into SM as described above, this diluted plaque
served as a stock culture from which the clone could be cultured when needed. "The
second stage involved the production of plate lysates for cach clone, these were used to
inoculate targer liquid cultures. The latter two stages of the protocol are described in
Section 2.60 of the Handbook of molecular cloning {Sambrook er al., 1989) and are
ontlined below.

Plate lysates were produced by mixing 100 pl of phage suspension with 200 ul
of plating bacteria, and plating these in LB top agarose over a bottom layer of 1.8 agar.
Following overnight culture confluent lysis was generally observed. If necessary the
process was repcated using extra phage solution to ensure confluent lysis occurred. The
phage were harvested from this plate by pipetting 5 mi SM buffer onto the surface of
the plate, and leaving for at least 1 hour at room temperature to allow the phage to
diffuse out of the agarose. This 5 ml of SM containing phage was then removed from
the plate using a micropipette, placed in 15 ml sterile falcon tubes and centrifuged for
10 minutes, 4°C, 2000g to remove ccllular debris and agarose. The phage containing
supernatant was then used to inoculate large scale cultures as described below, and in
“Infection at high multiplicity” Section 2.72 of the Handbook of molecular cioning
{Sambrook er al., 1989).

A 2 ml aliquot from an overnight 50 ml culture of KW?2351 was used to inocufate
200 ml of I.B in a 1 [itre flask, which was then incubated at 37°C, 200 rpm in a rotary
incubator. The Ao of the growing culture was monitored and at the point it reached an
Awg of 0.4 em! the plate lysate was added. After 4 or 5 further hours of growth the
culture was usually observed to have undergone complete lysis, at this point an 400 ml
of chioroform was added 1o lyse any remaining bacterial cells, and an excess of DNase
and RNase added to digest away bacterial debris. lIncubation was continucd for a
further 1¢ minutes, then the culture was transferred to 250 mi plastic bottles [Nalgenel
and centrifuged at 10000 rpm, 4°C for 15 minutes in a J-14 rotor {Beckman] to further
remove bacterial debris. The supernatant was then transferred to a second 250 ml bottle
containing PEG6000 |Sigma] and NaCl to give a final concentration of 10% PEG and
IM NaCl. These ingredients were dissolved by Rocking and Rolling, and the bottles
left on ice overnight to precipitate the phage. The phage were pelleted at 10000 rpm,
4°C for 20 minutes in a J-14 rotor |Beckman|, and the supernatant discarded, the botiles
were then rotated 180° in the rotor and centrifuged for a further 5 minutes, after which
any remaining supernatant was removed with a piperte. The pellets were then
resuspended in 10 ml of SM.

Phage were further purified by ceasinm chloride density gradient centrifugation
as described in Section 2.79 of the Handbook of molecular cloning (Sambrook et al.,
1989), with ceasium chloride at a concentration of 7.5g mi™'. This centrifugation step
was carried out in disposable | 1.5 ml Ultracrimp polyallomer tubes {Sorvalll, in a
T865.1 rotor {Sorvall] at 46000 rpm, 21°C for 12 to 14 hours in a Sorvall OTD65B
ultracentrifuge. The sample (usually visible as a white against a dark background) was
removed by piercing the side of the tube with a needle and syringe and removing the
band (the tube must first be pierced at the top to allow air to enter without disturbing the

Materials and Methods 72




gradient). These concentrated phage were stored in microfuge tubes at 4°C until DNA
was 1solated.

Prior to the isolation of DNA from purified phage the samples were dialysed
against a buffer containing 50mM Tris-HCI (pH 8.0}, 10mM NaCl and 10mM MgCl; to
remove ceasium chloride. Dialysis was carried out against 3 changes of 5 litres of this
buffer, with at lcast 1 hour between changes at room temperature or overnight at 4°C.
Following dialysis the phage solution was transferred (o sterile microfuge tubes and
DNA isolated as described below.

' ‘T'o the phage solution EDTA was added to a concentration of 20mM, Proteinase
K to a concentration of 50 yg ml™? and SIS to 0.5%. The resulting mixture was then
incubated to 37°C for 1 hour to lyse the phage. After lysis the solution was cooled to
room temperature and extracted twice against an equal volume of phenoif/chloroform
solution, then once against chloroform alone. The aqueous phase was then dialysed
against 2 changes of 3 litres TE pH 8.0 for 1 hour at room temperature, and finally
transferred to a sterile microfuge tube.

Restriction mapping

The purified genomic clones were mapped using the enzyme Xhol for both
strains. The DNA (~250ng) was digested using Xhol {Gibco-BRL] according to the
manufacturers instructions, and analysed on a 0.8% agarose gel. When a single copy of
the probed sequence resides within the genome the fragments produced usually form a
set of overlapping clones. Analysis of the pattern of fragments, looking for common
fragments between clones, allows a restriction map of the area up to approximately 20
kb either side of ihe probe target sequence to be drawn up.

The resolution of maps produced in this way is dependent on the number of
clones cxamined, this may lead to some uncertainties in the map. Further problems are
also encountered when several sites occur within a few hundred base pairs, often it is
impossible to distinguish their physical arrangement within the clone. However these
low resolution maps are sufficient for the isolation of the target genes.

Subcloning into a sequencing vector

A & clone carrying the target sequence in a central position was selected, and
digested with the chosen restriction enzyme. For both strains of Rv. gelatinosus from
which libraries were made the enzyme used was Xhol, since this produced fragments
around 2 kb long, a sizc that is suited to further manipulation and subcloning into a
plasmid vector. The digested DNA was ‘shotgun’ cloned into the Xhol site of the
pBlucscript SK- vector [Stratagene], by ligating the digested A DNA to Xhol digested
vectar DNA as described in Appendix 9.1. A description of the pBluescript vector is
given in Figurc 17 (following pages). Prior to the ligation reaction the digested DNA
was purified by phenol/chloroform extraction and cthanol precipitation, the pellets
being resuspended in sterile analar water.
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The next step in subcloning was to transtorm the plasmids into the E. coli strain
DHS5x (Genotype is given in Appendix 4.2}, Compelent DHS5a cells were prepared
using two different methods, tor strain 151 tncubation in ice cold 0.1M CaCl was used
to make the cells competent and transformation carried oul by adding 2 4 of the
figation reaction to 200 pl of cells, as deseribed in section 1.83 of the Handbook of
molecular cloning (Sambrook et al., 1989}, For the subcloning of strain 149 pue genes
the protocol of Chung et al., (1989), was used. This latter protocol involves the use of
DMSO to make the cells competent and is described in Appendix 10.

Transformed cells were plated onto LB plates contatning 50 pg ml™! of the
antibiotic Ampicillin [Sigma], 80 ng ml™ of fresh X-gal [Boehringer-Mannheim| and
20mM IPTG {Boehringer-Mannbeim|. This allows the selection for bacteria containing
plasmid, since pBluescript carries an ampicillin resistance gene, and also biue/white
selection for the identification of plasmids carrying an insert.

Blue/white selection (via a-complimentation) is possible because DHS« has a
deletion in the ltacZ gene (lacZAMI15) which the pBluescript vector can complemnent,
since it carries a segment of this gene. However the multiple cloning site (MCS) of
pBluescript is located within the N-terminal end of this segment, thus when an insert is
cloned into pBluescript the lacZ gene product (p-galactosidase) can no longer be
produced. Thus addition to the media of IPTG, an inducer of lacZ expression, and X-
gal, a substrate for p-galactosidase which is converted to a blue substance, causes
colonties carrying unaltered pBluescript to turn blue, whilst those carrying a cloned
insert remain white.

White colonies obtained from the plating of transformed DH3«a were picked
form the plates and cultured in LB (with 50 png ml™! added) as described in the section
“Culture of E. coli” above, and small scale preparations of plasmid DNA isolated as
described in *“Plasmid isalation and purification™ above. These samples were analysed
by agarose gel electrophoresis and hybridisation with the probes used to screen the
genomic library, and positive clones selected for large scale DNA preparation, analysis
and sequencing.

Generation of nested sets of deletions

A further feature of the pBluescript vector is the positioning of sites within the
MCS (o facilitate the generation of unidirectional deletions of the inserted DNA. Sets
of clones with progressively longer deletions were used in DNA sequencing, this is
described in the section “DNA sequencing”™ below. The deletions were created using
the enzyme Exonucleasc JIl {Gibco-BRLY], this has a useful property in that it digests
away the 57 strand of DNA molecules with blunt or 5” overhanging terminii but not
those with 3" overhangs. The pBluescript MCS is arranged such that enzymes creating
a 37 overhang cut towards the cutside of the MCS, whilst those creating blunt or 5
overbangs cut more centrally (see Figure 17). Thus onc can easily cut the plasmid in
such a way that the vector is protected from Exonucieasc I1I digestion, whilst the cloned
insert is not. The original plasmid DNA was digested with Exonuclease I11 in a time
course reaction, with aliquots being removed every thirty seconds into a stop solution.
The resulting single stranded extensions were digested away with nuclease S1 [Gibco-
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BRL}, and a fill-in reaction then performed using Klenow fragment (of polvmerase
1)|Gibeo-BRLY], this ensures that both terminii of the plasmid are blunt. The plasmids
in each aliquot were then recirceularised by blunt end ligation and transformed into
DHS5a using the protocol of Chung e af,, (1989) described in Appendix 10,

‘Three colonies were isolated from each time point, small scale preparations
made and examined on an agarose gel. From these a set of clones differing in size by
approximately 200 bp were selected, and these cultured using the large scale protocol
described in “Plasmid isolation and purification” above. The purified DNA was then
used for DNA sequencing as described below.

A full description of the protocol used can be found in Gardiner, (1992), whilst
general advice and alternative pratocols are given in Section 13.34 of the Handbook of
molecular cloning (Sambrook et af., 1989),

DNA sequencing

The strategy employed to sequence the cloned DNA was to make nested
deletions where possible, sequencing from one of the universal primer sites in
pBluescript. This allowed the 200 te 300 bp sequenced from each deletion clone to be
assembled into a contig of one strand, custom primers were then synthesised and used
to sequence the second strand. The design and synthesis of primers is described in the
section “Oligonucleotide design and preparation” above. Where it was not possible to
create deletions sequencing was achieved by primer walking, on both strands of the
DNA.

DNA for sequencing was purified by equilibrium centrifugation in ceasium
chloride gradients as described above, this provides highly pure supercoiled plasmid
DNA suitable for sequencing. Plasmid DNA was prepared for sequencing using two
different methods, in the main the DNA was denatured by alkali and used directly in the
sequencing reactions. Alkali denaturation utilising NaOH was carricd out according to
the method described in the manual of the USB Sequenase Kit used for sequencing (see
below), modified from the methods of Chen & Secburg, (1985) and Hattori & Sakaki,
(1986), and also described in Section 13.71 of the Handbook of molecular cloning
(Sambrook er al., 1989).

Some templates were first made single stranded using T7 genc 6 exonuclease
fUSB corp.], this exonuclease digests double stranded DNA in the 5°-37 direction from
terminii that bluat, or that have 5" or 37 single stranded overhangs. The products of the
digestion of linear double stranded DNA with T7 gene 6 exonuclcase are single
stranded half maolecules, this single stranded product may be used directly in
seguencing reactions. '

Templates to be made single stranded were treated with the enzyme Pvull
[Gibeo-BRI.], pBluescript has two Pvull sites ying either side of the MCS, digestion of
pBlnescript alone with Pvull yiclds a fragment 445 bp in size (see Figure 17). If the
plasmid is carrying cloned DNA inserted into the MCS then the result of the Pvull
digest is to cut out the cloned insert plus the small amount of vector DNA (assuming
that there are no Pvull sites within the insert). '['7 gene 6 exonuclease treatment then
yields two single stranded half molecules which stop approximately midway tbrough
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the insert DNA, allowing the use of universal primer sites in pBluescript and of
correctly designed custom primers.

Since both Pvull and T7 gene 6 exonuclease are able to function in the medium
salt Sequenase buffer [USB{ used for DNA sequencing {see below), it was possible to
carry out these digestion steps on the DNA and then perform the sequencing reaction in
the same microfuge tube. The protocot used is described in Appendix T1.

Sequencing was carried out using Sequenase 2.0 DNA scquencing Kits [USB
Corp.} and TAQuence 2.0 DNA sequencing Kits [USB Corp.}, according to the
manufacturers instructions. Both thesc kits utilise the Sanger dideoxy sequencing
protocol (Sanger er al., 1977), in which a synthetic oligonucleotide bound to a single
stranded DNA template is used to prime synthesis of a new strand by a DNA
polymerase. The polymerase is capable of incorporating radiolabelled nucieotides,
allowing the new strand to be labelled, and can also incorporate dideoxynucleotides
which terminate the growing chain. The two steps, labelling and termination are
usually performed in lwo separate sequential reaciions. Addition of the radiolabelled
and dideoxynucleotides in the correct proportion fo standard deoxynucleotides, will
yield an array of labelled transcripts of different sixes. The radiolabelled fragments can
then be size separated on a polyacrylamide gel and the DNA sequence read. The
Sequenase 2.0 kit utilises a modified form of T7 DNA poltymerase, described by 'Tabor
and Richardson, (1989).

The Sequenase kit was used as a standard sequencing system, it was found
however that pausing by the polymerase (at secondary structure in the template DNA}
and gel compressions (secondary structure in the synthesised transcript), were most
easily overcome by the usc of Taq DNA polymerase and the 7-deaza-dGTP nucleotide
analogue as suppiied in the TAQuence kit. The latter analogue forms weaker secondary
structures, thus allowing the elimination of gel compressions, whilst the use of TAQ
polymerase allows sequencing reactions to be carried out at temperatures up to 70°C,
effectively destabilising secondary structure within the template and preventing
pausing.

Further modifications to the original Sanger sequencing protocol suggested by
USB Corp. were also used. These included the addition of pyrophosphotase to the
sequencing enzyme mix, to improve occasional weak band intensity problems, and the
use of Giycerol enzyme dilution buffer which in turn forced the use of glycerol tolerant
sequencing gels. The dilution of Sequenase in 50% glycerol has two advantages, {irstly
it allows the dilution of enzyme to a working concentration well in advance, simplifying
the sequencing procedure. Secondly it is a way of adding extra glycerol to the
sequencing reaction, this improves the stability of the enzyme and alfows higher
incubation temperatures and longer incubations during the labelling and termination
steps,

One problem associated with the extra glycerol added in the difution buffer and
also by the use of T7 genc 6 exonuclease prodoced single stranded DNA directly in the
sequencing reaction, is that the glycerol interacts with boric acid in the TBE buffer
commoniy used for DNA sequencing gels. This interaction causes distortion of the
DNA sequence at the top of the gel, but can easily be overcome by the use of TTE
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buffer, which replaces boric acid with taurine |Sigma] but is otherwise the same. A
recipe for TTE buffer can be found in Appendix 12.1.

Sequencing gels were made at a concentration of 5 to 8% Acrylamide depending
ot the sequencing range (distance from the primer) desired, and also contained 30%
urea as a denaturing agent. The stock acrylamide solution contained 40% acrylamide at
a ratio of 19:1 of acrylainide to bisacrylamide |BDH Lid., Elcctran grade}. This was
used (0 make a 100mi ge! mix from fresh, 30 jl of TEMED and 1ml 10% ammonium
persulphate added to initiate polymerisation. The gels were poured belween two glass
plates (34 by 45 cm) using strips of 3MM paper as spacers and allowed to set for a
mintmum of (wo hours before use. Sharkstooth combs were used [Gibco-BRL], and the
samples heated (o 73-80°C for 10 minutes before loading onto gels which had been
prewarmed to ~55°C.

The gels were run in vertical kits designed and built in house. Either a Bromma
A2197 [LKB] or a Biochrom 2103 {I.LKB] power supply was used to run the sequencing
gels at the wattage required to maintain a gel temperature of 55°C. Heat was dissipated
from the gel and spread morc evenly over it by the use of a2 0.5 ¢cm thick aluminium
plate attached to one of the glass plates. The length of time that sequencing gels were
run was dependent on the distance oune was trying to sequence from the primer, but
varicd between 3 and 14 hours. Following the run the gels were fixed by immersion in
5 litres of 10% acetic acid/10% methano! in water, for 1 hour. They were then
transferred to a sheet of 3MM paper and vacunm dried using a Maodel 483 slab dryer
{BioRad], drying was carried out under vacaum at 80°C for 30 minutes or 60°C for 1.5
hours. Once dry the gels were autoradiographed as described in the section
“Autoradiography™ above.

Sequence analysis

The University of Wisconsin Genetics Computer Group |GCG Inc.] software
package was used extensively in the analysis of DNA and protein sequence. The names
of individual programs within this package are given in the results sections when used,
as are the names of any other programs and packages used.

PCR

The polymerasc chain reaction (PCR) is now used widely in a range of

applicatious, it was used in this project as a means of producing IDNA fragments to use
as probes in hybridisation studies. It was also used to produce a mutated {ragment for
use in the heterologous expression studics detailed in the results section, the mutations
however werc outside the reading frame of any genes, and merely introduced new
restriction enzymie sites needed for subcloning the genes into a new vectoy.

Tag DNA polymerase {Promega Corp.] was used with the buffer supplied, also
added to the reaction were dNTPs {Pharmacia] to a final 200uM cach, MgCl» to 1.5mM,
and primers to 0.5uM. The template DNA was added at a concentration thal gave
approximately 104 copies of the target sequence. PCR was carried out using a
Crocadile 11 Incubation System [Appligene], the cycling parameters were adjusted to
suit the primers being used, but generally involved an initial 4 minute denaturing melt
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at 95°C, then cyclical 1 minute anneal/extend/denature steps at ~60°C/72°Cr95°C. It
was the annealing temperature that was changed to suit the primer. The number of
cycles used was usually aboul 30, exact parameters are given for each reaction in the

results sections.
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Results Part 1:
Comparative Physiology of the Rv. gelatinosus
Strains 151 & 149

Introduction

As stated in the thesis introduction, it had been noted that the two strains of
Rv. gelatinosus used in this study appeared to synthesise different amounts of LH2
complex when cultured under identical conditions. The work detailed in this section
was carried out in order to confirm this observation, and also to define the culture
conditions that would bhe useful for the gene cxpression studies described in the
“Results part 57 section. Initially cell counts were carried out on samples from an
experiment monitoring the growth of strain 149 cultures (the samples were collected by
Dr. Andrew Gall as detailed in Gall, (1994), and the cells counted by myself). These
cell connts ensured that absorption at 650 nm was a reliable diagnostic for cell density,
a fact that was important to check because absorption at 630 nm is attributed to the CM,
and production of ICM could thus potentially interfere with measurement of cell
density. Examination of the cell count and growth curve data also indicated a useful
culture harvesting lime for the experiments which followed. These inciuded the culture
of strains 151 and 149 under three different light regimes followed by measurement of
their whole cell absorption spectra, to examine their response to irradiance level, and
the gene expression analysis detailed in “Results part 57.

Results

Growth of Rv. gelatinosus

Samples {rom strain 149 taken every 4 hours during the course of growth were
supplied by Dr Gall, and the cells counted by myself as described in the Materials and
Methods section “Cell Counts”. The resulting graph of cell number against time is
illustrated in Figure 18 (opposite), a second graph with the same data plotted on a
logarithmic y axis is also given. The growth curve is sigmoidal in much the same way
as a graph showing the way Assan (representative of cell density) changes during
growth as can be seen in Figure 19 (overleaf). The absorption peaks at 804, 861 and
381 nm representing LH2 and LH1 complexes are alse plotied in Figure 19. The peak
at 861 nm is predominantly attributable to absorption by the dimeric Behl in LH2 whilst
that at 881 nm is attributed Lo the dimeric Behl molecules of LHI, thus these two peaks
arc clearly represcntative of LH2 and LH1 (see the introduction section “Light-
harvesting complexes” for a more detatled discussion). Interpretation of the 804 nm
peak is somewhat more complicated, since both complexes coniribute to absorption at
this wavelength, however the size of this peak relative to those at 881 and 861 nm
indicates which LHC is dominating the NIR absorption spectram.
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Figure 19

Whole cell absorption at setected wavelengtis during growth of straing 149 and 134 o Rv. gelatinosus.
Absorbunce vatues at a series ol was clengths were measured during growth of cultures and plotted 1ogether
on the graphs below. The wavelengtins chosen melude the NIR absorbance peaks of LI and LH2, as well
as the absorbance at 630 mn which provides a measure of cell density. For companson with the graph of
strarn 149 cell density in Figose 18 it should be noted thai the Agsonm of the 20 hour sample (0.1129 em-1) is
approammately cquivakent o 1x10P cells ml-4. The upper graphs have a linear y axis wihilst the lower graphs
hav ¢ fogarithmie v axes. The graphs on the right displuyving data coliected from steain 151 clearly illustrate
the problems associated wilth recording absorbance spectra front this strain, Beyond a culture time of 32
hours the absorbance values appear o drop, this 1s most likely o result from aggregation of cells in the

mucus praduced by the bacteria. The main 1ext provides a more expansive discussion of this problem, but it

15 clear that dawa lrom beyond the 32 hour point should be disregarded, and those before it treated with
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The similarity between the A 650 nm and the cell number indicates that [CM has no or
a negligible affect on absorbance al 650 nm, and that Ause.m 15 @ reliable measure of Ry,
gelatinosus cell density.

A potential problem with the culture of strain 151 is that mucus production by
this strain appears to cause cell aggregation, and makes the measurement ol accurate
absorption spectra difficnlt. This has an effect visible in Figure 19 (opposite), in that
samples taken as the culture reached stationary phasc appear to vary unpredictably in
absorption. To avoid this problem it was decided to harvest cells of both strains in early
log phase, this has a second advantage in that it should ensure there is little self shading
of cells during culture which could alter the perceived irradiance level.
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Culture of Rv. gelatinosus at different irradiance levels

In order to analyse the responsc of Rv. gelarinosus to irradiance levels the two
strains were cultured under a range of different lighting conditions, as deseribed in the
Materials and Methods section “Anaerobic liquid culture”. initially 5 different
irradiance levels were used, however repeated attempts to culture the bacteria at the two
lowest irradiance Jevels failed, and the experiment was continued using only the highest
3 levels. These were measured to be 100, 40 and 18 W m-=2, and wil! be referred to as
high-light (ML), medium-light (ML) and low-light (LL) to ease discussion.

An initial culture of each strain was started under a HL irradiance level before
splitting culture into several bottles using a 5% inoculum and growing at the three
different irradiance levels. The HL and ML cultures were sub-cultured 3 times using an
inoculum of 5%, this was to ensurc full adaption to the growth conditions. Absorption
spectra were recorded from the fourth culture as deseribed below. The initial sabculture
from the nominal HL starting culture into the LL environment failed to grow, thus a
larger inoculum (20%) from the third ML cullure of each strain was used te initiaie the
low light cultuses. As with the HL and ML cultures the LL. grown bacteria were sub-
cultured three times before the spectra was recorded, however a 10% inoculum was
used at each transfer. In all cases sub-culturing was carried out at a point before sclf
shading of the bacterial cells would become significant and thus alter the irradiance
level. This was judged by eye, but appears to have been sueccessful since the A gspm of
the harvested cultures varied between 0.012 cm-t (strain 149 LL) and 0.046 cm-! (strain
149 HL), thus no culture was grown over an Assm of 0.05 cm-!. The period taken for
the cultures to reach this density was approximately 24 hours, the HL. cultures growing
slightly faster, and the LL cultures slower.

