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ABSTRACT

In a previous study (Gumpel et al., 1995) a collection of nuclear photosynthetic mutants
of Chlamydomonas reinhardtii were generated using an insertional mutagenesis technique.
Subsequent biophysical and fluoresence analysis identified mutants that were affected in
either photosystem II, photosystem I or the cytochrome b^f complex. A detailed genetic
analysis of the latter mutants identified three (M $ l 1, M03O and M 037) in which the
mutant phenotype co-segregates with the insertional mutagen. Protein and RNA analysis
revealed that M 0 1 1 fails to accumulate transcript for the chloroplast gene (petA) encoding
the apoprotein of cytochrome f, whereas M 037 shows a sevetdy reduced accumulation of
the transcript for the chloroplast gene (petB) encoding the apoprotein of cytochrome b^.

In this study, the collection of mutants have been further characterised:

i) The photosystem I mutants have been further characterised by fluore^nce and EPR
spectroscopy and by Southern and western blot analysis.

The results indicate that a

functional PSI complex fails to assemble but that none of the nuclear genes encoding
known PSI subunits are affected, suggesting that nuclear genes other than those encoding
structural components are required for PSI biogenesis.

ii) Using DNA probes isolated from the genomic region flanking the insertional mutagen
in m utant M o l l , a cosmid wildtype genomic library was screened.

A 42kb cosmid

(termed B5) was shown to rescue the mutant phenotype when transformed into the nuclear
genome. B5 transformants show restored photosynthetic function and were able to grow
photoautotrophically on minimal medium. Protein analysis of the transformants showed
the presence of the cytochrome f protein.

Restriction analysis of B5 combined with

complem entation studies identified a 18kb genomic fragment that retained the ability to
complement the mutant. This fragment was used to screen a wildtype C. reinhardtii cDNA
library.

Two independent cDNA clones were obtained, named ACV4 and ACV5.

Southern analysis showed that the gene encoding ACV4 showed restriction fragment length
polymorphisms when comparing the genomes of wildtype cells and M 0 1 1. In the case of
ACV5, the genomic sequence corresponding to this cDNA was completely lacking from

III

the mutant, indicating that insertion of the mutagen has lead to the deletion of genomic
DNA.

Northern analysis revealed that the ACV5 transcript is also absent in M 011,

whereas the ACV4 transcript was undetectable in both wildtype and mutant cells.
Sequence analysis was initiated on both cDNAs and indicates that both appear not to be
full-length.

In the case of ACV5, the deduced protein sequence has revealed some

homology to known nucleic acid binding protein sequences in the database.

hi) Southern analysis was carried out on mutant M 037 in order to generate a restriction
map covering the site of integration of the mutagen. This enabled the cloning of a flanking
genomic fragment and the screening of the wildtype cosmid library.

A number of

hybridising clones were isolated, however none were able to complement the mutant.
Simultaneously, a plasmid rescue strategy was also employed to attempt to isolate flanking
genomic DNA.

However, this too failed to isolate a complementing cosmid clone.

Possible reasons for this failure are discussed.
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CHAPTER 1: INTRODUCTION.

CHAPTER 1: INTRODUCTION.

1.1 Photosynthesis.
Oxygenic photosynthesis is the process by which solar light energy is used to convert
carbon dioxide and water to produce carbohydrates and oxygen. It is carried out by
plants, algae and some forms of photosynthetic bacteria. Photosynthetic organisms
provide virtually all the organic material required by living cells. The reactions that
occur during photosynthesis can be divided into two categories, based on their
requirement for light energy; "the light reactions" and "the dark reactions".

During the light reactions, solar energy excites electrons within specialized
photosynthetic pigments called chlorophylls. The excited electrons are then passed
along a complex electron transport chain which results in the production of energy in
the form of ATP and a reductant, NADPH. For most photosynthetic organisms the
electron donor is water. It is this process of water oxidation that releases the gaseous
oxygen present in the atmosphere.

During the light-independent reactions (dark reactions), the ATP and NADPH created
in the light reactions are utilized in a series of cyclic enzymatic reactions called the
Calvin cycle. This is involved in the fixation of atmospheric carbon dioxide to produce
carbohydrates.

In prokaryotic photosynthetic organisms, the photosynthetic apparatus is located within
the inner plasma membrane of the cell. In higher plants and algae, the process of
photosynthesis occurs within a specialized cellular organelle called the chloroplast.

1.12 Chloroplasts.
Chloroplasts are believed to be descendants of oxygen-evolving bacteria that were
endocytosed and lived in symbiosis with primitive eukaryotic cells.

Evolutionary

developments have resulted in the symbiotic intra-cellular bacteria becoming a highly
specialised and complex organelle. In addition, the majority of the genes required for

its biogenesis and control have been transferred to the nuclear genome, with only a few
remaining in the organelle. It is thought that a similar process occurred during the
evolution of mitochondria. The chloroplast has a permeable outer membrane and a
highly selective inner membrane. The inner membrane encloses the stroma. W ithin
the stroma, there is a highly complex system of membranes called the thylakoids
(figure 1.1).

The thylakoid membranes form flattened, disc-like stacks called grana. These grana
have different membrane domains; the appressed granal membranes, which are
internally located in the stack and the non-appressed grana margins, which are the
membranes surrounding the stack. The latter are similar in composition to the nonappressed stroma thylakoids, which form a network of narrower membranes
interlinking the grana. There are also one or two fret membranes associated with each
granal stack, also serving to connect the appressed grana region with the non-appressed
stromal thylakoids (Anderson, 1992). The thylakoid membrane itself is selectively
permeable and separates the thylakoidal space, or lumen, from the stroma.