Whale cell absorption spectra were recorded on a Shimadzu UV-2101PC
scanning spectrophotometer as described in the Materials and methods section
“Absorption spectroscopy”. Spectra from two separate aliquots of each culture were
recorded and the mean calculated, this mean spectra was then used in any further data
analysis and manipulation.

The results of this experiment are presented in a series of graphs on the
following pages. The spectra presented were smoothed using a 7 point moving average,
this removed noise resulting from the low cell densities being measured (all samples
had an Agsiee o < 0.05 em-l at harvest). The spectra were then normalised to an
absorbance at 630 nm of 1 ¢cm-! to allow direct comparison of the LHC levels, only the
region from 750 to 900 nm is displayed.

Figures 20 and 21 (overleaf) illusirate the response of each strain o culture at
different irradiance levcls. The difference between the two strains is clearly visible in
Figure 20, which compares the specira of the two strains at each irradiance level. The
most obvious difference is that the strain 151 LH2 peak is much larger than that of
strain 149 at each irradiance level, suggesting that more LEI2 is present in the strain 151
samples. This is further supported by the dilferences in the shape of the NIR
absorbance peaks, strain 149 has relatively a flat peak in the 830-900 nm region since
the LHI1 (881 nm) and L.H2 (861 nm) peaks merge, in contrast the strain 151 LH2
absorption dominates that of its own LH1 producing a much sharper looking NIR peak.
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This also indicates that strain 151 has mare LH2 relative to the amount of LH1 than
strain 149, the level of LLHI apparently remainimg refatively static in the face of varying
irradiance.

The larger 804 nm peak of strain 151 also indicates that more LH2 is present
than in strain 149, LHI contributes to the absorption at 804 nm but at a much lower
level than LI12 (see Figure 5 in the Introduction for an example of an LH1 absorption
spectrum).  Thus when LH! dominates NIR absorption the 804 nm peak is
proportionately smaller in comparison to the 861 and 881 nm peaks, this can be scen to
be the case lor strain 149 in Figure 21, only under LL does the 804 nm peak show a
signilicant increase in comparison Lo that at 861 nm. in contrast the strain 151 804 nm
peak is 50% the size of the 861 nm peak under HL., and grows even larger as the
irradiance level is lowered.

Another interesting comparison concerns the ratio of HL:ML:LL Asgin, in the
two strains. In strain 149 aratio of 1 : 11 : 2-1 is found, the comparable ratio for strain
151 calculated relative ta the strain 149 HL Agoan reading, is 140 1-6: 2.7, Sinnlarly
comparing Hi:HL, ML:ML. and LL:LL Auwuum between the two strains one finds ratios
of 1: 14, 1:-4and | : |3, suggesting that strain 151 synthesises approximately one
third morc L.H2 than strain 149 at any given irradiance level (assuming the amount of
112 present is proportional ta the LH2 absorbance peak).

Despite thesc obvious differences it is ¢lear from the spectra shown in Figure 21
that Rv. gelatinosuy responds to irradiance level in a manner similar to other
photosynthetic bacteria, HL suppressing the formation of [.H2. This is evident in the
sizc of the absorbance peaks at 804 nm and 861 nm representing LH2, which are larger
under lower irradiance levels. Both sirains apparently respond in a similar manoer as
can be seen 1 one looks al lhe variation in Agan between the different lighting
conditions. The ratio of Asua values Tor HL:ML:LL. in strain 149is 1 : 1)1 : 2:1, an
extremely similar variation is seen in strain 151 which has a ratio of 1 : 1-1 : 20 at the
samc wavelength. Thus the amount of variation which can be induced by changing the
irradiance levels appears very similar in the two strains.

Conclusions

The culture of the two Rv. gelatinosus strains at three different irradiance levels
proved an cffective method for highlighting the diffcrences between them. From the
results obtained it appears that strain 151 synthesises approximately one third more
LLH2 than strain 149 when cultured under the same conditions. This confirms the initial
observation that strain 151 synthesises more LH2 than strain 149. However il is
interesting to note that the degree of variation in LH2 synthesised appears similar in
both strains, the LL uiradiance level inducing an approximate two fold incrcase over the
amount of LH2 present at HL, and the ML an approximate 10% increase in comparison
o HL.

The data relating to the cell counts and growth curves suggest that the growth of
Ry. gelatinosus follows a sigmoidal pattern that can be followed by measurement of cell
culture absorption at 650 nm. The use of the three defined irradiance levels combined
with cell harvest at early log phase proved sufficient for the observation of changes in
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LH2 levels, and thus provide a usefui protocol for the analysis of 1.H2 synthesis.
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Figure 22

An agarose gel illustrating how genomic DNA from Rv. gelatinosus strain 151 is resistant to cleavage by

several restriction enzymes.

A EcoRI/Hindlll
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Note: Samples (20 pg) of strain 151 genomic DNA were digested with the restriction enzymes BamHI,
EcoRI, HindIII and Sau3Al and run on a 0.3% agarose gel. The labels above the gel indicate which enzyme
was used. A sample of undigested genomic DNA was also loaded (fifth from the left) for comparison. To
the left and right sides of the gel are DNA markers, these were made by digesting phage A DNA with EcoRI
and HindIII enzymes, the size of the resulting fragments is given at the side of the gel (250 ng of markers
were loaded).



Results Part 2:
Construction of Genomic Libraries & Cloning of
the puc Genes

Introduction

This section details the construction of genomic libraries for the two strains of
Rv. gelatinosus, plus the subsequent screening, selection and subcloning procedures.
The library of strain 151 was created first, certain parameters optimised during this
process were then applied to the coustruction of the strain 149 library.

The process of library construction, screening and subcloning is a lengthy one
involving several separate but successive stages. These stages are described in some
detail 1n the Materials and Methods, the results of each step are given below together
with any conclusions which were essential for the subsequent steps, more gencral
conclusions are discussed at the end of the section.

Results

Test restriction digests of genomic DNA

Genomic DNA from Rv. gelatinosus strain 151 isolated as described in the
Materials & Methods section was digested with the restriction enzymes BamHI, EcoRI,
HindIIT and Sau3AIL This served two functions, firstly it confirmed the purity and size
of the DNA and secondly it showed that those enzymes to be used in the fibrary
construction were able to digest the DNA. Figure 22 (opposite) shows the resulting
digests after they had been run on a 0.3% agarose gel, interestingly the DNA was not
cut by EcoRI or HindIIl, since the DNA in thesc lancs appears identical to the
undigested genomic DNA. BamH]! caused a minor change in size and thus must have
digested the DNA to a limited cxtent, but did not cut extensively. Much of the DNA
remains uncut by these three enzymes and is trapped in the wells at the top of the gel,
this is not the case with DNA digested using Sau3Al, which cut the DNA into small
fragments (visible as a smear at the bottom of the gel).

To investigate furiher the inability of commonly used restriction enzymes to
digest the Rv. gelatinosus strain 151 genomic DNA, samples were digested with a wider
range of enzymes and run on a 0.8% agarose gel. The results are illustrated in Figure
23 (overleaf), several enzymes cut the DNA as can be seen by the smearing and bands
present in lanes labelled Accl, Pstl, Bglll, Xhol and Sall. However many enzymes
cither cut to a limited extent or didn’t cut at all. Since many restriction enzymes are
sensitive to contaminants in the DNA (such as metal ions) it was decided to further
purify an aliquot of genomic DNA by cthanol precipitation. Digestion with the same
enzymes then produced fairly similar results, except for the enzymes Pstl, EcoRl,
EcoRY and Sall, which had somewhat improved digestion.
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This screening of restriction enzymes was also a convenient poiat to pinpoint
those which would be useful in the later subcioning of the pue genes. Thus a Southern
blot was performed and the blot probed with the « consensus oligonuclcotide. The
resulting autoradiograph is also shown in Figure 23 (opposite). All samples hybridised
with the oligonucleolide probe as can be seen by the bands at the top of the
autoradiograph, several enzymes also yielded hybridising fragments of a size uscful for
subcloning the puc genes. These have been labelled above the autoradiograph and are
BamHI (3.6 kb fragment), Sall (3.6 kb fragment), Pstl (3.1 kb), Accl (3 kb) and Xhol
(2.1 kb). The phage & DNA used as markers can also be seen to have hybridised to the
probe, but this appears to be non-specific binding, a problem often associated with
oligonucleotide probes.

Thus although the strain 151 gepomic DNA showed a somewhat abnormal
susceptibility to digestion by some common restriction enzymes, enzymes were
identified which could be used for the construction of the genomic library (Sau3Al) and
for subcloning the puc genes (Xhol).
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Figure 24

Agarose gel analysis of the digestion of Rv. gelatinosus strain 151 genomic DNA by Sau3Al restriction

enzyme during a time course reaction.
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Note: Samples of strain 151 genomic DNA (30 pg) were digested with Sau3Al in a time course reaction
and aliquots run on a 0.4% agarose gel. The upper gel shows an initial digest, with aliquots removed over a
long time period, the lower gel shows a later digest with aliquots taken over a shorter period (the time the
aliquot was removed is given above each lane. A sample of undigested A DNA was also loaded for
comparison (labelled ‘A Uncut’). DNA markers were loaded, these were made by digesting phage A DNA
with both EcoRI and HindIII enzymes (and HindlII alone), the size of the resulting fragments is given to the
right of the gels (1 pg of markers were loaded).



Size fractionation of genomic DNA
Sau3Ai digestion

Having established that the restriction enzyme Sau3Al digested the genomic
DNA of strain 151 satisfactorily, it was uscd to generate fragments of a size suitable for
cloning in a A replacement vector. This was achieved by carrying out imc course
reactions as described in the Materials and methods section “Digestion with Sau3Al”,
In ap initial reaction aliquots were removed over a wide time period, these were
analyscd by agarose gel electrophoresis (o identify a time range which yielded
fragments of the correct size. Figure 24 (opposite} shows the results of these initial
digest on strain 151 and Figure 25 {overleaf} those from strain 149. If one looks at the
upper gel pictured on Figure 24 it is possible to see that the genomic DNA present in
the zero time point saraple is larger in size than A DNA since it lies higher up the gel
than the uncut A DNA in the lane to the left. As the digest progresses this genomic
DNA band gets progressively smaller and becomes a smear from the 8 minute time
point onwards. By the 35 minuie time point the DNA is almost completely digested
and is visible as a smear at the bottom of the gel. Looking more closely at the 2 to 16
minule time points it appcars that the 4 and 8 minute samples contain the largest
proportion of fragments around 20 kb in size. Figure 25 (overleaf) shows that the
digestion of genomic DNA by Sau3Al occurred faster when strain 149 DNA was used,
the DNA being almost completely digested in around [2 minutes. The optimal
digestion time for the generation of 20 kb fragments was also shorter at 2 to 4 minutes,
as can be seen if one looks at those time points in Figure 25. This difference in the time
taken to digest the genomic DNA is almost certainly due to the lower concentration of
genomic DNA used in the strain 149 digestion (see the Materials and methods section
“Digestion with Sau3AI” for more details).

Using these optimal times of 4 ta 8 minutes for sirain 151, and 2 to 4 minuies
for strain 149, further digests were carried cut but aliquots removed from the reactions
at and between thesc time points. The results of one such digest for cach strain are
displayed in the gels pictured in the lower halves of Figure 24 and [Mgure 25. The
lower part of Figure 24 pictures a gel analysing the digest of strain 151 DNA, this
clearly did not progress as well as the initial digest since there is a proportion of
fragments larger than the 21 kb & DNA marker in all samples through to the 8 minute
time point. There is however also a smear running down each lane to well below the 21
kb marker, indicating that all samples contain some 20 kb fragments. This incomplete
digestion was probably a result of incomplete mixing of the reaction mix due to the
high viscosity of genomic DNA. The digests were repeated three times, the mixing
problem was encountered each time and the results obtained were similar to those
displayed in Figure 24. However since many samples contained a proportion of 20 kb
fragments, it was decided to pool the samples containing the highest proportion of 20
kb fragments for the subsequent size separation step.

Results 95




Figure 25

Agarose gel analysis of the digestion of Rv. gelatinosus strain 149 genomic DNA by Sau3Al restriction

enzyme during a time course reaction.
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Note: Samples of strain 149 genomic DNA (260 pg) were digested with Sau3Al in time course reactions
and aliquots run on a 0.4% agarose gel. The upper gel shows an initial digest, with aliquots removed over a
long time period, the lower gel shows a later digest with aliquots taken over a shorter period (the time in
minutes is given above each lane). A sample of undigested A DNA was also loaded for comparison (labelled
‘A Uncut’). DNA markers were loaded, these were made by digesting phage A DNA with both EcoRI and
HindIII enzymes (and HindIII alone), the size of the resulting fragments is given to the right of the gels (1 pug
of markers were loaded).



The digestion of strain 149 DNA over the | to 4 minute range is seen clearly in
the gel forming the lower part of Figure 25 (opposite). This appears to have worked
more effectively than the digestion of strain 151 DNA since the bulk of each sample
gets progressively smaller as the digest continues. It seems likely that the mixing
problem was not encountered with strain 149 because less DNA was added to the
reaction (see the Materials and methods section “Digestion with Sau3AT” for more
details). Samples {from 1 to 3 minutes cach have a smear beneath the 21 kb 2 INA
marker indicating that they all contain 20 kb fragments. As with strain 151 three such
digests were carried out on strain 149 genomic DNA, and the samples containing the
highest proportion of 20 kb fragments pooled for use during the subsequent size
separation step.
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Figure 26

Agarose gel analysis of the digestion of Rv. gelatinosus strain 151 genomic DNA by Sau3AI restriction
enzyme during a time course reaction.
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Note: Fractions from a sucrose gradient run on a 0.4% agarose gel. (fraction number is given above each
lane. The upper gel shows every 5th fraction between 10 and 45, whilst the lower gel focuses in on fractions
11 to 18. DNA markers were loaded, these were made by digesting phage A DNA with both EcoRI and
HindIII enzymes, the size of the resulting fragments is given to the right of the gels (500 ng of markers were
loaded).



Sucrose gradient fractionation

As described in the previous section Sau3Al digestion yields a range of
fragment sizes, however fragments of around 20 kb are cloned most efficiently in &, 1t
is thus desirable to size separate the digested fragments and isolate those of 20 kb size,
this was done by running the pooled samples from the previous step on a sucrose
gradient as described in the Materials and methods section “Size tractionation of
Sau3Al digested genomic DNA”. Fractions of approximately 0.5 ml were collected
from the gradients and a small aliquots analysed on agarose gels to determine those
containing [ragments of the correct size. Initially a selection of fractions was checked
representing the whole gradient, the upper gel pictured in Figure 26 (opposite) shows
every [ifth aliquot from the sucrose gradient carried out using the pooled strain 151
samples. TFraction 10 which came form near the bottom of the gradient appeared to
contain very large fragments of DNA since the only band is just beneath the well, as
one moves up the gradient the bands of DNA move progressively further down the gel
and become more diffuse. Since fraction 15 appears to contain fragments of a size
sirilar to the 21 kb A DNA marker, and fraction 20 appears much smaller (~15 kb),
fractions from 11 to 18 were analyscd on a second gel. This gel is pictured in the lower
part of Figure 26 (opposite), once again the fragments get progressively smaller as one
moves up the gradient. The DNA band in fraction 17 lies just below the 21 kb marker
and is thus likely to contain fragments of DNA around 20 kb in size, this fraction was
selected for the construction of the strain 151 library.

Very similar results were obtained during the size fractionation of the Sau3Al
digested strain 149 DNA, the resulting agarose gels appear almost identical to those for
strain 151 and are thus not presented. The selected samples for both strains were then
used in a ligation reaction the resulis of which are preseated in the next section.
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Ligation

The sized {ractionated genomic DNA was prepared for ligation as described in
“Purification of size fractionated genomic DNA" in the Materials and methods, and
ligation carried out as described in the following section “Ligation to the vector arms”.
Following ligation the reactions and unligated ingredients were cxamined on an agarose
gef to assess the success of the ligation reaction.

On the left of Figure 27 (opposite} are the results of [igation reactions carried
oul during the construction of the strain 151 library. The lane second form the left
contains an aliquot of the vector (MGEM-11) ligated to strain 151 genomic DNA, this
ligation was used in the construction of the library. Two bands are visibie, the lower
band is the central stuffer fragment which had been cut from the vector and should not
participate in the ligation reaction, the larger upper band which streaks out towards the
well is the ligated vector arms and genomic insert. The streaking which cccurs in this
band and the fact that some of the sample remains in the well suggest that this ligation
has warked well, forming the long concatameric molecules which are packaged most
efficiently by phage . It 1s also notable that the ligated DNA fragments are much
larger ( at around 50 kb) than either the genomic DNA alone (4th lane from the left) or
the vector arms (5th lane from the left), and further that those bands have disappeared
from the sample, suggesting that almost all of the insert and vector DNA added has
been ligaled together. The control reaction of the vector arms ligated to a test insert
(PtI-II) was loaded in the third lane from the left and has also worked well, the vector
arm and insert bands having disappeared and been replaced by a single band at around
44 kb in size. The vector arms as supplied were run in the tane 5th from the left, four
bands can be seen representing (from the bottom up): the 9 kb vector arm, the 14 kb
central stuffer fragment, the 20 kb vector arm, and at 29 kb the two vector arms
connected by means of their 12 bp cohesive ends!@,

The ligation reactions carried out at the time the strain 149 library was
constructed arc shown in the right hand gel on Figure 27 (apposite). The prepared strain
149 insert DNA ligated to the vector arms was run in the lane 4th from the left, as with
strain 151 the product of this ligation is larger than the insert or vector DNA alone and
is concatameric. The product differs from that of the strain 151 ligation however, in
that it is smaller than the product of the control ligation of vector to Pel-T1, visible in the
fane to the right. This suggests that the prepared strain 149 insert DNA is smaller than
the intended 20 kb, but should be of sufficient size since the packaging mix used can
package A DNA molecules between 23 and 9 kb. The 6th and 7th lanes from the left
both contain vector DNA, however ligation was attempted on the sample in the 7th
lane, since the resulting bands are aimost identical to those of the unligated vector in the
6th [ane ligation could not have taken place. This confirms that the phosphotase
treatment of the A arms carried out by the manufacturers was eflective, since it should
prevent ligation of the A arms to each other.

10 This sumple had no ligase bufter added, us a result the DNA has acted differently to tie other
sainples, aud the bands thus appear to be smaller than the quoted size.
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Figure 28

Expecled and observed plating efficiencies of the Rb. gelatinosus strain 151 and strain 149 genomic

Strain 151

library packuging rcactions and controls,

Reaction Expected efficiency  Observed efficiency
(pfu ug) (pfu ug-)
Genomic Library 1 x 106 8.7x 105
Control insert 1 x107 1.3 x 107
Packaging control 2x 109 2x 100
Ligated vector arms negligible Zero
Unligated vector arms negligible zZero
Packaging mix only Zero zero
Strain 149
Reaction Expected efficlency  Observed efficiency 1
(pfu ng) (Ptu ng-) |
Genomie Library 1 x 106 1 x 106
Control insert 1 x 167 13 x 107
Packaging control 2 x 109 2x 1092
Ligated vector arms negligibie Zero
Unligated vector arms ncgligible 7€r0
Packaging mix only 2610 Zero

Note: The cfliciencies are given as plaque forming units (pfu) per pg of A arms packaged. The
cxpected packaging ellficicncics are as suggested by the manufacturer of the packaging mix (Stralagene
Lul). The puckaging control reaction utihised wiid-type & and E. coli strain VCS257 as supplicd by
Suatagene Lid., olher reactions were plated in £. coff KW251.




Titering the packaged libraries

The ligated libraries and controls were packaged as described in the Materials
and methods section “The packaging reaction”, as were several packaging controls,
The packaged phage were then plated as described in the Matetials and methods section
“Titering the library”, and the efficiency of the packaging reactions calculated. The
expected efficiency and the observed efficiency of these reactions is given in Figure 28
{oppositc). The efficiency is measured in terms of the number of plaque forming units
{(pfu) generated per pg of A arms added to the packaging reactions.

According to the manufacturers instructions the packaging mix used should
achieve efficiencies of 1 x 106 pfu pg) when the genomic library is packaged, this level
of efficiency was achieved for strain 149, but the efficiency was lower when the strain
151 library was packaged. This shottfall could not have been due to problems with the
packaging mix since the packaging control plated at full efficiency, nor could there
have been a problem with the plating bacteria because the packaged control insert
ligation (ulilising PtI-II) plaled more efficiently than expected. Thus there is no clear
reason why this shortfull in effictency occurred. The controls labelled as ligated and
unligated veclor arms were carried out to check the level of background contributed by
uncut vector, which may have been present in the digested vector DNA. The plating of
packaging mix only allows one to ensure that there are no viable phage in the packaging
mix. All of these latter controls worked as expected for both libraries and suggest that
the level background phage present in the genomic library is zero, or so close to zero
that it can be ignored for practical purposcs.

Although full efficiency was not achicved in the Rv. gelarinosus strain 157
genomic librasy more than enough clones (around 600,000) were generated for effective
screening and cloning (around 1000 clones probably cover the whole genome). It was
therefore decided to continue and screen the library as planned. The strain 149 library
packaged at full efficicncy thus there was no problem in proceeding to the screeuning
stages with the library of this strain.
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Primary screening

Once the efficiency of packaging had been determined as described in the
previous scction, a large number of pfu (~5000) were plated for the purposes of
screening as described in the Materials and methods section “Primary screening of the
library”, Several filters were lifled in duplicate, however only vne pair is shown, these
are pictured in Figure 29 together with positive and negative control filters.

The two large autoradiographs displayed in Figure 29 (opposite) are of filters
lifted from plates of clones from the strain 151 library, which were probed with the «
consensus oligonucleotide. Positively hybridising plaques are distinguishable from
background spots on these filters because they occur in the same position on hoth filters
in a pair, in this case 4 plaques can he scen. They also often have a characteristic
‘comet tail” because some spreading occurs when the {ilter is removed from the plate.
This is particularly noticcable on the first filter lifted (pictured on the left of Figure 29).
Shown to the right of the two large antoradiographs are Fragments of two smaller
autoradiographs, taken from filters lifted off control plates. The positive control plate
contained the clone A18B at relatively high density, this clonc contains some puc genes
from Rps. acidephila and was known to hybridise with the probe. The negative control
filter was created from the conirol insert (Ptl-It) carrying phage, plated whilst titering
the library (see previous section). Both these controls hybridised in the expected
manner, indicating that the hybridising plaques were likely to be true positives.

The strain 149 library was screened using the pucBA genes cloned from strain
151 but otherwise the procedure and results were similar. Approximately 40 positive
plaques were picked {rom the library plates of each strain rescrecned.
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Secondary screening

The positively hybridising clones identified in the primary screening were
purified, then rescreened by spotting them in a grid onto a lawn of plating bacteria as
described in “Secondary screening” in the Materials and methods. Filters were then
lifted and hybridised to check that the purified clones were still true positives.
Following this several of the picked clones appeared not to be positives, a result of
contamination with other phage during the initial picking process due to the high
density of plating (around 1000 plaques per 100 cm? plate). However sufficient
positive clones were identified, seventeen were sclected for strain 15 and spotted onto
a lawn once more, the results of this third screening are displayed in Figure 30
(opposite). I one compares the hybridisation signal obtained for cach strain 151 clonc
with that of the 4 positive controis (A\CM10, 2CM23B, »CM13B, and »SBP2 at the
bottomn right), which all carry copies of the puc genes from Rps. acidophila it is clear
that all 17 clones are strong positives. A negative control represented by the APt[-]I test
clone can be scen not to hybridise with the probe, further supporting the conclusion that
all the clones spotted are true positives.

During the secondary screening process of the strain 149 genomic library many
of the primary positives were lost. However 8 pusitively hybridising clones were
identified. In an attempt to avoid confusion between clones of the two strains those
from strain 151 were named using letters and numbers, placing the number foremost
(e.g. 17T}, whilst those [rom strain 149 were named with a letter formost (e.g. AFG).
Following identification of the positive clones thetr DNA was isolaled and restriction
mapped, the resuits of this mapping are described in the following section.

Results 107




‘ydes3orpeioine a1 Jo 1S oYy 01 udAIS SI pueq JursIpqAY JuIs ) JO 9ZIS PAIBWINS YL, "IYSLI oY) UO UMOYS ST
ydeiSorperoine Sun|nsal Ay} ‘Oprod[ONUOSI[O SNSUISUOI 0 Y} YIM paqoid SIy) pue SUBIQUIdUL UO[AU O] PALIDJSURT) SBM YN YL "(PIPeO] 91om SIdNIeW Jo Ju ()(7) 20U Y] Ul UIAIS SI
sjuowdely Sunnsal ay) Jo 9ZIS Y} ‘SOWAZuU [[IPUTH PUB [Y0od Yi1oq Yim YN 'y, 25eyd Sunsadip Aq opewr a1om 253y ‘popeo] d1om SIONIBW YN "PIPRO] Sem (JUB] OB JA0QR paureu)
VNQ Sseuopd yoes jo 31 7' Aerewnrxoiddy °(339] 2Aoqe paimord) [o3 asorede 9,8°() ® U0 pasA[eur pue JOYX [iim palsoSIp Sem SIUO[D Y PAIB[OST U3NUAASS woly payund YN :39ION

95—
168 — 55
£86 — =
oeeL — | : g
eS| : o
061 — | - - .
Pz — 120z : -
oese — | v
siey — |- =
it
9221z — P
> LZLNZLOLHOL NEL1LLap 36 VI > H8 49 MOL 16 82 dvt OSH OF > SUSM = 17V W2t ©Z 1oL NEF 1k Qp 3S VI > H8 49 YO0 16 8¢ dbt DSt OF >
g g g (da) 21 & g g
2 ) 2D o) 2 o s )
> I = I 3 2
2 a a 2 2 2
*apnoaonuozijo

snsuasuod 0 ay) Yim paqoid 10[q urayInog 1uanbasqns e jo ydeiorpeioine pue ‘(oYY Yim SAUO[d y JIWOUdF [G[ urens snsounp)ad ay jo uonsadip ay) jo siskjeue [28 asoredy

LE ainbi4



Mapping the 2 clones

The positively hybridising clones identified during the screening process were
cultured and their DNA isolated and purified to facilitate restriction mapping of the
clones. Previous work presented at the beginning of this Results section had suggested
that digestion or Rv. gelatinosus strain 151 DNA with the enzyme Xhol generated a
single fragment carrying the target sequence. Since this 2.1 kb fragment was also of a
size suitable for subcloning and sequencing it was decided to use this enzyme to map
the isolated A clones.

The seventeen strain 151 clones were digested with Xhol and analysed by
agarose gel electrophoresis. The resulting gel was analysed and the clones arranged
into groups with a similar restriction pattern. A second ge! was then run with the
samples loaded in an order based on their groups, this gel is pictured on the left of
Figure 31 (opposite). The prearrangement of the clones makes the comparison of their
restriction patterns somewhat easier. If one looks towards the top of the gel the two
topmost fragments appear 1o be present in all 17 clones, these are the 20 kb and 9 kb
vector arms. Only one other fragment is present in all clones, this can be seen lying just
above the 2027 bp h marker, and should contain the sequence to which the probe used
to screen the library binds. To confirm this the gel was blotted onto nylon membrane
and the filter probed with the « consensus oligonucieotide, the resuliing autoradiograph
is presented to the right of the gel on Figure 31. A single band of 2.1 kb in size can be
seen to hybridised to the probe, confirming that this fragment carries the probe target
sequence.

A similar result was obtained when the 8 strain 149 cloues were digested with
Xhol, the results of which can be seen on the left of Figure 32 {(overfeaf). The strain
151 clone AL7T was loaded on this gel at the right hand side for comparison. It ts clear
from the comparison of A17T with the strain 149 clones that there is littie in the way of
common restriction fragments between the two strains. The only common fragment
(apart form the vector arms) is a 2.1 kb fragment which is present in 7 of the strain 149
clones. Southern blotting of a similar gel followed by hybridisation with a fragment
carrying the strain 151 pucBA genes yielded the autoradiograph pictured on the right of
Figure 32. This autoradiograph shows that a single hybridising fragment is present in
each clone, for 7 of the cloncs this matches the 2.1 kb fragment that the clones have in
common. Clone B2 contains no 2.1 kb fragment, but has a hybridising fragment of 1.3
kb, indicating that the 2.1 kb fragment is truncated in this clone.

The gels pictured in Figure 32 were used to construct an Xhol restriction map
covering the area of the Rv. gelatinosus strain 151 and 149 genomes represented by the
isotated & clones. The maps produced are described below.
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Figure 33 (opposite) displays the maps constructed from the strain 151 and 149
» clone Xhotl restriction digests. In the centre of the Figure are the two maps
representing the genomes of strain 151 and 149, above and below these the extent of
each clone is pictured. It should be noted that the correct orientation (left to right, or
right to left} of the two maps with respect to cach other is unknown. The strain 151
map extends over approximately 30 kb of the genome, whilst that for strain 149 covers
approximately 27 kb. The slightly shorter 149 map may stem from the sinaller size of
the strain 149 ) clones, these ranged in size from 9.5 to 15.6 kb, and only two out of 8
clones were over 15 kb long. ln contrast the strain 151 clones ranged from 10 to 17 kb,
and 14 of the 17 clones were 15 kb or over.

More interestingly the pattern of Xhol sites appears to differ between the two
strains, lhe only conserved sties in this area of the two genomes appear to be those at
each end of the positively hybridising 2.1 kb {ragment.

On the basis of the restriction maps piclured opposite A clones were selected for
the subcioning of the 2.1 kb fragments. For sirain 131 the clone 2177, with its centrally
positioned 2.1 kb fragment was chosen. Whilst for subcloning the 2.1 kb fragment of
strain 149 clone AF6 was selected. Clone AG7 has a more central 2.1 kb fragment than
+F6, but is smaller (11.3 kb compared with 15.6 kb) and may not have replicated as
effectively.

Conclusions

‘The results described above detail the successful construction of genomtic
libraries for the two strains 151 and 149 of Rv. gelutinosus. However it remains unclear
why a lower piating efliciency was achieved for the strain 15] library. There are a
number of reasons why this lower efficiency may have occurred, these include simple
crrors, such as in. the measurement of DNA concentration, or more worryingly that a
propostion of the stratn 151 genome is ‘unclonable’. The latler possibility would result
in a part of the strain 151 genome not being represented within the library, the shortfali
scems unlikely to be due to this however because the shostfall was so large (40%). A
more likely possibility is that the prepared genomic insert was less than perfect,
Shearing of the insert DNA can result in only one end being compatible with the vector
arms, and confaminants could inhibit the packaging reaction. The size of the insert
DNA is also important, the packaging kit used can package » with inscrts in the range
of 9 o 23 kb, but those inserts varying {from the 20 kb optimum are packaged with lcss
efficiency. Since the strain 149 i clones and thus the prepared genomic insert DNA
isotated from 149 were smaller than those isolated from strain 151, the difference in
efficiency between the two libraries may result from the different sized insert DNA.
Thus there is a possibility that a propostion of the strain 151 genomic insert DNA was
too large to be packaged.

Although Lhe plating efficiency ot the strain 151 library was Jower than expected
(for reasons which remain unclcar), this did not prevent the isolation of the required
clones. Ample clones were generated in each library, screening of which yiclded a st
of overlapping & clones for each strain. These appear representative of the original
genomes and (as was proven al u latcr point) contain the Rv. gelatinosus puc genes.
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Thus in terms of the original aim to cione the puc genes the library construction was
very successful.

During the course of library construction several interesting aobservations were
made regarding Kv. gelatinosus and the differences between strain 151 and 149, Firstly
the initial sereening of strain 151 genomic DNA with various restriction enzymes
combined with hybridisation analysis, suggest that the Rv. gelatinosus strain 151 pue
genes are located within a single locus on the genome. This is further supported for
strain 151 and iterated for strain 149, by the isolation of only a single set of overlapping
A clones from each stratn. This suggests that Ry gelatinosus has only a single copy of
its puc genes, like the Rhodobacter species, and unlike spectes such as Rps. acidophila
which has mulliple copies of its puc genes.

The restriction maps derived from the Xhol digested x clones (Figure 33) also
illustrate an interesting point. The lwo maps show almost no correspondence between
the two strains, for this to be the case there must have been a substantial amount of
change in the DNA of the two strains. This level of difference at the DNA level was
unexpected but underpins the differences observed at the physiologicat level.

The linal point arising from the results presented in this section concerns the
digestion (or lack of digestion) of Rv. gelatinosus strain 151 genomic DNA by
commonly available restriction enzymes. A number of explanations can be offered for
this lack of digestion, aside form the previously mentioned contamination problem,
which was addressed by [urther purifying the DNA. The first is that the DNA could be
methylated at certain points, this is not generally a problem with bactcrial DNA
however and is certainty not the case in cloned DNA (cultured in 7. cefi). Thus the
inability of enzymes like EcoRI (o digest even cloned Rv. gelaiinosus DNA allows this
explanation to be excluded. The second possibility is that the restriction enzyme sites
simply don’t exist, or occur at a much lower frequency than is normally found. The
latter explanation is extremely feasible since most restriction enzymes on the market
have A'l' rich recognition sites, whilst the genome of Rv. gelatinosuy is 72% GC (see
Willems ¢t al., 1991). Such a high ratio of GC base pairs makes it statistically tess
likely that AT enzyme cut sites will occur. If one takes as an example the enzyme
EcoRI which has the six base A'l' rich recognition site GAATTC, this would cut
approximately once every 4096 bp in a hase neutral DNA sequence, it can be calculated
that a 70% GC rich template would be cut once every 16000 bp. Thus the simplest
explanation of the reduced digestion observed for many enzymes may simply be that
the GC rich DNA of Rv. gelatinosus is less likely to contain the AT rich recognition
sites.

Results 113




‘ydeidorpeioine
oy jo 1wawdooasp Suumnp pojerousd JoeJIe Ue SI
98 1 uIens ay) JO pud JIMO] JY) Je YIew Yoe[q YL
*IST urens jo 1ey) oy uonoaap isoddo ayy ur suni
sny) pajuasald aouanbas apndadAjod-g 6] urens oy,
‘puens 3urpod ay) speal pue ‘gond jo weonsdn puens
Surpoo-uou ay) 01 spuiq yomgm ‘rowrid HYN Y
Sursn paurejqo sem douanbas ay) (zx94d) 61 urens
104 "doj 9y) 18 pud [RUIULId)-N Y SPremo) ‘(o3 ay) Jo
wonoq 3y} e urdjoid 9y) Jo pud [BUILLI}-D) Y} WOI)
suni 9ouanbas ayy -oouanbas puens uipod-uou ayy
sjuasaxdal sny) pue ‘9pnod[oNUOJI[O SNSUISUOD 0 AY)
Sursn paurejqo sem douanbas (161 urens) X1zLL1d
9yl ieyl 210N -o3ueyd proe oulwe 2y} IsSned
PUE J3JJIP YOIym SANpIsal pIoe dro[onu ay) ay) jurod
smowre 2y, ‘Aa18 ur paydiy3iy st sopndad£jod-g
ZH1 1souwl ur juasaxd anpisal auIpnsIy PaAIasuod ay)
I1S[IYM “YOB[q UO 1X3] AIYM SB UMOYS SI SUTRIIS OM] )
U9M1q SIdJJIP YOIym pIde ourwe Y], ‘(uopood aseq
921y} yoea deaul[ap saul| [ejuozuoy y)) pajuasaid
UOPOD YOoBd 10J UIAIT SI UONB[SUBI) PIOE OUIWE IdJI9]
9[8urs 2y -ouad gond ay) jo 2ouanbas ayy moys
yoym ‘(v 1 urens) zx94d pue (151 urens) X1°zZLLId
wouj s[a8 Surouanbas 151y 2y Jo sjuowdag 30N

- e > <~ 0 M = 0 A

1L 950V

6V 1 ulens

o

=

§

PRUOBEl= O > =~ < p a <«

i ® O V¥

LS| ulens

"urens 20In0s Jay) pue sauad ond ay) Jo Futuo[d aY) ULIFUOD 0] INO PALLIED SUONIRAI Furouanbas jo synsoy

p¢ ainbig4



Results Part 3:
Subcloning & Sequencing the Cloned Fragments

introduction

This section details the subcloning of the puc genes from the isolated i clones,
with the subsequent DNA sequencing and Southern analysis carried out to confirm the
source of the cloned fragments. Southern analysis using the pucC gene from Ré.
sphaeroides was also carried out, and is described together with the subcloning and
sequencing of a fragment homologous to the Rb. sphacroides pucC gene. The
construction of the nested delelions to facilitate sequencing and some DNA sequencing
is also described.

Results

Subcloning the puc genes & confirming their source

Having decided which » clones were to be used for subcloning of the 2.1 kb
{ragments, the selected clones were digested with Xhol and the fragments shotgun
cloned into the pBluescript plasmid as described in the Material and mcthods section
“Subcloning inte a sequencing vector”. Shotgun cloning usually results in several
subclones being isolated, carrying most of the A clone’s various fragments. Thus
isolated clones [rom strain 151 were screened with the o consensus oligonucleotide and
those from strain 149 with the strain 151 pucBA genes. Positively hybridising 2.1 kb
subclones were identified and prepared for sequencing. The clone carrying the 2.1 kb
fragment from strain 151 was named p17T2.1X, to indicate the A clone from which it
was subcloned and the size of the fragment. Simitarly the clone carrying clone carrying
the 2.1 kb {ragment from strain 149 was named pF6X2.

For pt7T2.1X (strain 151) an initial sequencing reaction was carried out using
the « consensus oligonucleotide, which is homologous (o the anti-sense strand of the
pucA gene at its 5" end. Whilst for pF6X2 (strain 149) a primer designed for
sequencing the strain 151 puce genes known as UR1C was utilised. UR1C binds to the
non-coding strand upstream of the pucB gene. A sequencing rcaction with either
primer would therefore read the sequence of the pucB gene (assuming that the Ry.
gelarinosus puclBA genes arc organised in a similar manner to those of other
photosynthetic bacteria). Furthermore the p-polypeptide from both strains 151 and 149
had been protein sequenced and shown to differ by a single amino acid (see Zuber &
Brunisholz, 1991). Thus a sequencing reaction carried out on both ¢loned 2.1 kb
fragments could both confirm the presence of the puc genes and confirm the strain from
which they had been clonced.

Figure 34 (opposite) shows part of the sequence obtained from these initial
sequencing reactions on the cloned genes from strains 151 and 149, together with the
predicted protein Lranslation.
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Since the two primers read opposite strands of the DNA the sequences are invested
relative to each other, as is the predicted scquence of the p-polypeptide. The conserved
histidine residue of the p-polypeptide can be seen highlighted in grey, whilst the amino
acid which differs between the strains 1s highlighted in black. There is a clear single
DNA base-pair difference that gives rise (o the amino acid change, the altered residue is
highlighted with an arrow in Figure 34 (previous page). This residue forms the start of
the codon (VI'T (on the coding strand, note that the non-coding strand is pictored in
Figure 34), which codes for the amino acid vafine. In strain 149 the codon has changed
to ATT which encodes isoleucine,

Further confirming the source of the cloned fragments

Following sequencing of the strain 151 pucBA genes further confirmation of the
source of the 2.1 kb cloned fragment was obtained by way of a hybridisation
experiment utilising the strain 151 pucBA genes. Genomic DNA, the nclone A17T and
plasmid pl7T2.1X, were digested with Xbol and run on an agarose pel. This was then
blotled and probed with a DNA fragment carrying the pucl3BA genes from strain 151,
this probe was produced as described in the materials and methods section “PCR”.

The resulting gel and autoradiograph are presented in Figure 35 (opposite). For
purposes of contpatison strain 149 genomic DNA was also digested with Xhol (second
lane from the left), and run alongside the strain 151 genomic DNA (third lane from the
left). There is an apparent difference between the lwo strains, with the digested strain
151 genomic DNA lying higher up the gel than that of 149. Equimolar amounts of the
genoinic DNA and p17T2.1X (in the 10 ng lane, fifth from the left) were loaded, whilst
twice molar amount of A171 was (oaded. This was to ensure that when the blot was
probed the hybridisation level would be fairly even across the different samples. The
autoradiograph shown to the right side of Figure 35 shows a clear 2.1 kb hybridising
band in each of the strain 151 samples, indicating that these fragments are comparable,
In contrast the strain 149 genomic DNA contains a slightly smaller hybridising
fragment, suggesting that the 2.1 kb fragment previously identified in strain 149 is not
identical to that cloned from strain 151 (an observation that is confirmed by the
sequencing s(udies described below). This difference in size was not observed when
the strain 149 x clones were compared with #17T (scc Figure 32). However the gel
pictured in Figure 35 was twice the length (20 cm) of that in Figure 32 and allowed the
resolution of the small difference in size between these fragments (the cloned fragiments
differ by 43 bp).

ldentification of the pucC gene

Shortly after the hybridisation experiment described above was carried out
probe carrying much of the pucC gene {rom Rb, sphaercides became available. Since
pucC was known to be esscntial for the synthesis of LHZ and expression of the pucBA
genes of Rb. sphaeroides and Rb. capsulatus, it was interesting to ask whether
Rv. getatinosus contained the pucC gene, if so whether it lies close to the pucBA genes,
and whcther there was a differcnce between the two strains of Rubrivivax as regards
pucC.
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To answer these questions the blot probed with the pucBA genes as described
above was washed and reprobed with the RA. sphacroides pucC gene. The resulting
autoradiograph is pictured in Figure 36 (opposite), together with a copy of the gel. The
autoradiograph shows several bands which hybridised with the Rb. sphaeroides pucC
fragment. Interestingly the probe hybridised with the 2.1 kb fragment present in
pl7T2.1X and 2171, suggesting that at least a part of the pucC gene lies on this
fragment. A more strongly hybridising fragment of approximately 3.8 kb in size is
visible 1n the 17T clone, an equivalently sized frugment is also seen within the strain
151 genomic DNA. This suggests that the pucC gene is present in strain 151 but has
been cut info tweo parts by Xhel, an assertion supported by the map drawn up from the
strain 151 A clones (Figure 33} which indicates that the 3.8 kb fragment lies adjacent to
the 2.1 kb fragment. In coutrast with strain 151 there are no strongly hybridising bands
present in the genomic DNA of strain 149, rather several fainter bands are scen. This
may represent a difference between the two strains, the blot must be interpreted with
caution however because the pBluescript vector DNA present in pl7T2.1X also
hybridises to the probe. It seems likely that this represents some chance homology
between the probe and vector DNA, or possibly contamination of the probe with
plasmid vector DNA.

The detection of part of the pucC gene in the strain 151 2.1 kb fragment DNA
sequence (described below) suggests that the observed pattern of bands hybridising to
the pucC probe is essentially correct. To investigate this potential difference further it
was decided to sequence the rest of the pucC gene on the 3.8 kb fragment. A
pBluescript clone carrying the 3.8 kb fragment {from AM7T was isolated during the
shotgun cloning of pt7T2.1X (and named p17T3.8X), thus this clone was cultured and
prepared for DNA sequencing.
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Figure 37

Agarose gel illustrating the digestion of plasmid p17T2.1X by Exonuclease III, a step in the construction of
nested deletions.
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Note: Analysis of the digestion of p17T2.1X by Exonuclease III. Aliquots of the samples taken at each
time point (marked above the lanes in minutes) were run on a 1% agarose gel. DNA markers were loaded,
these were made by digesting phage A DNA with both EcoRI and HindIII enzymes and HindIII alone then
mixing the two digests. The size of the resulting fragments is given on the right of the gel (200 ng of
markers were loaded).



Construction of nested deletions

To facilitate the sequencing of the cloned fragments sets of nested deletions
were constructed as described in the Materials and methods section “Generation of
nested sets of deletions”, Deletions were constructed from both pl7T2.1X and pHF6X2,
bul not pt7T3.8X. 1t was not possible to construct deletions from pl17T3.8X because
no suitable restriction enzymes couid be found which cut in the vector muitiple cloning
site (MCS), but not in the cloned insert DNA.

Figure 37 {opposite), iHustrates the digestion of pl7T2.1X by Exonuclease 1I1.

The full sized linearised plasmid can be seen in the lane third from the left. The

plasmid decreases in size as the Exonuclease Tl progresses further into the insert DNA,
as can clearly be seen if one Jooks at the size of the aliquots removed from the reaction
over the 19 minute period. Each aliquot was religated following deletion and
transformed 1ato E. coli DHS5a. Several teansformants were then isolated from each
plated aliquot and mini-preparations of IDNA preparcd for screening. The top gel
picturcd in Figure 38 (overleaf) shows several of the deletions isolated from p17T2.1X
digested with the enzyme Pvull which cuts in the vector DNA either side of the MCS,
allowing the size of the insert to be visualised. Thus one can see that the vector IDNA,
remains the same size in each digested deletion at approximately 2.9 kb, whilst the
insert DNA gets progressively smaller as one moves across the gel (the deletions were
ordered this way). Nine of the clones pictured on the upper gel were selected with
approximately 200 bp difference between each clone. These were then run on a final
gel to check their size, this is pictured at the bottom of Figure 38.

Figure 39 (averleaf) pictures a simifar set of deletions isolated from the strain
{49 clone pF6X2. Once again one can see Lhat the vector DNA remains the same size
whilst a progressively smaller range of insert sizes can be seen, the deletions selected
for sequencing are marked at the bottom of the gel.
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Figure 38

Nested deletions constructed from p17T2.1X to facilitate sequencing of the cloned DNA.
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Note: All samples (excepting A markers, and those samples marked otherwise) were digested with the
enzyme Pvull and run on a 1.2% agarose gel. DNA markers were loaded, these were made by digesting
phage A DNA with both EcoRI and HindlIII enzymes, the size of the resulting fragments is given on the
right of the gel (200 ng of markers were loaded). The upper gel shows a range of isolated deletions, a
subset were selected for sequencing and renamed as shown at the bottom of the gel. These selected
deletions were also run on the lower gel.
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Sequencing

The deletions created from the two plasmids pl7T2.1X and pF6X2 allowed one
strand of the cloned DNA to be sequenced almost cotirely from the T3 primer site of
pBluescript. At three points {once in pl7T2.1X aund twice in pF6X2) the distance
between the deletions was greater than estimated and a primer was synthesised to
bridge these gaps. The opposing strand of DNA was then sequenced using synthesised
oligonucleotide primers.

Sinece it was not possible to create a set of nested deletions from pl7T3.8X a
portion of this clone was sequenced by ‘primer walking’. Initial reactions were carried
out using the T3 and T7 primers sites of pBluescript to determine the end of the insert
which was homologous to the pucC gene of the Rhodobucter species, this appeaved to
be the T3 end. Sequencing was then continued from this primer (and on the opposing
strand back towards the T3 end) by synthesising a series of primers until the sequence
obtained for both strands extended well beyond the apparent start of the pucC gene.

The sequence information recorded is given on the following pages and is
summarised in Figure 40 (opposite). Figure 40 illustrates the extent of sequence
information for the (hree cloned fragments, and shows the relative positions of the puc
genes. The sequenced sizes of the approximately 2.1 kb fragments from the two strains
were found to be 2131 bp for strain 151 and 2091 bp for strain 149. The smaller size of
the strain 149 fragment is due tn part to a mutation which moves the Xhol site within
pucC ~100 bp closer to pucBA. The reason that the sive difference is only 40 bp is that
there have been many sequence changes, including deletions or insestions, between the
pucA and pucC gepes and upstream of pucB (these changes will be discussed in more
detaii in the next results scction). Only 1018 bp of the pl1713.8X clone were sequenced
since this was enough to encompass the rest of the pucC genc. Surprisingly the
orientation of the Rv. gelatinoyus pucC genc is opposite that of the pucBA genes, an
arraiigement not observed 1n any other species in which the gene has been sequenced.

The {ull DNA sequence from the two strain 151 clones pl7T2.1X and
pi7T3.8X. and the strain [49 clone pF6X2 is presented on the following pages. In
Figure 41 the clones pl7T2.1X and p1713.8X are presented as a single fragment since
they represent a contiguous fragment of the strain 15] genomc, the Xhol sites
delineating the two clones are however marked. Also marked are the start and stop
codons of the pucBA and pucC genes. Figure 42 displays the sequence of the strain
149 clone pF6X2, which also has the Xhol sttes and puc genes marked.

Resulis 125




Figure 41

The DNA scquence oblained from the Rv. gelatinasus strain 151 clopes p17T2.1X and pl7T3.8X. The

positions of the Xhol sites which detineate the clones are highlighted. Also maiked ave the start and slop
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codons of the pucBA and C genes.

y Xhol . . . i
CTCGAGCAGCAGGTGCCGGCGCTCCTGGGCTATCAGTGGAAGETGCGCGA
GAGCTCGTCGTCCACGECCGCGACGACCCGATAGTCACCTTCCACGLGCT

A

CGAGCGCGCGTTCAACTTCGUGCGCCPGTTCTACCGGGCGCTEGTTCGAAC
GCTCGCGCGCAAGTTGAAGCGCGCGGACAAGATGGCCCGCGACAAGCTTG

GCGGCECGCCETCETACCGCTACCTGGAATACCCGTTCATGCGGGECCCGA
CGCCGCGCGGCAGCATGGCGATGGACCTTATGCGCAAGTALGCCCGGGLC

CGCCTEECCTACCACGACGCGETGAACGAGGCCCAGGCTCEGCTGOTAGD
GCGCACCGGATGCTGCTCCGCCACTTGCTCCCGETCCOAGCCGACGACCS

CGACGGCGETGACTGCCCCGCCGAGATCGAGGACCGCGATGCGCGACCACT
GCTGCCGCCACTGACGCGGCGGCTCTAGCTCCTGCGCTACGCGCTGGTGA

CCTGGATCTCCCLGGTCCTCGTCATGCAGATGGACTGAGCACCCCCTTGT
GGACCTAGAGCGGCCACGACCAGTACGTCTACCTGACTCGTGGGGGAACA

TCAGGGGGTCACTCGACATCGATTCGAAGCCCGACGCCGTGEGAAGCGGE
AGTCCCCCAGTGAGCTGTAGCTAAGCTTCGGGCTGCGGCACCCTTCGCCG

CGCCTGCCGEEGCGGCEECGEGCEGCCGAARGACCCTGCGCACCCGGCGTCA
GCGGACGGCCCGCCGCCECCCECCGCTTTCTGCGACGCAGTEGECCGCAGT

GGACGCCTGGCECGGCCEGCAGACCTGAGCACTTTGTCATAGATCAGICT
CCTGCGGACCGCGCCGGCCETCTGGACTCGTGAAACAGTATCTAGTCAGA

CGCGACACATTCAGCGTTCCCGCGEGCTCTCACGECATGTTGACGCCCCCAL
GCGCTGTGTAAGTCGCAACGCCCCCACAGTGCCGTACAACTGCGGEGGTG

CCTGTCAGCETAGCETTACACATGTCGCETAGGGAGABATCCGAGGGCTAL
GGACAGTCGCATCGCAATGTGTACAGCCATCCCTCTTTAGGCTCUCGATG
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Figure 41 (continued)

AGAAGCCAACCCACGTGCGGGTCGAGCACGGAAACTGGTCCATGTCTCTG
TCTTCGGTTGGGTGCACGCCCAGCTCGTGCCTTTGACCAGGTACAGAGAC

r.b.s Start
—

AAGGAGAAACGCAATGGCAGATGATGCAAACAAGGTTTGGCCGTCCGGCC
TTCCTCTTTGCGTTACCGTCTACTACGTTTGTTCCAAACCGGCAGGCCGG

TGACCACGGCTGAGGCCGAAGAGCTGCAAAAGGGTCTGGTTGATGGCACC
ACTGGTGCCGACTCCGGCTTCTCGACGTTTTCCCAGACCAACTACCGTGG

CGTGTTTTCGGTGTTATCGCCGTTCTGGCACACATCCTGGCGTATGCCTA
GCACAAAAGCCACAATAGCGGCAAGACCGTGTGTAGGACCGCATACGGAT

stop rb.s Start
o —

TACGCCGTGGCTCCACTAAGTCACTAGCAGGAACTAAAAAATGAACCAAG
ATGCGGCACCGAGGTGATTCAGTGATCGTCCTTGATTTTTTACTTGGTTC

GCAAAGTCTGGCGCGTCGTTAAGCCGACCGTTGGTGTTCCCGTTTACCTG
CGTTTCAGACCGCGCAGCAATTCGGCTGGCAACCACAAGGGCAAATGGAC

GGCGCCGTGGCCGTCACGGCCCTGATCCTGCACGGCGGCCTGCTGGCCAA
CCGCGGCACCGGCAGTGCCGGGACTAGGACGTGCCGCCGGACGACCGGTT

GACCGACTGGTTCGGTGCCTACTGGAACGGTGGCAAGAAGGCTGCTGCGG
CTGGCTGACCAAGCCACGGATGACCTTGCCACCGTTCTTCCGACGACGCC

CTGCCGCCGCCGTCGCCCCGGCCCCGGTCGCGGCCCCGCAGGCTCCGGCG
GACGGCGGCGGCAGCGGGGCCGGGGCCAGCGCCGGGGCGTCCGAGGCCGC

stop
CAGTAAATAGCGTCTGTCAGCGTATGTCCGGCATGGGGCTGGGGTTCGCG
GTCATTTATCGCAGACAGTCGCATACAGGCCGTACCCCGACCCCAAGCGC

GACCCCGGCCCCATGTAGTTTCAAGGGCGGTGCAGTGCCTCTGGCTTCTG
CTGGGGCCGGGGTACATCAAAGTTCCCGCCACGTCACGGAGACCGAAGAC

TGAAAAAGCGCCGCCACAAGACCCGGACACGTCCGAACCGCTGACGCGGC
ACTTTTTCGCGGCGGTGTTCTGGGCCTGTGCAGGCTTGGCGACTGCGCCG
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Figure 41 (continued)

GGACGAACTTCTCCCCACCCAATGCCCTCGGTAGGCGCCGGCCTCGTGCC
CCTGCTTGAAGAGGGGTGGGTTACGGGAGCCATCCGCGGCCGGAGCACGG

GGCGCTTCTGTTTCCGGGCCTCGGACGAGCTGGACGGCGATGGCGCCTCG
CCGCGAAGACAAAGGCCCGGAGCCTGCTCGACCTGCCGCTACCGCGGAGC

TCCGGCGGCACGACACGACGGCCGCCCGGCATCACGGGCACCCGGTCGAG
AGGCCGCCGTGCTGTGCTGCCGGCGGGCCGTAGTGCCCGTGGGCCAGCTC

CGACCGGCCGCCGCCCTGGCGCACGAGGCCACGCGCCGGTGCCGGCGCCC
GCTGGCCGGCGGCGGGACCGCGTGCTCCGGTGCGCGGCCACGGCCGCGGG

GCCACCGATCGGCCGGCAGGCAAGCCCGCCGACGCCCCGCCCGAAGCACA
CGGTGGCTAGCCGGCCGTCCGTTCGGGCGGCTGCGGGGCGGGCTTCGTGT

AGCCCCCCCAAGCAAAACGCCCCGCACGAAGCGGGGCGCCGGGTCGTCGA
TCGGGGGGGTTCGTTTTGCGGGGCGTGCTTCGCCCCGCGGCCCAGCAGCT

GCGCCGCAGCCGGCGCCGCAGTCTTCAGGCCGGCACGCGCCGGGCCTGGC
CGCGGCGTCGGCCGCGGCGTCAGAAGTCCGGCCGTGCGCGGCCCGGACCG

stop

GGCCGATCAGCGGCACCATCGCCGCGATCGTGCCCAGCAGCAGGGCCAGC
CCGGCTAGTCGCCGTGGTAGCGGCGCTAGCACGGGTCGTCGTCCCGGTCG

TCCAGCAGGTAGACGAAGACGTAGCCGGTGGCCGGGATCGAGAACCAGTG
AGGTCGTCCATCTGCTTCTGCATCGGCCACCGGCCCTAGCTCTTGGTCAC

CGTCCACGGGTGCCAGGTCACGAGCGCCTGAACGACGTCACGCAGGATGC
GCAGGTGCCCACGGTCCAGTGCTCGCGGACTTGCTGCAGTGCGTCCTACG

CGCCCGCCGCCATCGCCAGGCCCGCGGCCGTGGCCTGCACGGCGCCCCAG
GCGGGCGGCGGTAGCGGTCCGGGCGCCGGCACCGGACGTGCCGCGGGGTC

GCGCCCAGCGCGAGGCCGGCCTGGTTCGGCGGCGCGAGGTTCATCGTCGC
CGCGGGTCGCGCTCCGGCCGGACCAAGCCGCCGCGCTCCAAGTAGCAGCG
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Figure 41 (continued)

CGTCAGCGTGCCGTGCCCGARCAGGCCGCCGCCGAAGCCGATCAGCGCCA
GCAGTCGCACGGECACGGGCTTGCTCCGGCEGLCEGCTTCGGCTAGTCGCGET

CGCCGGTGGCGAAGACGAAGGGCGAGTTCATCGGTGCGGCGATCGATGACG
GCGGCCACCGCTTCTGCTTCCCGCTCARAGTAGCCACGCCGCTACTACTGC

AAGATGAAGGCCGGGATGCCGACCAGCGCGCCCCAGCAGGCCATGCGGAA
TTCTACTTCCGEGCCCTACGGCTGGTCCCGCAGGEETCGTCCGGTACGCCTT

CGGGTCCATGCCGCGGCTCAGCACCTTGGACGCCAGGCCGAAACCGAACA
GCCCAGGTACGGCCGCCGAGTCGTGGAACCTGCGGTCCGGCTTTGGCT TR

GGCCCCCCAGCGCCAGCETCGCCETCACGCTTCETCGTGTCGCCCGACCGTC
CCGEGEEETCECOCTCECAGCEGCAGTCGAACCAGCACAGCGGL TGGCAC

AGCGCCAGCACCTCGCCECCATAGGGTTCGAGCAGCACGTCCTCCATCGT
TCECGETCETGCAGCGECGETATCCCAAGCTCGTCGTGCAGGAGGTAGCA

GAAGGCCGCCETGCCCAGGCCGATCGTCAGCAGCCGECGCACGACCTCGT
CTPCCGGCGECACGEETCCGECTAGC AGTCGTCGGCCCCGTCCTGGACCA

. . ¥y Xhol . .
TGCCGTTGTCGACGAAGTGACGLCCAGGCCTCGAGGAAGGACGGATCGTCG
ACGGCAACAGCTGCTTCACTGCGGTCCGGAGCTCCTTCCTGCCTAGCAGC

A

TTGCGCGGCTGCGCTCCGCGACGCGGGTGCCGGCTCTCCTGCTTCCACAé
ARCGCGCCGACGCGAGGCGCTGCGCCCACGGCCGAGAGGACGAAGGTGTC

CGCGATGACGTTGAGGATCATCGICGTCAGCGCCGCGCCCTGGATCACCT
GCGCTACTGCAACTCCTAGTAGCAGCAGTCECGGCGCEGEGACCTAGTGEGA

GGATCAGCTTGGCCGGCCTGAAGTCGGCCAGCAGCCAGCCGAAGAAGAAG
CCTAGTCGAACCGGCCGCACTTCAGCCGGTCETCGETCGGCTTCT'TCTTC

GCGCTGACGATGGTGCCGACCAGCAGCATCACGTACATCAGGCCGACGAC
CGCGACTGCTACCACGGCTGGTCGTCGTAGTGCATGTAGTCCGGCTGCTG
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Figure 41 (continued)

CTTCGGCCGCGCTTCGGGCTCGGCGAGGTCGGTGGCCAGCGCCAGGCCCA
GAAGCCGGCGCGAAGCCCGAGCCGCTCCAGCCACCGGTCGCGGTCCGGGT

CCGTCTGGACGGTGTGCATGCCGGCACCGACGAGCAGAAAGGCGATGGCC
GGCAGACCTGCCACACGTACGGCCGTGGCTGCTCGTCTTTCCGCTACCGG

GCGCCGAGCTGGCCGACCCAGGTGGGCAACTGGCCCGACTCGCCGCCGLC
CGCGGCTCGACCGGCTGGGTCCACCCGTTGACCGGGCTGAGCGGCGGCGG

GGACAGCACCAGCAGCGCGAACGGCATCATCGCGAAGCCGCCGAACTGCA
CCTGTCGTGGTCGTCGCGCTTGCCGTAGTAGCGCTTCGGCGGCTTGACGT

GCATCGTGCCCTTCCAGATGTAGGGCACGCGGCGCCAGCCCAGCGCCGAC
CGTAGCACGGGAAGGTCTACATCCCGTGCGCCGCGGTCGGGTCGCGGCTG

TGGTGGTTGTCGGACTTGAAGCCGATCAGCGCCCGGAACGGCGCGAACAG
ACCACCAACAGCCTGAACTTCGGCTAGTCGCGGGCCTTGCCGCGCTTGTC

CAGCGGCAGCGCGACCATCACCGCGACGATCGTCGCCGGCACGGCGAGCT
GTCGCCGTCGCGCTGGTAGTGGCGCTGCTAGCAGCGGCCGTGCCGCTCGA

CGACGATCATCACCCGGTTGAGCGTGCCGACGAGCAGCGTCACCGCCATG
GCTGCTAGTAGTGGGCCAACTCGCACGGCTGCTCGTCGCAGTGGCGGTAC

CCGACCGTGATCTGGAACAGCGACAGCCGCAGCAGCCGCGACAGCGGCAG
GGCTGGCACTAGACCTTGTCGCTGTCGGCGTCGTCGGCGCTGTCGCCGTC

CTCGGGCGTCGCCGCGTCGGCGAAGGGCAGGTAGCGGGTGCCGAACCCCG
GAGCCCGCAGCGGCGCAGCCGCTTCCCGTCCATCGCCCACGGCTTGGGGC

TCCAGACCTGCATCAGTTTGCGGCCAATCGTGCTCATCGGGTGACATGCT
AGGTCTGGACGTAGTCAAACGCCGGTTAGCACGAGTAGCCCACTGTACGA

ﬁ r.b.s

CCGCGGCAGGTGGCCGGCATGGACAAACGCCGGAACCTAACCCGGAAGCC
GGCGCCGTCCACCGGCCGTACCTGTTTGCGGCCTTGGATTGGGCCTTCGG
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Figure 41 {continued)

2951 GGCTGTCGAGUCTGCTITTTGTCAAATCCARACGGTECCGCCACGCACCG 3000

CCGACAGCTCGGACGAAAAACAGTTTAGGTTTGCCACGGCGGTGCGTEGC

3001 CGATGACGCCGGTCAGGATCCGCCACCCGGCGCACGACGCCCGECGGGCA 3050

GCTACTGCGGCCAGTCCTAGGCGGTGGGCCGCETECTGCGGGCCGCCCET

3051 CAAGGCTTGCCTTGCGGEGCCGETCCCTGCCTGCGACGATCTCCCCCTGTCG 3100

GTTCCGAACGGAACGCCCCGGCAGGGACGGACGCTCTAGAGGGGGACAGC

3101 ACCCCGCCCCCATCCGACGCCGCCCCCGCGCLCLGCLCCTGCCGCCTGGLG 3150

TGGEGCEEGEEGETAGGCTGCGGUGGEGECEGCEGGGLGEGGACGGCGGACCEC

3151 A

T

Note: The start and stop codons of the pucB, pucA and pucC genes are marked, as are the potential
ribosome binding sites 1ying just upstream of the start codons (ihese are labelled r.b.s.). Xhol restriction
sites are marked. the recognition site by a horizontal line and the cut points by and arrows. These sites scrve
lo delincale the sequence obtained from the two strain 151 clones. The p17172,1X sequence extends from bp
1 to the Xhol sitc al 2130 bp, p17T3.8X sequence extends from the Xhot site to the end of the sequence
shown. The feft-hand end of cach clones sequence lies at the {3 end of the pBlucscript MCS (see Figure 17
in the Materials and methods), the right-hand end of p17T2.1X (a1 2130 bp) thus lies at the T7 end of the
ACS.




Figure 42

The DNA sequence obtained from the Rv. gelatinosus strain 149 clone pF6X2. The positions ol the Xhoi

sites which delineate the clone are highlighted. Also marked arc the start and stop codons of the pucBA
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genes and the siop codon of the pueC gene.,

vy Xhol . : . . .
CTCGAGCAGCAGGTGCCGGCACTGCTGEGCTACCAGTGGAAGGTTTCGGA

GAGCTCGTCGTCCACGGCCETGACGACCCGATGETCACCTTCCARAGCCT
A

CGAGCGCGCCGGCAATTTCGCGCGCCIGTTCTACCGCGCGCTGTTCGAAC
GCTCGCGCGGCCGTTARAGCGCGCGGACAAGATEGGCGCGCGACARGCTTG

CCGGCACGCCGTCCTACCGATACCTCGAATACGCCTTCATGCGGGCACGE
GGCCGTGCGECAGGATGGCTATGGAGCTTATCGCGGAAGTACGCCCGETGLL

CGCCAGGCTTACGAGCAGGCGGTGCAGGAAGCCGAGGLGCGGCTGGCCAT
GCGGTCCGAATGCTCETCCEGCCACGTCCTTCGGCTCCGCGCCGACCEGTA

CGCCCACGCLGLGEGCGCCGGCCETCAGCETCGACGATTCTCTGCGCGACT
GCGGCTGCGGCCCCGCAGCCGGCAGTCGCAGCTGCTAAGAGACGCGCTGE

ACTCCTGGATCTCCCCCETGCTGGTGATGCAGATGCAATGAGGCUGCGGEC
TGAGGACCTAGAGCGGGCACGACCACTACGTCTACCTTACTCCGGCGCCG

GACGGCACGCCGTGCTGTCACACCCACGCGCAGARCCCCCCTGTTCCAGE
CTGCCGTGCGGCACCACACTGTGEETGCGCEGTCTTGGCGECGACAAGGTCC

GGTGCGGECACGCCAACGTGCTCAGCCTCGCCECGEGCCCAGGATGGACG
CCACGCCCGTECGATTGCACGAGTCEGAGCGCCGCCCGCETCCTACCTGE

TCAAGCGCCCGGCCTCCCTAGGAACACAGCAAGTGCTCACAGATGAGCCG
AGTTCGCGGECCEGAGGGATCCTTGTGTCCTTCACGAGTGTCTACTCGGC

CGAGCGGCCGACTTGTCCGCCAATTTGTCATAGATCAGTTCCCGGGGAGA
GCTCGCCGCCTGAACAGGCGGTTARACAGTATCTAGTCARGGGCCCCTCT

TTTCACGCTTGCCGGGCTGTCACGGCATGTTGACGCACCCCCCCTGTCAGC
AAAGTGCAACGGCCCCACAGTGCCGTACAACTECGTEGGGCGGACAGTCG
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Figure 42 (continued)

GTAGCGTTACACATGTCGGTAGGGAGAAATCCGAGGGCTACAGAAGCCAA
CATCGCAATGTGTACAGCCATCCCTCTTTAGGCTCCCGATGTCTTCGGTT

r.b.s

CCCACGTGCGGGTCGAGCACGGAAACTGGTCCACGTCTCTGAAGGAGAAA
GGGTGCACGCCCAGCTCGTGCCTTTGACCAGGTGCAGAGACTTCCTCTTT

Start

— . . . . .
CGCAATGGCAGATGATGCAAACAAGGTTTGGCCGTCCGGCCTGACCACGG
GCGTTACCGTCTACTACGTTTGTTCCAAACCGGCAGGCCGGACTGGTGCC

CGGAAGCCGAAGAACTCCAAAAGGGTCTGGTTGATGGCACCCGTATTTTC
GCCTTCGGCTTCTTGAGGTTTTCCCAGACCAACTACCGTGGGCATAAAAG

GGTGTCATCGCCGTCCTGGCTCACATCCTGGCGTATGCCTATACGCCGTG
CCACAGTAGCGGCAGGACCGAGTGTAGGACCGCATACGGATATGCGGCAC

stop r.b.s Start
e

GCTCCACTAAGTCACTAGCAGGAACAAAAAAATGAACCAAGGCAAAGTCT
CGAGGTGATTCAGTGATCGTCCTTGTTTTTTTACTTGGTTCCGTTTCAGA

GGCGCGTCGTTAAGCCGACCGTTGGTGTTCCCGTTTACCTGGGCGCCGTC
CCGCGCAGCAATTCGGCTGGCAACCACAAGGGCAAATGGACCCGCGGCAG

GCCGTTACGGCCCTGATCCTGCACGGTGGCCTGCTGGCCAAGACCGACTG
CGGCAATGCCGGGACTAGGACGTGCCACCGGACGACCGGTTCTGGCTGAC

GTTCGGCGCCTACTGGAACGGTGGCAAGAAGGCTGCTGCGGCTGCTGCCG
CAAGCCGCGGATGACCTTGCCACCGTTCTTCCGACGACGCCGACGACGGC

stop

CCGTCGCCCCGGCCCCGGTCGCGGCTCCGCAAGCTCCGGCGCAGTAAAGA
GGCAGCGGGGCCGGGGCCAGCGCCGAGGCGTTCGAGGCCGCGTCATTTCT

GCGTCTGTCAGCGTATGTCCGGCATGGGGCTGGGGTTCGCGGACCCCGGC
CGCAGACAGTCGCATACAGGCCGTACCCCGACCCCAAGCGCCTGGGGCCG

CCCATGTAGTTTCAGGAGTGGCGCAGTGCCTCTGGCTTCTGTGAAAAAGC
GGGTACATCAAAGTCCTCACCGCGTCACGGAGACCGAAGACACTTTTTCG
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Figure 42 (continued)

GCCACCACCGGACCCGGACACGTTCGCGCGGGTGACTGCACGGACGAACG
CGGTGGTGGCCTGGGCCTGTGCAAGCGCGCCCACTGACGTGCCTGCTTGC

TTCTCCCCACCCATGCCCTCGGTAGCGCCGGCCTCGTGCCGGCCTTCTGT
AAGAGGGGTGGGTACGGGAGCCATCGCGGCCGGAGCACGGCCGGAAGACA

TTCCGCCGCCGAAAGCCGCGGGCATCGGATAGTGGTCGATGGGCGGGCGC
AAGGCGGCGGCTTTCGGCGCCCGTAGCCTATCACCAGCTACCCGCCCGCG

CAGCCGCCACGGCGCTAAGGCGCCACGCGCCCCGGCACGACGGCCTGCCG
GTCGGCGGTGCCGCGATTCCGCGGTGCGCGGGGCCGTGCTGCCGGACGGC

CCTCGGCGCCCTTGTGCCCCGGACGGGCGGCACCCARAACCACGAGCCCCA
GGAGCCGCGGGAACACGGGGCCTGCCCGCCGTGGGTTTGGTGCTCGGGGT

TGCCTGGCGCGGCGCACGGGCGAAGCCGCACCGCAAGCGCCAACCCGCTG
ACGGACCGCGCCGCGTGCCCGCTTCGGCGTGGCGTTCGCGGTTGGGCGAC

CTGCCGCCCGGCCGCAACAACCGTCAGTGGAAATAAGAAGGCCCCGCACG
GACGGCGGGCCGGCGTTGTTGGCAGTCACCTTTATTCTTCCGGGGCGTGC

CGGCGGGGCCCGTCGGTCGCGAGCGGACGCGCCGCTCAGGCCGGCACGCG
GCCGCCCCGGGCAGCCAGCGCTCGCCTGCGCGGCGAGTCCGGCCGTGCGC

stop

CCTCGGGCTGCGGCCGATCAGCGGCAGCATCGCCGCCACCGTGCCCAGCA
GGAGCCCGACGCCGGCTAGTCGCCGTCGTAGCGGCGGTGGCACGGGTCGT

GCAGCGCCAGCTCGATGAGGTAGACGAAGACGTAGCCGGTGGCCGGGATC
CGTCGCGGTCGAGCTACTCCATCTGCTTCTGCATCGGCCACCGGCCCTAG

GAGATCCAGTGCGTCCAGGGATGGCTGGTCACCAGCGCCTGCACGACGTé
CTCTAGGTCACGCAGGTCCCTACCGACCAGTGGTCGCGGACGTGCTGCAG

GCGCAGGATGCCGCCCGCGGCCATCGCCAGCCCGGCGGCGGTGGCCTGCA
CGCGTCCTACGGCGGGCGCCGGTAGCGGTCGGGCCGCCGCCACCGGACGT
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Figure 42 (continued)

CGGLECCCCAGGCGCCCAGCGCCAGGCCGGCCTGATTCGAAGGCGCGAGG
GCCGCGGGGETCCGCEEETCCCGGTCCAGECCGGACTAAGCTTCCGCGEGCTCC

TTCATCGTCGCCGTCAGCETGCCEYGGCCGAACAGCCCGUCGCCGAMACC
AAGTAGCAGCGGCAGTCGCACGGCACCGGLCTTGTCGGGCGELCGGCTTTGGE

GATCAGCGCCACGCCGGTGECGAAGACGAAGGGCGAGTTCATCGGCGECCG
CTAGTCGCGGTGCGGCCACCGCTTCTGCTTCCCGCTCAAGTAGCCGCGGC

CGATGATGACGAAGAAAAAGGCCGGGATGCCGACGAGCGCGCCGATGCAG
GCTACTACTGCTTCTTTTTCCGGCCCTACGGCTCOTCGCGCGECTACGTC

GCCATGCGGRACGGGTCCATGCCGCGGCTCAGCACCTTEGACGCCAGGET C
CGGTACGCCTTGCCCAGGTACGGCGCCGACTCGTGGAACCTCCGGETCCEG

GAAGCCGAACAGCCCGCCCAGCGCCAGCETCGCCGTCAGCTTGGTCGTGT
CTTCGGCTTGTCGGCCGGGTCGCEGGETCGCAGCGGCAGTCGAACCAGCACA.

. : . y Xhol
CGCCGACGGTGAGCCCGAGGATCTGGCCEGCCATAAGGCTCCGAG 2093
GCGGCTGCCACTCGGGCTCCTAGACCGGCGGTATTCCGAGCTC

A

1800

1300
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Note: The stast and stop codons of the pucl3 and pucA genes are marked, as are Lhe polential ribosome

binding sites Tving just upsiream of the siart cadons (these are labelled r.b.s.)). The pueC stop codon is also

marked {only the 37 end of this gene is present on this ftagment). Xhol restriction siles are marked, the

recognition site by a horizontal line and the cut points by and arrows. The left-hand end of the scquence lics
at the T3 end of the MCS in pBluescript.




Conclusions

The previous results section delailed the construction of genomic libraries for
strains 151 and 149 of Rv. gelatinosus, and the isolation of & clones which hybridised
with an oligonucicotide probe homologous to the pucA gene. This section described
the successful subcloning and sequencing of an approximately 2.1 kb tragment from
cach strain. DNA sequencing studies confirtned that the pucBA genes were present on
these fragments as expected, eliminating the possibility that the o conscnsus
oligonucleotide was hybridising to something other than the pucA gene. The predicied
amino acid sequence of the g-polypeptide was also shown to match that of the protein
sequenced B-polypeptide from each strain, and since these differ by one amino acid this
gave confirmation of the source of the cloned DNA. Having shown that the two cloned
2.1 kb fragments were isolated from the correct strains Southern analysis was cariied
out to confirm that the cloned fragments were representative of those in the original
genome. The clearly hybridising 2.1 kb fragment visible in strain 151 genomic IDNA
(see Figure 35) matches that seen in the A17T and pl7T2.1X clones, suggesting that the
cloned DNA corresponds to that present in the strain 151 genome. A similar
experiment was not carried out for strain 149, the genomic DNA was however run and
probed alongside that of strain [51. This showed a hybridising fragment slightly
smaller than that of strain 151, since the scquenced fragment is 40 bp shorter it would
appear to match that present in the genomic DNA. In further support are the strain 149
» clones which form an overlapping set each containing the approximately 2.1 kb
fragment (apart from one clone in which it is truncated). If there had been some change
during the cloning process, such that the cloned stain 149 DNA was no longer
representative of the genomic DNA, 1t is unlikely that all the clones would have
rermained so similar.

[uteresting results were obtained when genomic DNA from the two strains of
Ry, gelatinosus was probed with a fragment containing most of the Rb. sphaeroides
pucC gene. This indicated that strain 151 contained the pucC gene and that it [ay close
to the pucBA genes as is the case for Rb. sphaeroides and Rb. capsularus. 1t also
indicated that much of the gene was situated on the 3.8 kb fragment lying adjacent to
the 2.1 kb fragroent in the strain 151 clone A17T. For strain 149 a different pattern was
observed, with several faintly hybridising bands apparcnt. [t is possible that the
multiple hybridising bands of 149 genomic DNA may represent binding of the probe to
pucC homologues. At least two such gencs have been identified in the Rb. capsulatits
PGC known as or{f477 and orf428, these show a degree of homology to the pucC gene
of Rb. capsulaius (see the introductioa for more details). Thus these bands may
indicate the presence of such homologues in strain 149, however it is diflicult to explain
why these bands don’t also appear in strain 151 genomic DNA, since this strain would
presumably also posses these genes.

The difference between the pucC hybridisation patterns observed for the two
strains may represent a difference between them, a difference which may explain the
differential I.HZ expression observed in strains 151 and 149. However the results
obtained by probing with the Rb. sphacroides pucC gene are somewhat confusing, and
contlict to some extent with the DNA sequencing studies. The latier studies indicate
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that the portion of the Rv. gelutinosus pucC located on the 2.1 kb fragments is almost
tdentical in each sirain, suggesting that the pucC gene is present in the same locus in
both strain 149 and 151. However this does not exclude the possibility of a lesion in the
strain 149 pucC gene further downstream from the pucBA genes.

{n order to clarify the results obtained with the Rb. sphaeroides pucC probe it
was decided that the strain 131 pucC gene should be isolated for use as a hybridisation
probe. The 1solation of the strain 151 pucC gene would both allow a more stringent
hybridisation, and should provide a stronger hybridisation signal (because of the higher
homology). A hybridisation experiment utilising the strain 151 pucC gene could thus
clarify the results obtained with the Rb. sphaeroides pucC gene, and allow confirmation
or eliminaiion of the possibility that strain 149’s apparent difference as regards pucC is
responsible for its lower synthesis of L.H2.
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Results Part 4:
Sequence Analysis

Introduction

This section of the results consists of analysis carried out on the sequenced
DNA and predicled protein sequences extracted from the DNA. In particular
comparisons are made between the two strains of Rv. gelatinosus studied and other
species. | will first deseribe the DNA sequence and the features found within it, the
open reading frames and potential transcription control elements, before moving onto
the predicted protein sequencces.

Results

DNA sequence analysis

Base composition

The sequenced DNA was analysed using the GCG Compaosition program to
cxamine how the the base composition of the DNA compared with that measured by
Willems ef a4/, (1991), who found the two strains to be approximately 71% GC. The
3324 bp of sequenced strain 151 DNA were found to be 70% GC, whilst the 2093 bp of
strain 149 sequence were 68% GC, The discrepancy between these figures and that
obtained by Willems er al may retlect a tocal variation in the base composition around
the puc operon. For instance, if one calcutates the GC percentage of the 2032 bp strain
151 segment homologous to the sequence from strain 149, a slightly fower figure of
69% GC 1s found. [t may however reflect differences between the strains used,
particularly because there also appears to be a difference between strain 15t and strain
149 genomic DNA digested with Xhol. This can be seen in Figure 35 (opposite page
117), where the genomic IDNA of strawn 149 is situated lower on the gel and may thus of
been cut more often by Xhol. This difference in the cut frequency could be due to a
slight diffevence in the GC content of the genomic DNA.

Open reading frames present in the cloned fragments

The previous results sections have shown that the pucBA and pucC genes are
present on the cloned fragments. The pucB and A reading frames were easily
identified, because the DNA sequencing began within them and the protein sequence
was known (the predicted protein sequence is described in the protein analysis section
below). The open reading frame representing pucC was identified by comparing the
Rb. sphaervides pucC DNA sequence to the strain 151 DNA sequence. Having
identified these expected genes it was also necessary to ask whether any other reading
frames were present on the clonced fragments, To answer this question the strain 149
and 151 sequences were analysed using ‘Testcade’, a part of the GCG package which
uses Fickett's Teslcode statistic 1o plat a measure of the non-randomness of every third

Resulis 138




base (see Fickett, 1982). This is based on an analysis of a large number of coding and
non-coding DNA sequences, and was delermined empirically to distinguish between the
two types of sequence. The resufting plots can be seen in Figure 43 and 44 (overleaf).
Testcode was run using a window size of 200 bp, which is thought to correctly predict
95% of ORFs. The upper and lower horizontal lines represent cut off points, above the
top line the score 1s significant for coding regions whilst below the bottom line the
score ts significant for non-coding regions. The central region represents sequence for
which ne accurate prediction can be made.

If one tooks at the strain 151 sequence presented in the upper panel of Figure 43,
it can be seen that there are predicted reading frames at about O - 300 bp, at 600 - 1000
bp, and at 1400 - 3000 bp. The third and largest one represents pucC and the central
one the pucBA genes, Testcode fails o distinguish between the B and A gencs because
the window the statistic was calculated over is larger than the each gene. Testcode also
clearly suggests the presence of a third ORF, upstrcam of pucB, this appears to be
truncated however. The plot for the pucC gene is more convincing when it is in the
correct sequence orientation, as can be seen in the lower panel of Figure 43. In this
case the large coding region represented by pucC has a much less variable Testcode
score, and also shows a sharper transition from non-coding to coding sequence and
back. Figure 44 provides a similar picture for strain 149, the scale of the plots is
expanded slightly because less sequence information was recorded for strain 149. The
top panel once again shows three coding regions, representing the pucBA genes in the
centre, the pucC genc to the right (this is truacated) and the other potential ORF to the
left. The plot for the sequence in reverse orientation is at the bottom of the page, and
also shows thesc three regions.

Translation ol the DNA sequence inlo potential proteins yields only one ORF
that is similar in the two strains. This is thus likely ro represent the correct protein
sequence, this putative protein fragment will henceforth be referred to as orf1. The
peaks in the Testcode statistic upstream of pucB could perhaps be due to regulatory
sequences in the DNA which one would expect to be present, since over six hundred
base pairs upstream of the pucB gene was found to be involved in transcriptional
regulation of the pue operon of Rb. sphaeroides. However further evidence that orf1 is
a fragment of a real ORF, rather than conserved control regions upstreamn of pucB is
presented below.,
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Figure 43
Testeode vatput Ffor Ry, gelfativosns strain 151 sequence (p17T2.1X & pi17T3.8x). The upper panel shows

the sequenee tested with pucBA n the 5°-3 7 onentation, whilst the lower panel shows the sequence tested in

the reverse orientation pucC running in the 5°-3° direction.
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Figure 44

Testeede autput tor Ry, gelarinosus strain {49 sequence (pFaX 2} The upper pancl shows the sequeince

tested with pucBA in the 53737 orientation, whilst the lower pancl shows the sequence tosted in the reverse

oricatation.
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Comparison of strain 149 and 151 sequence

Figure 45 (oppaosite) illustrates the differences which occur between the strain
149 pF6X2 scquence and the corresponding sequence {rom strain 149. Since the
sequence at either end of the pl'6X2 insert is very homologous, the strain 151 sequence
has been truncated at the sequence TTCGAG, which has clearly changed to the Xhol
recognition sequence CTCGAG in strain 149 {ying at the end of the strain 149
fragment. The truncated strain 151 sequence and the strain 149 sequence were aligned
using the GAP program of the GCG suite, and the diagram shown generated from this
alignment. The three sels of ORFs are visible in the diagram, where the sequence is
more similar (and thus has less bars marking the difference). The 3 region of the pucC
gene is present to the right, from around the 1500 bp point to the end of he fragments.
The pucBA genes occupy the most conserved region of the two fragments, in the 500 to
1000 bp segment, with orfl occupying a icss well conserved region over the first 300
bp. Between these conserved regions are arcas with little apparent similarity and
containing several defetions. indicating that these intergenic regions probably serve
little functional purpose, although they could instead be responsible for functional
differcnces between the two strains. It is interesting to note that the only deletion which
occurs within a protein coding sequence is within orf1, and is exactly three base pairs,
equivalent (o single amino acid. This further supports the asscrtion that orf1 is part of a
real protein.

The full GAP aligned scquence is presented in Figure 46 on the [ollowing pages.
On closer inspection it becomes apparcnt that the conserved regions extend up and
downstream of the protein coding sequences, to include potential promotors, repressor
binding sites and downstream terminator sequences. These regulatory elements are
marked on Figure 46 and described in more detail in the next section.
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Figure 46

An alignment of the pF6X2 (bottom) and p17T2.1X (top, truncated) DNA sequence. The Xhol sites, start
and stop codons of the open reading frames, potential promotors, repressor binding sites and transcription

terminator sequences arc marked. A note at the end of the figure describes these sites in more detail.

v Xh°| - - - - -
151 1 CTCGAGCAGCAGGTGCCGGCGCTGCTGGGCTATCAGTGGAAGGTGCGCGA 50

|l|||||||||||||||||| LULTELLELEL L | ]
149 1 CTCGAGCAGCAGGTGCCGGCACTGCTGGGCTACCAGTGGAAGGTTTCGGA 50
i

21 CGAGCGCGCGTTCAACTTCGCGCGCCTGTTCTACCGGGCGCTGTTCGAAC 100

51 CGAGCGCGCCGGCAATTTCGCGCGCCTGTTCTACCGCGCGCTGTTCGAAC 100

101 GCGGCGCGCCGTCGTACCGCTACCTGGAATACGCGTTCATGCGGGCCCGG 150

LEEL LLEELEE PP TP VL L E LT III

101 CCGGCACGCCGTCCTACCGATACCTCGAATACGCCTTCATGCGGGC 150

151 CGCCTGGCCTACGACGAGGCGGTGAACGAGGCCCAGGCTCGGCTG...CT 197

5 0 5 O BB BT B R E |

151 CGCCAGGCTTACGAGCAGGCGGTGCAGGAAGCCGAGGCGCGGCTGGCCAT 200

198 GGCCGACGGCGGTGACTGCGCCGCCGAGATCGAGGACGCGATGCGCGACC 247

201 GCCGACGCCGGGGCGCCGGCCGTCAGCGTCGACGATTCTCTGCGCGACC 250

248 ACTCCTGGATCTCGCCGGTGCTCGTCATGCAGATGGACTGA.GCACCCCC 296

ULALERI PEELTL L L S T b L i P I g e e o
251 ACTCCTGGATCTCGCCCETCCTCRTCATCCACATCCARICASGCCOCGRC 300
erminator

297 TTGTTCAGGGGGTCACTCGACATCGATTCGAAGCCCGACGCCGT. ... .. 340

|l EURE Bl - LB e

||
301 GACGGCACGCCGTGGTGTGACACCCACGCGCAGAACCCCCCTGTTCCAGG 350

. Terminator .
341 wwes v GGGAAGCGGCCGCCTGCCGGGCGGCGGCGGGCG GCGAAAGACG 383

oI L | LLLLERUEEL g

351 GGTGCGGGCACGCCAACGTGCTCAGCCTCGCGGCGGGCGCAGGATGGACG 400

384 CTGCGCACCCGECCTCAGBACG . ¢4 ssnosassinsssosns CCTGGCG 412

LECRLERL 1 T

|24
401 TCAAGCGCCCGGCCTCCCTAGGAACACAGCAAGTGCTCACAGATGAGCCG 450

35

413 CGGCCGGCAGACCTG...AGCACTTTGTCATAGATCAGTCTCGCGACACA 459

bl o] L 1 I RENBRY U R REEE a5l b

451 CGAGCGGCCGACTTGTCCGCCAATTITGTCATAGATCAGTTCCCGGGGAGA 500

460 TTCAG?TTT?CGGTGG_@ o ; e 500
| LT
501 TTTCACGTTGCCGGGGTGTCA 550

510 GTAGCGTTACACATGTCGGTAGGGAGAAATCCGAGGGCTACAGAAGCCAA 559

LELLLCERREE L L]

551 GTA: 'ACACATGTCGGTAGGGAGAAATCCGAGGGCTACAGAAGCCAA 600

S Ibs_ <
560 CCCACGTGCGGGTCGAGCACGGAAACTGGTCCATGTCTCTGAAGGAGAAA 609

601 CCCACGTGCGGGTCGAGCACGGAAACTGGTCCACGTCTCTGAAGGAGAAA 650




610
651
660
701
710
751
760
801
810
851
860
901
910
951
960
1001
1010
1051
1060
1101
1110
1151
1160
1201
1210
1249
1258

1299

Figure 46 (continued)

pucB start

- A S . .
CGCAATGGCAGATGATGCAAACAAGGTTTGGCCGTCCGGCCTGACCACGG

LELELLELL L ELE L

CGCAATGGCAGATGATGCAAACAAGGTTTGGCCGTCCGGCCTGACCACGG

CTGAGGCCGAAGAGCTGCAAAAGGGTCTGGTTGATGGCACCCGTGTTTTC

L LELLEL L L LR LD L

CGGAAGCCGAAGAACTCCAAAAGGGTCTGGTTGATGGCACCCGTATTTTC

GGTGTTATCGCCGTTCTGGCACACATCCTGGCGTATGCCTATACGCCGTG

LEELD LELLEED LLEEE LT

GGTGTCATCGCCGTCCTGGCTCACATCCTGGCGTATGCCTATACGCCGTG

ucB Stop
- tbs [NONR .

GCTCCACTAAGTCACTAGCAGGAACTAAAAAATGAACCAAGGCAAAGTCT

LELLELCEEEL L P LT
AAAAAAATG

GCTCCACTAAGTCACTAGCAGGAAC T AACCAAGGCAAAGTCT

GGCGCGTCGTTAAGCCGACCGTTGGTGTTCCCGTTTACCTGGGCGCCGTG

LELEELLELE LT

GGCGCGTCGTTAAGCCGACCGTTGGTGTTCCCGTTTACCTGGGCGCCGTC

GCCGTCACGGCCCTGATCCTGCACGGCGGCCTGCTGGCCAAGACCGACTG

LELEL FELLELEEE DL L L L]

GCCGTTACGGCCCTGATCCTGCACGGTGGCCTGCTGGCCAAGACCGACTG

GTTCGGTGCCTACTGGAACGGTGGCAAGAAGGCTGCTGCGGCTGCCGCCG

IIIIII LELLLLLLEE L L] IIII

GTTCGGCGCCTACTGGAACGGTGGCAAGAAGGCTGCTGCGGCTGCT

CCGTCGCCCCGGCCCCGGTCGCGGCCCCGCAGGCTCCGGCGCAGTAAATA

LELEULEELEEEL L L T DL |
CCGICaCCeCaaCCCCaRTCCCCECTCCECARGETCCOCCACAGTARAGA
erminator

GCGTCTGTCAGCGTATGTCCGGCATGGGGCTGGGGTTCGCGGACCCCGGC

PLELEELLL LR LT L L L L L L L

GCGTCTGTCAGCGTATGTCCGGCATGGCGCTCGGGGTTCGCGGACCCCGGC

CCCATGTAGTTTCAAGGGCGGTGCAGTGCCTCTGGCTTCTGTGAAAAAGC

SN R MR AN ERRAAER RSB RY

CCCATGTAGTTTCAGGAGTGGCGCAGTGCCTCTGGCTTCTGTGAAAAAGC

GCCGCCACAAGACCCGGACACGTCCGAACCGCTGACGCGGCGGACGAACT

LU L TRt e L il LLLLELET
GCCACCACCGGACCCGGACACGTTCGCGCGGGTGACTGCACGGACGAACG
* Terminator

TCTCCCCACCCAATGCCCTCGGTAGGCGCCGGCCTCGTGCCGGCGCTTCT

LT L L DL T

TTCTCCCCACCCATGCCCTCGGTA .GCGCCGGCCTCGTGCCGGC.CTTCT

GTTTCCG. . GGCCTCGGACGAGCTGGACGGCGATGGCGCCTCGTCCGGCG

LT ] ] | 11 5T O 0 1

GTTTCCGCCGCCGAAAGCCGCGGGCATCGGATAGTGGTCGATGGGCGGGC

GCACGACACGACGGCCGCCCGGCATCACGGGCACCCGGTCGAGCGACCGG

L L S O O N N O

GCCAGCCGCCACGGCGCTAAGGCGCCACGCGCCCCGGCACGACGGCCTGC

659
700
709
750
759
800
809
850
859
900
909
950
959
1000
1009
1050
1059
1100
1109
1150
1159
1200
1209
1248
1257
1298
1307

1348

2 il




1308
1349
1358
1399
1408
1449
1443
1499
1488
1549
1538
1599
1588
1649
1638
1699
1688
1749
1738
1799
1788
1849
1838
1899
1888
1949
1938

1999

Figure 46 (continued)

CCGCCGCCCTGGCGCACGAGGCCACGCGCCGGTGCCGGCGCCCGCCACCG

L1 |l |l

CGCCTCGGCGCCCTTGTGCCCCGGACGGGCGGCACCCAAACCACGAGCCC

ATCGGCCGGCAGGCAAGCCCGCCGACGCCCCGCCCGAAGCACAAGCCCCC

Jili ) T 0O 0 Oy B

CATGCCTGGCGCGGCGCACGGGCGAAGCCGCACCGCAAGLCGLCCAACCCGL
CCRRTCRARATETE . v e ... . | COCACCRAGEOEEETEC OGS
TGCTGCCGCCCGGCCGCAACAACCGTCAGTGGAAATLL&AAééCéCéGCA
GTCGTCGAG&GCCGCAGCC&GC ..... GCéGCAGTCTTEﬂCGCCGGCACé
R L Yo M L RS

Terminator .
CGCCGGGCCTGGCGGCCGATCAGCGGCACCATCGCCGCGATCGTGCCCAG

LI LELELULELELEEEEEE FELEEEEEE T L

CGCCTCGGGCTGCGGCCGATCAGCGGCAGCATCGCCGCCACCGTGCCCAG

CAGCAGGGCCAGCTCCAGCAGGTAGACGAAGACGTAGCCGGTGGCCGGGA

LEREEY JLLIEddd b ALl e b L L g d g )1

CAGCAGCGCCAGCTCGATGAGGTAGACGAAGACGTAGCCGGTGGCCGGGA

TCGAGAACCAGTGCGTCCACGGGTGCCAGGTCACGAGCGCCTGAACGACG

LEEARL LELLLELELEEL A1 LD 4 LRDi4] FLELELEE 11111

TCGAGATCCAGTGCGTCCAGGGATGGCTGGTCACCAGCGCCTGCACGACG

TCACGCAGGATGCCGCCCGCCGCCATCGCCAGGCCCGCGGCCGTGGCCTG

LU LLEELEE LR TEL LT L L LT

TCGCGCAGGATGCCGCCCGCGGCCATCGCCAGCCCGGCGGCGGTGGCCTG

CACGGCGCCCCAGGCGCCCAGCGCGAGGCCGGCCTGGTTCGGCGGCGCGA

LELLLELLLEEL L FELLELL L L L]

CACGGCGCCCCAGGCGCCCAGCGCCAGGCCGGCCTGATTCGAAGGCGCGA

GGTTCATCGTCGCCGTCAGCGTGCCGTGCCCGAACAGGCCGCCGCCGAAG

LELELR DL L L T T

GGTTCATCGTCGCCGTCAGCGTGCCGTGGCCGAACAGCCCGCCGCCGAAA

CCGATCAGCGCCACGCCGGTGGCGAAGACGAAGGGCGAGTTCATCGGTGC

LULEDLELEE L L L L L]

CCGATCAGCGCCACGCCGGTGGCGAAGACGAAGGGCGAGTTCATCGGCGC

GGCGATGATGACGAAGATGAAGGCCGGGATGCCGACCAGCGCGCCCCAGC

SARERRGRERRRR RN G UREDERRSUER RN RN Y G-

CGCGATGATGACGAAGAAAAAGGCCGGGATGCCGACGAGCGCGCCGATGC

AGGCCATGCGGAACGGGTCCATGCCGCGGCTCAGCACCTTGGACGCCAGG

AGGCCATGCGGAACGGGTCCATGCCGCGGCTCAGCACCTTGGACGCCAGG

CCGAAACCGAACAGGCCCCCCAGCGCCAGCGTCGCCGTCAGCTTGGTCGT

LEEEL LELEEL L L LT LT L LT

CCGAAGCCGAACAGCCCGCCCAGCGCCAGCGTCGCCGTCAGCTTGGTCGT

1357
1398
1407
1448
1442
1498
1487
1548
1537
1598
1587
1648
1637
1698
1687
1748
1737
1798
1787
1848
1837
1898
1887
1948
1937
1998
1987

2048




Figure 46 (continued)

1988 GTCGCCGACCGTCAGCGCCAGCACCTCGCCGCCATAGGGTTCGAG 2032

R R S R A B RN AR I N ANy

2049 GTCGCCGACGGTGAGCCCGAGGATCTGGCCGCCATAAGGCTCGAG 2093
A Xhol

Parameters used for alignment:

Gap Weight: 5.000 Average Match: 1.000
Length Weight: 0.300 Average Mismatch: 0.000

GAP summary:

Quality: 1591.5 Lengths 2095
Ratio: 0.783 Gaps: 11
Percent Similarity: 82.069 Percent Identity: 82.06%

Note: The Xhol restriction sites lying at each end of the strain 149 fragment (lower sequence) are marked,
the points at which Xhol culs are marked by an arrow. The ribosome binding sites (r.b.s) and stari/stop
codons of the pucBA genes are marked with lines above and below the sequences and are labelled. The stop
cadons of the vuncated pucC and putative o1 genes are similarly marked. Sites with homology to the
£, coli 70 promator -35 and -10 consensus sequences are marked as such, These are often overlapped by
the PpsR repressor binding sites which are shaded in grey and labelied ‘PpsR’. Potential transcription

ermination sites are marked with a Jinc above or below and labelied ‘terminaior”.




Conserved elements outside of the open reading frames

Upstream of the pucBA genes of both strains and the pucC gene of strain 151
are sequences similar to the o70 cansensus promolor sites of E. ¢coli. Similar 70 tike
promotor sites have been found upstream of photosynthesis genes in other
photosynthetic bacteria. Like these other sites the -35 sequence is well conserved but
the -10 sequence much less so. The sequences matching the promotor sites are marked
on Figure 46 (previous pages) for the pucB upstream region, and on Figure 47
(overleaf) for the pucC region. Whilst only a single o™ like promotor is seen upsiream
of pucC, both strain 149 and 151 have two such sites appearing in tandem upstream of
the pucBA genes.

A search was made in the upsiream sequences for elements showing homology
to other known and suggested regulatory sequences which had been [ound in other
bacteria, and are described in the introduction. A striking match to the consensus PpsR
binding site, the oxygen regulated repressor of puc transcription in the Rhodobacier
species was found. The consensus sequence TGT(N)2ACA is the core palindrome of a
farger recognition sequence in Rb. sphaeroides. This sequence occurs in tandem
overlapping the 7 like promotor of the Rb. sphaeroides puc operon, a similar
arrangement is seen in the strain 151 and 149 pucBA promotor like region. The repeat
more proximal to pucB does not completely match the consensus however, although the
difference is conscrved between the two strains. ITnustead the more proximal element has
the sequence TGT(N)ACG, suggesting that the consensus PpsR binding site of
Rv. gelarinosus matches the sequence TGT(N) :ACR (where R means A or G). Since
no PpsR binding sites were visible overtapping the putalive strain 151 pucC o™ [ike
promotor, the sequence was searched for matches to the modified consensus defined
above. A single match was found, straddling the start codon of the pucC gene. For
those sites upstream of pucC the match to the PpsR binding sites of Rb. sphaeroides
beecomes even more startling when one considers the full binding site. This palindrome
reads TGTCA(N)TGACA and is repeated with a gap of 7 bp between the repeats.
Both strain 149 and 51 have the ncar match TGTCA(N)TGACG fotlowed after a gap
of 9 hp by TGTCAMN)sTTACA. This means that only a single base differs in each
repeat from the PpsR binding site of Rb, sphacroides. The [ull site at the start of the
stratn 151 pucC gene is a little less similar, it reads TGTCA(N):GCACG. Thus if PpsR
does bind at thus point it would do so more weakiy. No ather significant matches to
elements found upstream of photosynthesis genes in other species could be found, even
when some mismatching was allowed.

The Shine & Delgarno ribosome binding sife is also present just before the start
codon of the pucB, A and C genes. The core sequence GGAG is 7 bp in front of the
pucB gene of both strains whilst pucA has GGAA, also 7 bp before the ATG start
codon. The ribosome hinding site upstream of pucC is GGAG like that upstream of
pucB, but is positioned [T bp upstream of the start codou. This is well withiu the
variation observed in the ribosome binding site position and may possibly reflect a
regulatory function for ribosome binding site positioning.
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Figure 47

The sequence upstream from, and covering the 5" end of, the pucC gene of Rv. gelatinosus strain 151

51

101

151

201

251

301

351

showing potential transcription control elements.

ATCGCCAGGCGGCAGGGCGGGGCGCGGGGGCGGCGTCGGATGGGGGCGGG
TAGCGGTCCGCCGTCCCGCCCCGCGCCCCCGCCGCAGCCTACCCCCGCCC

GTCGACAGGGGGAGATCTCGCAGGCAGGGACGGCCCCGCAAGGCAAGCCT
CAGC TGTCCCCCTCTAGAGCGTCCGTCCCTGCCGGGGCGTTCCGTTCGGA

TGTGCCCGCCGGGCGTCGTGCGCCGGGTGGCGGATCCTGACCGGCGTCAT
ACACGGGCGGCCCGCAGCACGCGGCCCACCGCCTAGGACTGGCCGCAGTA

CGCGGTGCGTGGCGGCACCGTTTGGATTTGACAAAAAGCAGGCTCGACAG
GCGCCACGCACCGCCGTGGCAAACCTAAACTGTTTTTCGTCCGAGCTGTC

10 .

CCGGCTTCCGGGTTAGGTTCCGGCGTTTGTCCATGCCGGCCACCTGCCGC
GGCCGAAGGCCCAATCCAAGGCCGCAAACAGGTACGGCCGGTGGACGGCG

pucC start
r.b.s
T ——

- * - - - .
GGAGCATGTCACCCGATGAGCACGATTGGCCGCAAACTGATGCAGGTCTG
CCTCGTACAGTGGGCTACTCETGCTAACCGGCGTTTGACTACGTCCAGAC
~ PpsR M SE8 ST G R K L M VY W

GACGGGGTTCGGCACCCGCTACCTGCCCTTCGCCGACGCGGCGACGCCCG
CTGCCCCAAGCCGTGGGCGATGGACGGGAAGCGGCTGCGCCGCTGCGGGC
TGFGTRYLPFADAATPE

AGCTGCCGCTGTCGCGGCTGCTGCGGCTGTCGCTGTTCCAGATCACGGTC
TCGACGGCGACAGCGCCGACGACGCCGACAGCGACAAGGTCTAGTGCCAG
LPLSRLLRLSLFQITV

100

150

200

250

300

350

400

Note: The ribosome binding site (r.b.s) and start codon of the pucC gene are marked with lines above and

below the sequences and are labelled. The sites with homology to the E. coli 670 promotor -35 and -10

consensus sequences are marked as such. Whilst the potential PpsR repressor binding site is shaded in grey

and labelled *PpsR’. Also shown is the predicted protein sequence at the start of pucC.
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A search for factor independent transcription terminators was carried out using
the GCG program Terminator, which implements the algorithm of Brendel and
Trilfanov (1984). This scarches potential terminalors by comparing the sequence with a
matrix derived from known terminators. These structures usually cousist of a dyad
symmetry element, capable of forming a stem & loop struclure when transeribed into
RNA, and a series of thymidine residues at which termination occurs, Brendel and
Trifanov nated however that whilst the presence of these elements was sufficient for
transcription termination, they weie not necessary for termination suggesting other
elements arc involved. The sites found by the terminator program have been marked on
Figure 46. Three potential terminators werc identified by the Terminator program, a
fourth has been marked immediatcly downstream of pucA, since this matches those
structures found dowastream of the puc and pof genes of the Rhedobacter species.
Thus 2 potential terminators can be seen to lie downstream ot pucA (with over 100 bp
between them), a further element lies downstream of pucC and one lies downstream of
the putative orff. It should be noted however that the GAP alighment program has
failed to align the orfl and pucC terminalor scquences correctly in the alignment
presented in [Figure 46, despite obvious homology between them. This highlights a
problem inherent in the alignment program. GAP like most alignment programs tries io
lind the best giobal alignment for the whole sequence, this works well when the two
sequences being compared are very similar. However when the similarity between two
sequences gets lower the alignment often misses areas of local similarity which have
hiological signiticance. Thus in the region between the 37 end of pucA and the 37 end
of pucC, and the region downstream of otf and beforc the pucBA prometor region
where there is a great deal of difference beltween the two strains, GAD has favoured the
global optimum over the *biologically significaul’ alignment.

The potential regulatory elements described above are summarised in relation to
the genes present on the sequenced fragments in Figure 48 (opposite). The potential
RNA transcripts are also marked.
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Protein sequence analysis

Comparative analysis

The predicted «- and B-polypeptide amino acid sequences extracted from the
sequenced DNA are given at the top of Figure 49 (overleaf). This illustrates the fact
that the two strains have a-polypeptides with identical sequence, and that only one
amino acid differs between the strains as far as the p-polypeptide is concerned. This
difference is visible as the two unboxed residues, an isolcucine in strain 149 is replaced
by a valine in strain 151, Such a change to a homologous amino acid is unlikely to
have a significant effect on the structure of LH2. The predicted protcin sequence is an
exact malch to the polypeptide sequence obtained by protein sequencing of the strain
151 and strain [49 polypeptides (sec Brunisholz er af., 1994)., Thus conflirming the
source ol the cloned DNA fragments.

Also shown in Figure 49 is an alignment of the strain 151 and 149 putative orfl
proteins, identical residues are boxed whilst hamologous residues are shaded. The
fragment of the protein present on cach of the clones has 77% identity and 91%
homology. A search was made of the Swiss-Prot, PIR, Genbank and EMBL databases
for proteins with homology to this fragment, but no significant matches were found.
Thus it may be necessary to sequence the rest of the putative protein before a function
can be assigned.

Shown in Figure 50 (following Figure 49) is an alignment of the predicted
protein sequence of the strain 151 PucC protein with the fragment of the strain 149
PucC protein for which the DNA was sequenced. The identical residues are boxed and
the homologous residues shaded. Over the 185 residue fragment the proteins are 93%
identicat and 99% homologous, suggesting that the protein is well conserved in the two
strains.

Several other genes are known to be homologous to the pucC genes of Rb.
capsularus and Rb. sphaeroides. These include the Rb. capsulatus orf 477 protein,
which appears to play a role in LH1 assembly analogous to that performed by pucC for
LH2. A homologue of orf 477 has also been found in Rs. rubruin, and is known as
(3115 protein. This latter protein sequence has not been published as yet but a
preliminary sequence has been placed in the PIR database, this preliminary sequence
was used in lhe analysis deseribed below,

The strain 151 PucC protein sequence was comparcd with these other proteins
by way of a multiple alignmeut. The sequences were aligned using the GCG PileUp
program which attempts to bind the best global alignment for a sct of sequences. This
works well for the pueC and orf 477 protein homologues as can be seen if on looks at
the ahgnment displayed in Figure 51 (overleaf). Once again identical residues are
boxed whilst the residucs homologous to the primary sequence (Ré. sphaeroides Puc(C)

are shaded. This shows quite clearly that these are very similar proleins at the [evel of

amino acid sequence. The GAP program was used to generate pairwise alignments of
the various proteins, in order to calculate the percentage identity and simifarity, The
strain 151 PucC genc is most siniilar lo Rbé. sphaeroides PucC at 78% (identity 58%), it
is 73% similar to Rb., capsulatus PucC (57% identity) and Rs. rubrum orf G115 (58%
identity}, and is least similar 69% to Rb. capsulatus orf 477 (idenfity 50%}).
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Figure 49

Predicted protein sequences from strain 151 and 149 of Rv. gelatinosus, translated from the sequenced

DNA.
p-polypeptides
149 beta ! lMADDANKVWPSGLTTAEAEELQKGLVDGTRIFGVI35
151beta ' MADDANKVWPSGLTTAEAEELQKGLVDGTRIVIFGV 1/35
149beta ° JAVLAHILAYAYTPWLH s1

a-polypeptides

149 alpha ' HNQGKVWRVVKPTVGVPVYLGAVAVTALILHGGLL
I51alpha ' MNQGKVWRVVKPTVGVPVYLGAVAVTALILHGGLL

& &

149 alpha **° AKTDWFGAYWNGGKKAAAAAAAVAPAPVAAPQAPA 70
151 alpha AKTDWFGAYWNGGKKAAAAAAAVAPAPVAAPQAPA| 7

149 alpha 7' 7
151 alpha 7' #

Orf1 fragment amino acid sequence

149 orfl ' [VPALLGYQWKVISDERA|GNFARLFYRAL FEP[GITPSY] 35
151 orfl ' VPALLGYQWKVIRIDERA|IFINFARLFYRALFER PSY| 3
149 orfl 30 nYLEYAFMnAnﬂoBYEQ[Av EAEARL|A I[AD PlA| 70
IStorfft  * [RYLEYAFMRARR|LIAYIDEAVINIEAlQJAR L- LA DlGlglD cla| «
149 orf1 7! vsvn LIRDHSWISPVLVMQME 9
15torft ° AE IE RDHSWISPVLVMQOM 91

Note: Alignments of the predicted amino acid sequences of the LH2 B-polypeptide,

LH2 a-polypeptide, and the fragment of the putative orf1 polypeptide present upstream of
the pucB gene. The single letter amino acid code is used, identical residues are boxed in
all sequences, additionally the orf1 sequences are shaded on the basis of homology. The
GES homology scale was used.




Figure 50

Predicted PucC protein sequences from strain 151 and 149 of Rv. gelatinosus, translated from the sequenced

PucC proteins

151 C
149 C

151C
149 C

151 C
149 C

151 C
149 C

151 C
149 C

151C
149 C

151C
149 C

151 C
149 C

151 C
149 C

151C
149 C

151 C
149 C

151 C
149 C

151C
149 C

I151C
149 C

151C
149 C

Note:

1
286

34
286

67

286

286

133

286

286

199
286

232
286

DNA.

MSTIGRKLMQVWTGFGTRYLPFADAATPELPLS =
0

RLLRLSLFQITVGMAVTLLVGTLNRVMIVELAYV gﬁ
PATIVAVMVALPLLFAPFRALIGFKSDNHQSAL 9
GWRRVPY IWKGTMLQFGGFAMMPFALLVLSGGG @2
ESGQLPTWVGQLGAAIAFLLVGAGMHTVQTVGL 15
ALATDLAEPEARPKVVGLMYVMLLVGTIVSAFF 198
FGWLLADFTPAKLIQVIQGAALTTMILNVIALW 22
KQESRHPRRGAQPRNDDPSFLEAWRHFVDNGNQ 284

VVRRLLTIGLGTAAFTMEDVLILEPYGGIEV Y] 257
LEPYGGIQI i 297

VGDTTKLTATLALG
VGDTTKLTATLA

LGG GFGLASKVLSRGMDP F| 0
LGG ASKVL josm0

RMACWGALVGIPAF|I
RMAC|IGALVGIPAFIF

GAVQATAAGLAMAAGGILRDVVQALYV 429

AVQATAAGLAMAAGGILRDVVQAL 429
MFSIPATGYVFVYLLELALLLGTlmv,_:l.]e"62
HW I lPATgYVFVYI_.,IIgLALLLQIlV 't.tuglm
QARRVPA 470
SPIRRVPA 470

Alignments of the predicted amino acid sequences of the PucC protein from

strain 151 and strain 149. Only part of the strain 149 pucC coding region was sequenced.
The single letter amino acid translation is used. Identical residues are boxed, homologous
residues are shaded. The GES homology scale was used.




Figure 51

A multiple alignment of the Rv. gelatinosus PucC protein with PucC and homologous proteins from other

species.

PucC proteins

sph C 1 R EH
151 C 1 i 4 RK
rub G115 1 RGENAS
cap C 1 -MGMRAF
cap 477 1 ----MIL
sph C 31
151 C 35
rub G115 35
cap C 34
cap 477 31
sph C 65
151 C 69
rub G115 69
cap C 68
cap 477 65
sph C a9
151 C 103
rub G115 103
cap C 102
cap 477 99
sph C 133
151 C 137
rub G115 136
cap C 136
cap 477 132
sph C 167
151 C 171
rub G115 170
cap C 170
cap 477 165
sph C 201
151 C 205
rub G115 204
cap C 204
cap 477 199
sph C 235
151 C 239
rub G115 238
cap C 238
cap 477 232
sph C 266
151C 272
rub G115 269
cap C 271

cap 477 265



sph C 300 333
151 C 306 339
rub G115 303 336
cap C 305 337
cap 477 299 332
sph C 334 E 365
151 C 340 P 371
rub G115 337 P 368
cap C 338 L 371
cap477 333 L 364
sph C 366 399
151 C 372 405
rub G115 369 402
cap C 372 405
cap 477 365 398
sph C 400 428
151 C 406 439
rub G115 403 436
cap C 406 434
cap 477 399 431
sph C 429 459
151 C 440 470
rub G115 437 468
cap C 435 461
cap 477 432 465
sph C 0 = = === === n-- 459
151 C 0 == == === 470
rub G115 469 SEGRFGLAEFPG 480
cap C 0 === === =--- 461
cap 477 466 GEARIGLAEFPT 477

Note: Alignments of the predicted amino acid sequences of the PucC protein from
Rv. gelatinosus strain 151 (151 C), Rb. sphaeroides PucC (sph C), Rb. capsulatus PucC
(cap C), Rs. rubrum G115 (rub G115), and Rb. capsulatus orf477 (cap 477). The
sequences were aligned using the GCG PileUp program. The single letter amino acid
translation is used. Identical residues are boxed, residues homologous to the top sequence
(Rb. sphaeroides) are shaded. The GES homology scale was used.




Thus the strain 151 pucC gene is as sumilar to the Rb. sphaeroides pucC as the two
Rhodobacter PucC proteins are Lo each other.

PucC protein structure

The prediction of protein secondary structure from primary scquence
information is notoriously inaccurate, it does however work somewhat betier for
membrane proteins. This appears to be because the membrane environment imposes
cerlain constrictions on the structure. Many membrane proteins have membrane
spanning «-helices composed of hydrophobic amine acid residues, thus when the
residue number is plotted against a measurc of the hydrophobicity of each residue, it is
often possible to identify runs of hydrophobic residues equivalent to Lransmembrane
helices. Since it had been suggested that the PucC protein from Rb. capsulatus was a
membrane protein, and that it contained |2 membrane spanning segments, it was of
interest to compare the predicted structure with the strain 151 PucC protein.

Figure 52 (overleaf) shows (wo plots, ai the top is a hydropathy plot using the
scale of Kyte & Doolittle, (1982), and averaged over 2 window of 20 residues to
highlight potential membrane spanning segments. This shows about 4 segments with a
score over 1.0, such a score suggests transmembrane helices are present. The
hydropathy plot also shows a bydrophilic section in the centre of the protein.

The lower plot shows a slightly different approach to predicting membrane
spanning segments. This plot was calculated using the TMpred program, which makes
a prediction of membrane-spanning regions and their orientation with regard te the
cytoplasm. The algorithm is based on statistical analysis of TMbase, a database of
naturally occurring transmembrane proteins of known structure (Hofmann & Stoffel,
1993). The prediction is made using a combination of several weight-matrices for
scoring, only scores over 500 are considered significant for a transmembrane segment.
This plot shows more clearly the potential membranc spanning segments, 11 of which
arc over the score 500 cutoff point. An extremcly similar patiern was seen when the
two other pucC proteins (Figure 53, following 52) and the orf477 and G115 proteins
(Figure 54, opposite 53) were analysed using TMpred. The first 250 restdues appear to
be extremely homelogous in the 5 proteins, each one apparently having 3 pairs of
membrane spanning helices, separated by more hydrophilic segments, This section of
the protein is delineated towards the centre of the protein by a large hydrophilic
segment, a structural feature which appears in all 5 proteins. This section is aiso one of
ithe more variable regions in the sequence alignments, suggesting that whilst the
structure of this section has been conserved the sequence is less so. The remainder of
the protein shows morc variation. Two sets can be observed, one conlaining PucC from
the twao Rhodobacter species, whilst the second set contains the strain 151 PucC
protein, orf477 and GG115. The first set shows relatively clearly another six potential
transmembrane segments, bringing the total to 12 and matching the experimentally
determined number from Rb. capsuiatus PucC. The second set shows one difference
close to the central hydrophilic segment, a rise in the TMpred score that would be the
nexl membysane spanning segment in the Rhodobacter pucC proteing barely rises above
the level of significance in the second set of proteins.
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A second difference is visible to the C-terminal end ol the protein, where the
membrane spaning segiments of the Rhodobacter PucC proteins are much better
defined. In contrasl the other proteins have a much flatter plot in this region, aithough
the score 1s well above the level of significance,

The Tmpred data also suggest that both the N and C terminii of the proteins lie
in the cytoplasm. [t is in the C-terminus that the orf477 and G115 proteins are
differentiated from the PucC proteins, since bolh are slightly longer and apparenily
have a hydrophillic terminal region.
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Conclusions

The predicted protein sequences derived from the sequenced DNA of
Ryv. gelatinasuy swrain 149 and 151 provide some interesting results. Firstly the
predicted g- and a-polypeptide sequences confirm the prolein sequenced polypeptide
data. This shows that the only difference between the two strains resides in the beta
polypeptides, where a single amino acid residue is differs, The difference proves useful
as a way of confirming the source of the cloned DNA.

The strain 151 PucC protein appears to be 370 amino acids long and has a
calculated molecular weight of around 50000, 1this 1s similar in size and weight to other
PucC proteins which have been DNA scquenced. The PucC proteins of the two strains
also appear to be highly homologous, at least over the 185 residucs that were translated
from the truncated strain 149 gene coding sequence, which was found to be 93%
identical to that of strain 151. The strain 151 pucC gene was also shown to be very
homologous, both in terms of amino acid sequence similarity and structure. 'T'he
analysis of PueC and homologous proteins suggests that they have two main domains,
each consisting of 6 membrane spanning segments and scparated by a hydrophilic
scgment. The homology shown between the strain 151 PueC protein and the orf477
and G115 proteins, which are associated with LH!I, could have two possible roots.
Firstly since pucC and indeed the puc operon as a whole is thought to have arisen by
gene duplication of an ancestral puf operon, it may be that the Rv. gelatinosus strain
151 PucC is closer to its ancestral LHI equivalent than the PucC of the two
Rhodobacter species. Alternatively the differences could simply represent functional
changes in the proteins, tailoring them to specific LHCs. Further analysis of these
proteins eould prove useful in modelling, and allow the design of mutagenesis studies
which could eventually elucidate the function of the proteins.

Tie orfl protein also appears to have been conscrved between the two strains,
no significant homelogy was found to other proteins however. This perhaps suggests
that orf ! is not part of a real protein, but insiead is an artifact, however several features
of the DNA sequence encoding it and downstream of it suggest otherwise. These
include ihte faclt that DNA sequence homology between the two strains of Ryv.
gelatinosus is high in this region, and only begins to break down when the the stop
codon is reached. Downstream of the putative stop codon there is a4 conserved stem
structure with homology to transcription terminators. These are uwsually found
immediately downstream of genes, further suggesting that orf'l is a real protein coding
sequence. The region around this terminator structure has been subject to a lot of
change with scveral deletions/insertions, such that the strain 149 terminator is over 40
bp downsiream of the orf} stop codon, whilst that of strain 151 is 2 bp after the stop.
This change around the terminator, whilst the terminator has changed little itself (2
hases differ between the strains), suggests that it has an important function to play.

Several other elements were identified in the DNA sequence oblained from
strain 149 and 151, A sequence similar to the o7 RNA polymerase subunit recognition
site was identified upstream of pucC and two such elements were identified upstream of
pucB. None of these potential promotors matches the E. coli o7 consensus 100%, but
neither do L. coli promotors. In a survey of 112 promotors in E. coli none matched the
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consensus exactly (Collado-vides er af., 1991). This survey also indicated that most
repressor proteins bind in a position which covers part of the promotor site and
physically prevents transcription, and also that they often bind in tandem. This has
been found to be the case upstream of the Rh. sphacroides puc operon where a 70 like
promolor sequence 18 blocked by the oxygen responsive repressor PpsR. Near
palindromes with homology to the PpsR binding site were found in tandem covering the
proximal o7 like promotor of Rv. gelatinosus puc genes, much in the same way that
they do in Rb. sphueroides. A potential consensus for the Rv. gelatinasus puc repressor
appears 10 be TGT(N);2ACG, a sequence malching this s also found across the pucC
start codon, where it may interfere with transcription. The tandem sites upstrecam of
pucB probably allow dimerisation of the two repressor molecules, causing stronger
repression than would be observed for the lone site at the start of pucC.

The presence of PpsR binding site appears to be a highly conserved feature in
the upstream regions of photosynthesis genes, thus the protein will most likely be
identified in Rv. gelatinosus at some point in the future. The tandem promotor elements
are also not uncommon, Collado-Vides e/ al., also found that 40% of E. coli promotors
occurred in tandem. This presumably allows the bacterium to impose differential
regulation on the two promotors, often one promotor is constitutive whilst the other
requires activator proteins to function. Onc could speculate that in Bv. gelatinosus the
promotor more proximat to pucB would be expressed conslitutively in the absence of
oxygen, whilst the distal promotor could be regulated by light. No other regulatory
sites were identified upstream of pucB however, so its not clear how such differcntiat
regulation would be achieved. The use of different promotors would of course lead to
different sized transcripts being produced, although the small difference in size may
require the use of polyacrylamide gel electrophoresis, rather than agarose gel analysis,

Potential Factor independent transcription terininators were also localed in the
mtergenic region between pucA and pucC. One of these is oriented such that it wonld
terminate transcription at the end of pucC, whilst the other two elements would act as
terminators for pucBA. The two terminators downstream of pucA may have arisen as a
result of selective pressure against read-through into the pucC gene, This would
produce pucC anti-sense RNA which could interfere with the synthesis of PucC protein.
It read-through occurred from the highly expressed pucBA genes, it could swamp
transcription from the pucC promotor which is likely to operate at much lower
efficiency (expression of the Rhodobacter pncC genes is much lower than their pucBA
genes). Alternatively the RNA secondary structure element immediately downstream
of the pucA gene may be involved primarily with the stability of the pucBA transcript,
like that downstream of the Ré. capswlatus pucBA genes, rather than acting as a
terminator (it could also do both).

A final point concerns the base composition of the secquenced DNA. This may
indicate a difference between the two strains, or may simply result from local
diffcrences in DNA composition in the sequenced DNA. As more sequence
information becomes available {rom these strains it should be possible to distinguish
between these possibilities.
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Results Part 5:
Expression of the Rv. gelatinosus puc Genes

introduction

Having conlirmed in the first results section that there was a measurable
difference in synthesis of LH2 between the two straias 149 and 151, and having cloned
the pucBA genes from both strains, it was interesting to ask whether a difference
between the (wo strains occurred at the level of puc gene lranscription. To answer this
gquestion Northern analysis was carried out on samples of RNA isolated from
Ry. gelatinosus cultured under the irradiance conditions described in the first results
section. The results of the Northern analysis are presented below.

Also presented in this section are the results of a PCR experiment designed to
isolate the pucBA genes from strain 151 for study in a heterologous expression system.
The PCR product was also used as a probe extensively during the course of the strain
149 library construction, and for the subsequent Southern and Northern analysis.

Results

Northern analysis

RNA was extracted as described in the Matertals and methods section “Isolation
and purification of total RNA”, from cells cultured under the HL, ML and LL irradiance
levels described previousty. Dark aerobic and dark semi-aerobic cullure conditions
were also used to investigate the eflfect of oxygen on puc gene expression in
Ry, gelatinosus. At least 2 separate cultures were produced of each strain in each
growth condition. Following the RNA isolation and purification samples were analysed
on agarose gels and Northern blotted onto nylon membrane. These nylon filters were
then probed with the pucBA genes isolated from strain 151 to examine the level of puc
gene (ranscript tin cach sample. An aliquot was also removed from each sample hefore
RNA isolation, and the absorption spectra of the cells recorded. Comparison with
earlier spectra recorded from cells grown under the same culture conditions (as
described in “Resulls 1), confirmed thal the same response o irradiance level had
occurred. Whilst the absorption value at 650 nm extracted from the spectra provided a
useful measure of the stage of growth that the cultures had reached at cell harvest. The
cefl density is important because at higher concentrations the cells could begin to shade
cach other and thus alter the Uradiance Jevel that they were effectively recelving.

The results of the Northern analysis are presented in Figure 55 (opposite) and
the spectral dala corresponding Lo the samples loaded on the gel is displayed on the
following pages in Figure 56 for strain 151 and Figure 57 for strain 149. Figure 55
(opposite) pictures two halves of an agarose gel on which RNA samples from the two
steains were loaded, below these are the autoradiographs of the subsequent northern
blots probecd with Lhe strain 151 pucBA genes. At the very bottom of the figure are two
charts showing the A at the time the cells were harvested.
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From the latter it is immediately apparent that there was a wide variation between the
different cuitures in terms of their cell density at harvest. Looking at the ribosomal
RINA bands visible on the agarose gels it is also apparent that less RNA was loaded for
the strain 149 samples that was loaded for the strain 151 samples (the rRNA bands of
strain 149 are fainter). These two sources of variation suggest that the Northern
hybridisation signals obtained for each sample must be interpreted with caution, and
makes camparison of puc expression between the two strains difficult.

Despite the difficulty in comparing the expression of the strain 149 and 151 puc
genes using the data collected, seveyal useful observations can still be drawa from the
data. Firstly if one considers the absorption spectra recorded from the HL, ML and LL
samples (Figure 56 and Figure 57), it is apparent that they appear similar to those
recorded from cells cultured under the same conditions and presented in the Results 1
section. The two strains respond as described previously, with the the 1.H2 peak at 861
n increasing in size as the light intensity decreases. The difference between the (wo
strains is also visible again, the strain 151 spectra always showing the LH?2 peak at 861
nm dominating the LH1 peak at 831 nm. Whilst in the strain 149 specira the LHI peak
1s always visible, dominating that of LII2 at I.l.. The fact that the spectra of cells
cultured at cach irradiance level have an absarption spectra characteristic of that
lighting condition. suggests that conditions which induce differential 1.H2 synthesis
were again successfully established,

The Northern analysis part of the ¢xpertment appears to show that both strains
posses a single puc lranscript estimated to be about 600 bp in size. [t also appears to
show thal puc expression in each strain is reduced in the presence of oxygen, since the
hybridisation signals are much reduced in the aerobic and semi-aerobic cultures
compared to the light grown cultures. If one accounts for the differences in RNA
loaded onto the gels and ignores those cultures grown to an exceptionally high cell
density (such as 149 MI.2), it also appears that the level of puc transcription in both
strains increases as the irradiance level is decreased. This transcriptional response thus
mtirrors the level of 1. H2 synthesised.

The absorption spectra recorded {rom cells eultured under aerobic and semi-
acrobic conditions aiso allow some interesting observations to be made. Most
importanily even cultures which were not grown to an excessively high cell density
such as strain 151 Acl (Asspun ~0.07 cmt), SAT (~0.04 cm-t) and SA2 {(~0.05 cmt),
produced measurable levels of LHC’s. These samples also had visible levels of
transcription as can be seen on the Northern blots. This cither suggests that
Rv. gelatinosus puc expression is repressed by oxygen to a lesser extent than that of
other species, or that the conditions used did not cause a great enough aeriation of the
cultures. The semi-aerobic culture condition in particular could quickly be changed as
the bacteria multiply and respire away any oxygen presenl. Although it is difficult to
distinguish between these two possibilities, there may be a distinguishable diflerence
between the two strains as regards the repression of LH2 synthesis by oxygen.
Comparing the flat strain 149 Ael spectra with the strain 151 Ael spectra (which has a
visible peak at 881 nm) it is clear that strain [51 has synthesised significantly more
LHC than strain 149, in spite of the fact that 149 Ael was grown to over twice cell
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density of 151 Ael. The absorption spectra of the strain 151 Ae2 sample (grown to a
lower cell density, A wsmm = 0.032 em-l) in contrast is similar (o that of the strain 149
samples. This suggests that at high oxygen tension puc expression in both strains is
repressed, but that strain 15] puc expression is derepressed at a higher tension than that
of strain 149.

A second observation that can be made regarding the aerobic and semi-aerobic
absorption spectra is that LH1 predominates the spectrum, This is true even in strain
{51 where LH2 usually predominates the NIR absorption spectrum. These cultures are
essentially undergoing a transition from aerobic to anaerobic growth however and thus
represent a spectal case.

The difficulty in comparing the results obtained for each strain can be seen if
one considers the duplicate cultures 1.1.1 und LI.2 from each strain, which were loaded
towards the right-hand side of the gels in Figure 55, the hybridisation signal appears
grealer in stratn 151 than strain 149, Considered in isolation this would suggest that
strain 151 has a more abundant puc transcript than strain 149, an observation which
would support the conclusion that strain 151 synthesises more LH2 than strain 149,
However when one takes into account the extra strain 151 RNA that appears to have
been loaded onlo the gel, the difference between the strains is much less conviacing.
The result is further drawn into question by the difference in cell density at harvest,
with the strain 151 cultures having been grown to approximately three times the density
of the strain 149 cultures.

A similar picture is scen when the M1, and HL culture conditions are examined.
The strain 149 MLI and MI.3 samples both have a weaker hybridisation signal than the
strain 151 ML1 and ML2 samples, but in each case less strain 149 RNA appears to have
becn loaded. Interestingly ML2 samples from both strains appear evenly loaded on the
gel, and have apparently similar hybridisation signals, indicating a very similar fevel of
puc expression. (Jnce again the result can be questioned however, because the strain
149 culturc was grown to almost three times the density of the strain 151 culture.
Analysis of the HL cultures from each strain produces similarly inconclusive results.

The dark aerobic and semti-aerobic cultures are also difficult to compare across
the strains. The strain 149 semi-acrobic 1 (SAl) sample appears to have an ubnormally
high hybridisation signal, this probably results from the high cell density to which the
culture was grown. Once the SA cultures rcached a certain density they could
potenttally respire away the oxygen present, creating an anaerobic environment, and
allowing the cxpression (derepression) of the puc genes. This appears to have occusred
in the strain 149 SA [ culture, thus this sample can be discounted from the comparison.
The remaining dark grown cultures show the same pattern of less strain 149 RNA, and
weaker strain 149 hybridisation signals (although no signal is visible in the strain 149
autoradiograph shown in Figure 55, a longer exposure did indicate a low level of
hybridisation in the Acl, Ae2 and SA2 samples).

A sccand attempt at comparing the RNA samples was made, running the
equivalent samples from cach strain adjacent to each other on an agarose gel. The
resulting gel, autoradiograph and the Acsow values at harvest are shown in Figure 58
{overleaf),
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Figure 58

An agarose gel and associated Northern blot showing RNA samples isolated from strains 149 and 151 of Rv.
gelatinosus cultured under a range of conditions.
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Note: Pictured at the top is a 1.4% agarose gel containing strain 151 (white text on black) and strain 149
(normal black text) RNA samples cultured under a variety of conditions. The abbreviated sample name is
given above each lane with strain 151 as white text on black and strain 149 as normal black text, the main
text has details of the full name. An RNA ladder was loaded at each side of the gel, the sizes of the
fragments are given to the right. Below the gel is a Northern blot taken from the gel and probed with the
pucBA genes from strain 151. The estimated size of the hybridising transcript is given at the side of the
autoradiograph. At the very bottom is a chart indicating the whole cell Agsonm at cell harvest (cm-!) for

each of the samples loaded.



Again if one considers the autoradiograph in isolation it appears that strain 15]
has a higher puc transcription level than strain 149 in cvery culture condition (ested.
And again the A,snm values call this interpretation into question, since all the strain 151
cultures were grown to a higher density than the equivalent strain 149 culwares. It also
scems likely that there is variation in the level of RNA loaded onto the gel, but this is
difficult to see because unlortunately the photograph of the gel is out of focus.
However this second gel does appear to support the conclusion that Rv. gelatinosus
responds to the presence of oxygen by suppressing puc transcription, and also that more
transcript is present in cuitures grown at LL, than at ML or HL, since there is a visible
increase in hybridisation signal as one looks from the left to the right side of the
autoradiograph.
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Figure 59

An agarose gel and associated Northern blot showing the PCR product obtained from the Rv. gelatinosus
strain 151 clone p17T2.1X.
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Note: Pictured at the top is a 1.4% agarose mini-gel containing the PCR products from 4 reactions designed
to amplify the strain 151 pucBA genes. The template for the reaction was the plasmid p17T2.1X which has
also been loaded on the gel for comparison. Samples 1 and 2 contained 220 ng of template and samples 3
and 4 110 ng. Samples 2 and 4 also contained more primer (0.75 uM), compared to 1 and 3 (0.5 uM). DNA
markers were loaded, these were produced by digesting phage A DNA with EcoRI and HindIlI, the sizes of
the fragments are given to the right (160 ng were loaded). Below the gel is a Southern blot taken from the
gel and probed with the o consensus oligonucleotide.



PCR of the strain 151 pucBA genes and their expression in
Rb. sphaeroides

As part of a collaborative project with Dr. Greg Fowler ut the University of
Sheffield a (ragment of DNA carrying only the pucBA genes from strain 151 was
isotated and cloned 1nto an expression vector. This facilitated the expression of the
Ry, gelatinosus pucBA genes in Rb. sphaeroides. The fragment carrying the strain 151
pucBA genes was isolated from pl17T2.1X using the polymerase chain reaction. Tweo
oligonucleotide primers, of 30 and 28 residues were synthesised. These were
homologous to the DNA sequence up and downstreain of the pucBA genes, but mutated
the DNA outside of the gene reading frames to include a Kpnl restriction sile upstream
of the genes and a BamHI site downstream. These introduced restriction sites enabled
the PCR product fo be inscrted into a plasmid expression vector in the correct
orientation.

The resulis of the PCR reaction are illustrated in Figure 59 (opposite). Four
scparate reactions were performed using different amounts of primer and template
IDNA, this appears Lo have had little effecl on the reaction yield however. The size of
the PCR product should be 448 bp, since the producis run below the 564 bp » marker
the correct fragment appears to have been amplified. To further confirm that the
pucBA genes were present on the PCR product the gel was Southern blotted and probed
with the a consensus oligonucleotide. The resulting autoradiograph pictured al the
bottom of Figure 59 (opposite) shows a strong hybridisation signal for the PCR product.
‘The template plasmid pl7T2.1X can also be seen to hybridise to the probe as would be
expected.

The PCR product was cloned into an expression vector and transformed into a
deletion mutant (DDI3/G1E) of Rb, spheroides which synthesised no LH2 or LH1-RC
complexes by Dr. Fowler. This allowed the {luorescence emission and excitation
spectra, plus the absorption spectra of the expressed strain 151 LH2 to be recorded
without interference from the native Rb. sphaercides LHCs. T'he spectra recorded
confirmed that the LH2 complex synthesised was that of Rv. gelarinosus (with a
different carotenoid present), as did western blot analysis using antibodies to the
Rb. sphaeroides . H2 complex. The full resuits are presented in Fowler ef «!., (1995).
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Conclusions

In both strain 151 and 149 there appears to be a transcriptional response to the
difTerent irradiance levels used, and to the presence of oxygen. The hybridisation
signals obtained for the LI grown cells were stronger than those obtained for ML,
which in turn were stronger than those obtained for HL.. These signals thus mirror the
level of LH2 synthesisecl in each irradtance condition. They also suggests that
Rv. gelatinosus responds to changes in light intemnsity in a mauner simijar to other
purple bacterial species, which show a relative increase in the level of puc mRNA as the
irradiance is decreascd. Sinularly the aerated cultures show a reduced hybridisation
signal and thus reduced puc transcript in comparison to the light grown cultures,
indicating that the presence of oxygen also suppresses the transcription of the puc genes
in Rv. gelatinosus. The absorption spectra recorded from the aerated cultures also show
little LH2 was synthesised, except when the cultures were ‘overgrown’.

The aerated cultures which were grown to a higher cell deasity than intended
also provide some uscful insights, since they are undergoing a transition from aerobic to
anaerobic growth. Both the hybridisation studies and the whole cell absorption spectra
show that synthesis of LHCs has begun in these cultures, but although puc transcription
is occurring LH! dominates the absorption spectra. This suggests that LH1 is
synthesised before LH2 during shift to anacrobiosis, an observation that has been made
for other species of photosynthetic purple bacteria.

Although it is not clear if a difference exists between the two strains as far as
puc transeription is concerned (from the Northero analysis experiment), the absorption
spectra do show (as was illustrated 1 the first results section) that strain 151 synthesises
more LH2 than strain 149, Thus these new spectra confirm the results obtained in ihe
previous experiment. The spectra recorded form the aerated cultures hint at a further
difference between the two strains. 'T'his can be scen if one considers the aerobic
cultures (Ael) of strain 151 and 149. ‘T'he strain 151 Ael culture has both a measurable
level of puc transcription and significant amouats of L.HC, this should not be the case in
the presence of oxygen. 'l'hus one is drawn to the canclusion that this culture reached a
cell density at which the cells began to respire more oxygen than could diffuse into the
growth medium, causing a drop in oxygen tension and allowing expression of the puc
and puf genes. Since this culture reached an Agioum of 0.067 cm-! and the strain 149 Ael
culture was grown to Q.16 cin-l, almost twice the density, one would expect strain 149
to have reacted in a similar manner, transcribing the puc and puf genes and synthesising
LLHCs. This docs not appear to be the case, the strain 149 Acl absorption spectra shows
little or no LHC and there is no visible puc transcript on the auvtoradiograph. An
autoradiograph with longer exposure time did show a very faint hybridisation in the
strain 149 Ael lane, but this appeared much iess than the apparent difference in RNA
loaded between the two strains. Thus one can lentatively conclude that strain 151 is
able to transcribe photosynthesis genes and syathesisc 1.HCs at higher oxygen tensions
than strain 149. Further experimentation, in particular the growth of the two strains at
several different but known oxygen tensions would be nceded to confirm this
observation.

It is not clear whether this observed strain difference in response to oxygen
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tension ts related to the different levels of LH2 synthesised under different irradiance
conditions, or whether it instead forms an additional difference in the regulation of LH2
expression between the two straius.

A more solid conclusion that can be drawn from the northern analysts is that
there is a single puc transcript approximately 600 bp in size. Although multiple and
often larger transcripts have been observed in other specics, the observed transeript
cotrelates with the organisation of the the Rv. gelafinosus puc genes found during
sequencing. A longer pucBA comntaining transcript could nol be formed in
Rv. gelarinosus because the pucC gene is present downstream of pucA in the opposite
orientation. Read-through from the pucBA promotor would thus generate anti-sense
RNA and interfere with expression of the pucC gene, a gene which appears to be
essential for LH2 synthesis. However two potential promotors were identified upstream
of pucB and two potential terminators downstream of pucA. If these promotors and
terminators were being used by Lhe bacteria one would expect 1o see some variation in
the trzmséript size, this is not the case. [t may be howcever that the resofution of the
agarose gel does not allow one to distinguish between the different sized transeripts,
and that (he use of polyacrylamide gel electrophoresis would allow one to distinguish
between them.

The results of the Northern analysis carried out to allow comparison of puc
expression between Rv, gelatinosus strain 151 and strain 149 proved too vartable to
allow any solid comparisons to be made. This variation appears to stem from two
sources, {irstly from growth of cultures to widely varying cell densities and secondly
because varying amounts of RNA were loaded onto the agarose gels. The point at
which harvesting was carried out was judged by eye in the same manner used for the
initial culturing of the (wo strains at different trradiance levels, as described in the
Results Part | scction. In the previous experiment the cultures were harvested at much
more even cell densities, but judging the cell density by eye appears to have been less
effective when harvesting the cells for RNA extraction. A more accurate method of
determining the cell density would remove this source of variation. This could perhaps
be achieved by mcasuring the absorbance at 650 nm of the culture within the bottle, or y
by removing aiiquoLs from the culture and determining the absorbance during growth.

The tow cell density at which cell harvest was carried out also caused problems. :
Although harvest at Assome Of around 0.05 cm ! to avoid shading worked well in terms of
the absorption spectra recorded, each irradiance level inducing a characterislic
absorption spectra, it meant thai a small amount of RNA was obtained for each culture.
This in turn did not allow accurate determination of RNA concentration for several
cultures because a limited amount of sample was available. The RNA concentration of
the samples was determined by spectroscopic methods, but since the absorbance at 260
nm was less than 0.1 for 5 of the 20 samples, their calculated RNA concentration may
have been inaccurate. This could in part explain the vartation in RNA loaded onto the
agarose gels for Northern analysis.

The PCR reaction carried out to isolate the stain 151 pucBA genes worked well,
preducing a high yield. That this fragment contained the pucBA genes was shown by
probing the PCR products on a blot with the o consensus oligonucicotide. The
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fragment was used exlensively as a probe for the pucBA genes of Rv. gelatinosus in
both the strain 149 library construction and the Northern analysis.

The heterotogous expression of the stain 151 pucBA genes in Rb. sphueroidey
shows that it is possible to synthesise an active LH2 complex in a different species of
photosynthetic bacterium. 1t further shows that the lighi harvesting complex can
contain different carotenoid molecules and that the assembly process must be similar in
the two species. This also provides a method of carrying out site directed mutagenesis
studies on the Rv. gelarinesus LH2 complex without having to create deletion mutants
of Rv. gelatinosus.
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Discussion

The aims presented at the start of this thesis were to confirm the observation that
Rv. pelatinosus strain 151 synthesised more LH2 complex than strain 149. To clone
and sequence the puc genes from the two sirains, Aand finally to examine expression of
the puc genes in each strain to investigate whether differences in LH2 synthesis are
reflected in different transcriptional {evels. In this discussion I will first describe to
what cxtent these aims were achieved and how the work could be extended or
improved. Then move on lo describe some of more general observations and
conclusions which can be derived [rom the results presented.

The observation at the root of this thesis was the noting of a difference in the
absorption spectra of the two strains 149 and 151, which appcared to show that strain
151 was synthesising more LH2 relative to RC-LITi than strain 149. The first step was
to confirm that there was a real difference between the two strains. The growth of the
two strains at three different irvadiance levels showed that there was indeed a difference
between them. Strain 151 appears to synthesise approximately one third more LH2
than strain 149 at any given irradiance level. Interestingly the level of 1.HZ in both
strains varied by a similar amount when they were cultured under the different
irradiance levels. At ML both strains synthesiscd approximately 10% more LH2 than at
HL., whilst at LL the there was a (wo-fold increase in the tevel of LI12. Thus the
differcnce between the strains is not that 149 is less responsive to light changes, but that
strain 151 synthesises a larger amount of LH2 relative to RC-1.LH1. There must clearly
be a regulatory difference between the two strains which underlies this difference. The
most obvious point for this difference to occur is at the transcriptional level, with lower
expression of the puc genes from strain 149. However the difference may also occur at
the post-transcriptional level, or may be a global regulatory difference.

Since a global regulatory difference would probably result in reduced expression
of the LHI complex as well as LH2, this possibility could perhaps be resolved by
measuring the level of LHI synthesised under various irradiance levels. This would
prove difficult by absorption spectroscopy because 1.H2 tends to swamp ahsorbance
from LH1 {particularly in strain 151). However one could also confirm the results by
isolation and detergent solubilisalion of chromatophore membranes, followed by
discontinuous sucrose density gradient centrifugation which would separate LH1 and
LH2. SDS-PAGE of chromatophore membrancs could also prove uscful, allowing one
to visualise the physical amount of LH1 and LH?2 present. This would also confirm the
results of (he absorption spectroscopy work by showing the quantitative difference in
LH2 between the strains in a more physical manner.

As a preliminary to investigating puc gene expression genomic libraries were
constructed rom the two strains and the puc genes cloned and sequenced. This could
also allow the identification of control elements in the DNA which were different
between the two strains and thus potentiatly responsible of differentiat [.HZ synthesis.
The construction of genomic libraries did involve a few minor technical problems (such
as the problem with mixing during Sau3Al digestion, and the lower efficiency achieved
for the strain 151 library), bul these did not prevent the isolation of x clones and
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subsequent cloning of the pucBA genes {rom each strain. The source of the cloned
fragments was confirmed by using oligonucleotide primers with potential homology to
the puc genes and surrounding region to perform DNA sequencing reactions, and by
Southern analysis.

Fuil sequencing of the ¢loned pucBA carrying fragments highlighted a startling
difference between Rv. gelatinosus and other species from which the puc operon has
been cloned. This concerned the arrangement of the puc genes, tn other species where
the pucC gene has been found associated with the pucBA genes it usually lies in the
same orientation and is transcribed {rom the same promotor (or promotors) as the
pucBA genes (1.e. it {ays in the same operon). DNA sequence from both straing
indicates that the pucC gene is present in Rv. gelatinosus, and also that it lies
downstream of pucBA, but in contrast to other species lies in the opposite orientation to
pucBA and is thus part of a separate operon. This puc gene arrangement could be the
result of genetic rearrangements, or could represent an ancestral arrangement of the puc
genes which the other species have modified.

In contrast to the DNA sequencing Southern analysis using the Rb. sphacroides
pucC gene indicated the presence of pucC in strain 151, but not strain 149, The lack of
a strongly hybridising fragment in strain 149 is puzzling, since a thied of the genc was
sequenced and should hyhridise. Either the Southern hybridisation was flawed in some
way or there (s a difference between the two straings in the 57 region of pucC (the 3°
region was sequenced in both strains). This is interesting since pucC is known to be
intimately involved in the synthesis of LH2 in other species, if correct this ditference
could contribute to the reduced LH2 levels observed for strain 149. Probing strain 149
genomic 12NA and the isolated strain 149 A clones with a fragment carrying the pucC
gene from strain 151 would probably clarnify this point.

Potential promotor elements and repressor binding sites were identified
upstream of the pucBA genes in both strains, these were highly conserved between the
two strains, Thus it was not possible on the basis of sequence analysis alone to identify
elements which could be involved in puc gene regulation and that differ between the
strains. Further work, starting with the mapping of transcript 5’and 37 end points to
check that the identified promotors are being used, and followed by assays designed to
tdentify DNA binding proteins which bind to the pucBA upsiream region would
necessary fo identi{y any differences present,

Such work would have to follow comparative northern analysis of puc
expression in the two strains, this was altempted as described in the Resulis 5 section,
but the resuits proved to variable to allow comparison between the two strains. The
variation appears to have stemined form differences in cell harvesting time. This could
probably be overcome if the growth of cultures was monitored, and harvest at a specific
cell density more accurately achieved. A repeat of the northern analysis experiment
could then show either that there was a reduced level of transcript in the strain 149
samples, or that the two strains had essentially the same level of transcription. If the
latter proved (o be the case then work would next have to focus on post-transcriptional
conirol of ILH2 expression.

Despite the difficulty in comparing the northera analysis results of strain 149

Discussion 178




with those of strain 151, several useful observations could stiil be made regarding the
data. Firstly it appears that Rv. gelatinosus puc expression is affected by oxygen in a
manner similar to other specics of photosynthetic bacteria, since acrobic culture reduced
the levels of puc mRNA found. The same can be said with regard to the response (o
irradiance levels, as with other species the level of puc transcript increased as the
irradiance level was decreased. This response clearly has a part to play in regulating the
levels of LH2, since the levels of LH2 also increase as irradiance leve! is decreased.

The aerobic cultures of strain 151 and 149 which were (uaintentionally)
overgrown also showed an interesting response. At high cell density the cultures
respire away the oxygen and begin to synthesisc LHCs, but interestingly whilst an
aerobic culture of strain 151 began puc transcription and to synthesise LH2 at an A of
0.067 em-L, a strain 149 culture grown to .16 emt failed to begin 1.LH2 synthesis. Since
the 149 culture was at approximately twice the cell density it must have also have
reached a point al which it began to respire away the oxygen, yet it did not respond in
the same way as strain 151. This suggests a difference between the two straios in terius
of the sensitivity to oxygen tension. Whilst it would be premature to conclude an
absolute difference from this single replicate the point would warrant forther
investigation. This could be achieved by to monitoring and controlling oxygen
concentration more tightly, and to culture both strains at a series of oxygen tensions {0
tnvesligate the observed difference in response to oxygen tension. It could also be
investigated by allowing an aerobic cullure to overgrow, and removing aliquots for
RNA isolation at intervals. The most important point would be to ensure that the
oxygen lenston would be maintained at the same level in each culture. It is not clear
whether this difference is a separate one from the previously identified reduced LH2
level of strain 149, or whether it marks an additional difference.

Further interesting points conceri the potential regulatory clements identified in
the DNA sequence up and downstream of the pucBA and C genes. The most strikingly
conscrved feature between Rv. gelatinosus and other strains is the putative PpsR
repressor binding sites which occur in the promotor region of the pucBA genes and at
the start of the pucC gene. Similar sites have been found upstream of many other
photosynihesis genes in Rb. capsulatus, Rb. sphaeroides and Rps. palustris. The
identification of these sits in Rv. gelatinosus suggests that the protein is highly
conserved in photosynthetic bacteria, probably because of its role in repressing
synthesis of pholosynthetic apparatus components in the presence of oxygen. There
must be a strong selective pressure against the potentially lethal combination of oxygen,
light and bacteriochlorophyll occurring,

The use of o like promotors has also been scen in other photosynthetic
bacteria. The presence of two promotors upstream of pucB produces some interesting
possibilities, it presumably allows the bacterium to impose differential regulation on the
two promotors. One could speculale that in Rv. gelatinosus the promotor more
proximal to pucB would be expressed constitutively in the absence of oxygen, whilst
the distal promotor could be regulated by light. Both promotors would be repressed by
PpsR since it would bind over the proximal promotor, This would of course require
experimental conformation, firstly by transcript end mapping to see if both promotors
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were being used, and secondly to see il different promotors were utilised under different
cwture conditions,

Another conserved feature between Rv. gelarinosus and other photosynthetic
bacteria is the presence of exceptionally large and stable stem-loop forming structures
immediately downstream of the pucA genes. These appcar to play a role in
transcription termination and in stabilising the transcript against degradation by
endonucleases.

The predicted protein sequence of the strain 151 pucC gene shows a great deal
of homology to other pucC genes and to the homologous genes or{f477 and G115. This
family of proteins also shows some potential structural homotogy. It appears that the
pucC protcin has two main domains separated by a polar hydrophilic section, and 12
membrane spanning segments with its N and C terminii both located on the cytoplasmic
side of the membrane. It is perhaps not surprising that the structure of these protcins is
so well conserved when one considers the heterologous expression experiments. Since
Lthe pucC protein of Rb. sphuercides appears to substitute for the native Ry. gelatinosus
pucC and atlow assembly of the Rv. gelatinosus LH2 inx Rb. sphaeroides.

To summarise it appears that the molecular biology underlying synthesis of LH2
in Rv. gelatinosus shows an overall similarity to other photosynthetic bacteria, but also
some notable differences. It has also been shown that there is a definite difference
between the two strains with regard to ILH2 synthesis, but further work is required to
delineate at which stage of the synthesis process this difference arises.
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Appendices

Appendix i: Media used for the culture of Rv. gelatinosus

Modified from ‘Semi-synthetic medium” as deseribed in Subir, (1963),

1.1 c-Succinate Medium

per litre;

Base Concentrate* 20 ml
IM Di-potassium hydrogen orthophosphate {0ml
1M Potassium di-hydrogen orthophosphate 10ml
10% Ammonium suiphate solution Smi
1M Sodium succinate, pH 6.8 10 ml
Growth factors™ 1 ml
Casamino acids lg

made up to 1 litre with deionised water.
* Constituents of these solutions are described below.

1.2 Base Cuncenlrafe

per iitre:

nifrilotriacetic acid 10g
magnesium sulphate 14.45¢
calcium chloride 2H-O 34g
ammoniuvm molybdate 9.25mg
ferrous suiphate.7.H,0 Pmg
nicotinic acid 50mg
Aneurine hydrochloride 25mg
Biotin 0.5mg
Metals 44* 50ml

* constituents are described in appendix 1.4

1.3  Growth factors

per litre:

Biotin 0.02g

Sodium hydrogen carbonate 0.5g

Make up to 1 litre with deionised water to dissolve, then add:
Nicotinic acid

Aneurine hydrochloride 0.
4 Aminobenzoic acid

and boil to dissolve.

L 1 Bl
g g& 09
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1.4 MIETALS 44

Ethylencdiaminetctra-acetic acid (EDTA) 250mg
Zinc suiphate 1095mg
Manganous sulphate 45,0 134mg
Copper sulphate.5H-0 39.2mg
Cobaltous nitrate.6H.0O 24.8mg
Ferrous sulphate.7H() 500mg
Di-sodium tetraborate. 10H.O 17.7mg

Make up (o 100 ml with detonised water and add 2 drops concentrated sulphuric acid to
retard precipitation.

Appendix 2: Solutions used in RNA extraction
2.1 Solution D

Stock solution:
To 100g Guanidium thiocyanate in a glass bottle (as supplied by The Sigma chemicals

company) add:

DEPC treated, Deionised water 117.2 mi
0.75M Sodium citrate pH 7.0 7.04 mli
10% Sarkosyi 10.6 ml

Heat to 65°C to dissolve. The siock solution is stable for 3 months at 4°C, before use
0.1% g—mercaptocthanol is added to produce solution D.

2.2 Water saturated phenot

1 kg of phenol (Fisons, AR grade) was melted in a water bath at 68°C, and
8-hydroxyquinolinc added ta 0.1% of the volume. 150 mi of sterile Tris-HCI pH 8.0
was added and mixed, then allowed to settle, following which the aqueous phase was
discarded. This was repeated with the addition of a further 150 mi of Fris-HCL. The
aqueous phase was then replaced with sterile water, and f~-mercaptoethanol added to
0.2% {volume of phenol phase), before storage at 4°C in a foil covered glass bottle.

Appendix 3: Production of radioiabelled probes

3.1 5% end labelling of oligonucleotides

Mix the following ingredients in a microfuge tube on ice, make up to 50 ul total
volume with sferile analar water, and incubate for 30 minutes at 37°C.

Chigonucleotide (200ng) ~Fpl
50mM MgCl, i0pl
IM Tris-HCL, pH 7.6 5l
50 mM DTT Sul
v2P-ATP @ 5000 Ci umol™} 10ul
10 units T4 kinasc Tul
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3.2  Random prime labelling

This was carried out using the following protocol, based on that of Feinberg &
Voglestein, (1983). DNA solution should be boiled for 5 minules and cooled on ice,
before adding the following:

Reaction Mix* 10 ul
BSA (10 mg ml™t) 2 ul
DNA solution2 2to8ul
«32P-dCTP [ICN] (50 uCi) Sul
Large Fragment polymerase I (Klenow)

{Buchringer-mannheim] 1l
sterile analar water 10 50 ul tota}

*The constituents of this solution are given below.

ATypically, S0ng of DNA was used in this reaction.

The reaction was either allowed to proceed for 1 hour at 37°C, or left at room
temperature overnight, Probes prepared using this protocol regularly have specific
activities greater than 109 cpny/ pg of DNA (MacKenzie, 1990).

3.3 Solutions for Reaction Mix

For 1 ml of Reaction mix add;

Solution A 200 ul

Solution 13 500 yl

Solution C 300 ul

Solution A Solution B
Solution D Tui 2M HEPES pH 6.6
f-mercaptoethanol 18d

100 mM dATP Sul

100 mM dTTP Sul

100 mM dGTP Sul

Solution C Solution D
Iexadeoxynucieotides [Pharmaciaj iIM Tris-HCI pH 8.0
at 5000 wnits ml™ in TE pH 8.0 0.125M MgCl,

Appendix 4: Genotypes of bacterial strains

4.1 KW251
Kw251 F", supEA4, gall{2, gal' 122, meiB1, hedR2, incr B, twr A, | arg AS1:Tal0) recD 1014

42 Dl5«
IDHSa« sup A, AlacU 169, (PBOCZAM 15), Iisd R17, rec A1, endA 1, gyrAY6, thi- 1, rel Al
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Appendix 5: Sau3Al digestion mixtures

5.1 Enzyme premix £.2 DNA premix

sterile analar water 44 wd steriie analar water 190 ul
10x React 4 buffer [BRL] Sl 10x React 4 buffer 50 ul
Sau3Al |IBRL] @6 u ul™ L ul genomic DNA @460 ng ul™! 260 ul

The concentration of enzyme to use in the enzyme mix was calenlated on the basis of
the frequency at which Sau3 ATl cuts a random DNA sequence {of neutral base
composition). This is once cvery 250 bp, since we require 20 kb fragments we only
wish to cut 1/80 th of the potential sites (20000 + 230 = 80). Since 1 unit of enzyme
fully digests | ug of DNA in one hour, it can be calculated that the 6 units of Sau3Al
used in the enzyme mix will cut 1/80 th of the sites in the 119 ng of DNA added in ~4.5
minutes. This provides a useful time scale around which the digestion cxperiment can
be arranged.

5.3  Scaled vp enzyme mix 5.4 Scaled up DNA mix

sterile analar water 43 ul sterile analar water 650 ul
tOx {-d-all buffer [Pharmacia] 5 10x I-4-all buffer {Pharmacia] 150 ul
Sau3Al [Pharmacia]@10 unl™ 2 uf genomic DNA @460 ng ul™! 650 ul
Although & different suppliers enzyme was used 1 the scaled up digest this is not a
essential change, Sau3Al from any supplier could be used. The reader should also note
that the volumes presented were used for both strains 151 and 149, but that the
concentration of genomic DNA was slightly lower for strain 149 (405 ng i),

Appendix 6: Constituents of the Ligation Reactions

6.1  Genomic library ligation

genomic DNA (~20 kb fragments)@65 ng 17! 6ul
*GEM-11 Anms {Promega Corp.] @500 ng ult Tul
Livase buffer (10x)* tel
ATP @ 10mM Tul
T4 Ligase [BRL] @1 u w71 Ind

*Constitucnts given in Appendix 6.4

6.2  Test insert ligation

pTII test insert {Promega Corp.}] @500 ng ul’! ipl
»GEM-11 Arms [Promega Corp.] @500 ng ul™! fud
Ligase buffer (10x)* Tul
ATP @ 10mM Inl
T4 Ligase [BRIL] @1 u W™ Tul
Sterile Analar water Sul

*Constituents given in Appendix 6.4
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6.3  Ligation of » arms

AGEM-11 Arms {Promega Corp.| @500 ng pl ! Tl
Ligase buffer ( 10x)* |
ATP @ 10mM 1ul
T4 Ligase |[BRL] @1 u nl™t |,
Sterile Analar waler 6nl

*Constituents given in Appendix 6.4

6.4 10x Ligase bufifer

MgCl. 100mM
Tris-HCI, pH 7.5 400mM
DTT 100mM
ATP 10uM
Bovine Serum Albumin 500 pg mlt

For cach ligation reaction the DNA solutions, water and ligase buffer were mixed and
incubated at 42°C for | hour then cooled on ice before the other ingredients were added,
ligation was carried out at 18°C for 48 hours.

Appendix 7: SM buffer (for the storage of phage)

Taken from Kaiser & Murray, (1985).

7.1 SM buffer (per litre)

NaCl 5.8¢ 100mM
MgSO.J,'HQO 2g [O0mM
IM Tris-HCI pH 7.5 50 ml 100mM

Appendix 8: BBL media

Taken from Kaiser & Murray, (1985). BBL media is less rich than LB and is used for
phage growth on plates when the plaques need to be kept small.

8.1  BBL broth

Trypticase | BBL Miciobiology systems, Becton-Dickson| 10g
Na(ll 5g
Water to 1 litre

Adjust pHto 7.2.

8.2 BBL. broth agar 83 BBE. broth top agarese

BBL broth plus: BBL broth plus:

Bacto-Agar 10g Agarose (gel qualily) 6.5g
MgSO; 10mM
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Appendix 9: Ligation for shotgun cloning of 2 clones

9.1  The ligation reaction

Subeloning of Strain 151 Strain 149

Sterile Analar water 4.5ul
Insert DNA 550 ng 300 ng t.5ul
pBluescript DNA 400 ng 150 ng Tul
Ligase buffer (10x)* Tul
ATP @ 10mM ul
T4 Ligase [BRL] @1 u pi'L Tl

*Constituents given in Appendix 6.4

incubated at room temperalure overnight. In each case an excess of insert over vector
DNA was uscd, this should help to reduce the background of pBluescript conlaining no
insert.

Appendix 10: One step competent cells and transformation
Taken from Chung ef al., (1989).

10.1 | Protocol

Cells grown to a density represented by an Ao of 0.125 were harvested at 2000
rpm, 4°C. The pelleted cells were resuspended in a teath volume of TSS (see Appendix
10.2) and placed on ice. To 100 ul of these cells in a cold microfuge tube was added 1
or 2 ul of the DNA to be transformed, and these then incubated on ice for 5 Lo 60
minutes. Following this incubation period 0.9 mf of LB broth (see Appendix A1l of the
Handbook of molccular cloning (Sambrook ¢t al., 1989)) was added and the mixture
incubated at 37°C for 2 hours. The cells were then plated out onto sclective media.

10.2 TSS
LB broth

10% PEG 80600
5% DMSO

50 mM MgCla
pH 6.5
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Appendix 11: Preparation of single stranded DNA

Adapted from USB Corp. iustruction manual for their “Pre-sequencing kit for linear.
double-stranded DNA”. DNA was first prepared al a concentration of 0.3 pg ul™ in
sterile anatar water.

11.1  Digestion with Pvull

DNA 6ul
Sequenase buffer [USB Corp] 3ul
Pyull [Gibco-BRL] @10 1t pl7i 0.5ul
sterile analar water 5.5ul

This mix was then incubated for 1 hour at 37°C. This provides encugh template for a
single sequencing reaction, and soine o analyse ithe products of digestion. I more
template was required this reaction and the one following were simply scaled up.

11.2  Digeslion with T7 gene 6 exonuclease

To the completed reaction from Appendix 11.1 was added 15 units of T7 gene 6
exepuclease, the mix was then incubated for 30 minutes at 37°C for digestion, followed
by incubation at 80°C for 15 minutes to inactivate the exonuclease. For sequencing 9 pd
ol this digested DNA (~ 1 ug) was mixed with 1 wl of primer.

Appendix 12: DNA sequencing gels

12.1 TTE buffer (glycerol tolerant gel buffer)

pet litre of 20x buffer:

Tris Base 216g
Taurine 72g
Na:EDTAQH 10 4g

Add water to 1000 ml total and filter. Use at 1x strength.
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