The stroma contains the chloroplast genome: a circular double-stranded DNA
molecule, together with the genetic machinery required for gene expression. This
machinery includes RNA polymerase, translation factors, 70S ribosomes.

The

chloroplast also contains a large number of enzymes and cofactors, essential for
chloroplast function. It is here that the dark reactions take place and carbon dioxide
is assimilated and fixed into organic carbon molecules, which are ultimately deposited
in the form of starch in granules within the stroma.

These starch grains act as a

carbohydrate reserve.

Carbon fixation is carried out in the stroma by the enzyme ribulose biphosphate
carboxylase oxygenase, RuBisCO. It is a large protein ( —500 kDa) composed of
eight large 55 kDa catalytic subunits and eight small 15 kDa subunits. It is claimed to
be the most abundant protein on earth and often represents > 50% of the total
chloroplast protein. Its high abundance is probably due to its low catalytic rate;

a.

Frets

b.

arri^v
ç^^TM nrTM îF^i-rTn^inTrTTnj

^xnüimiïnriîïnr^iüL^
nonappressed

v j/

PSIla

cytochrome b /f

Q

PSII/?

U

PSI

cytochrome b /f

Ç ' ATP Synt hase

Figure 1.1 (a) Schematic model of the fret regions that interconnect the
granal stacks with the stromal thylakoids and (b) localization of the
photosynthetic complexes in both the stacked and unstacked thylakoid
regions.
Figures taken from Anderson, (1992). The structure of the thylakoid
membranes and the location of the photosynthetic complexes are discussed in sections
1.12 and 1.13.

RuBisCO processes three molecules of substrate per second compared to thousands of
molecules per second for a typical enzyme (e.g. catalase). RuBisCO catalyses the first
reaction of the carbon-fixation cycle, the Calvin cycle; three molecules of atmospheric
carbon dioxide combine with the five carbon compound ribulose 1,5-biphosphate and
water to produce six molecules of the three carbon compound, 3-phosphoglycerate,
which contain a total of 18 carbon atoms. The Calvin cycle reactions then regenerate
the 15 carbon atoms from the ribulose 1,5-biphosphate used in the initial reaction and
produces one molecule of glyceraldehyde 3-phosphate. These reactions require energy
in the form of ATP and a reductant in the form of NADPH.

Most of the

glyceraldehyde 3-phosphate produced by the Calvin cycle in the chloroplast is
converted to starch. The reactions are summourized in Figure 1.2.

The light reactions occur in the thylakoid membranes, which contain the three trans
membrane multi-subunit photosynthetic complexes through which electrons are driven
along a transfer chain. These complexes are photosystem II (PSII), the cytochrome bgf
complex and photosystem I, (PSI).

The relative stoichiometries of PSII : PSI :

cytochrome b^f in the thylakoid membrane can vary between species and also in
different light conditions, but are thought to be highly regulated (Anderson, 1992). A
fourth complex, ATP synthase, produces energy in the form of ATP using the proton
gradient generated by the three photosynthetic complexes. Electron flow thfough the
photosynthetic complexes produces ATP and a reductant in the form of NADPH. Both
the ATP and NADPH are then utilized in the dark reactions.

The photosystems consist of two closely linked components; the photochemical reaction
centre and the antenna or light-harvesting complex. The light-harvesting complexes
consist of clusters of several hundred chlorophyll molecules, bound to proteins of the
thylakoid membrane. Chlorophyll a, chlorophyll b and varying amounts of accessory
pigments, (carotenoids) are present in the clusters which absorb light energy of
different wavelengths and act to funnel the energy to the photochemical reaction centre.
The reaction centres are transmembrane protein-pigment complexes with a specialized
pair of chlorophyll a molecules that irreversibly trap the energy by causing excitation
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Figure 1.2 The Calvin Cycle showing the main reactions involved in the
fixation of carbon dioxide to form organic carbon. Figure obtained from
Molecular Biology of the Cell, (Alberts etal.,19^9). The carbon fixation reactions are
discussed in section 1.12.

of the subsequent electron transfer chain.

The PSII complexes are located predominantly in the appressed grana membrane
regions; here they are associated with the hundreds of chlorophyll molecules o f the
large light-harvesting complex H (LHCII) and are termed PSIIa. Another form of PSII
complex, PSIlp have smaller LHCs and are proposed to be unable to form NADPH
(Hope, 1993).

PSI complexes seem to be confined to the non-appressed regions,

together with ATP synthase and PSIIp complexes (Vallon et al., 1986).

The

cytochrome b^f complexes however, are distributed laterally between the appressed and
non-appressed regions (Olive et at., 1986).

Photosynthetic phosphorylation (or photophosphorylation) describes the production of
ATP in the chloroplasts by the light-activated reactions that take place in the
photosynthetic complexes.
chloroplast,

non-cyclic

ATP production can occur by two processes in the
and

cyclic

photophosphorylation.

Non-cyclic

photophosphorylation involves both photosystems in an electron transport chain known
as the Z scheme, seen in figure 1.3. Essentially, it involves the photo-oxidation of
water by PSII, evolving oxygen. The electrons released are passed to the cytochrome
b^f complex via the plastoquinone pool. As the electrons pass through the cytochrome
bgf complex, protons are transferred into the thylakoidal space, generating a proton
motive force which is used to drive ATP synthase. The electrons are subsequently
donated to PSI via plastocyanin, where light energy further excites the electrons, which
are passed to the NADP reductase via ferredoxin. Cyclic photophosphorylation is a
process whereby electrons are cycled around PSI and the cytochrome b^f complex to
produce extra ATP without the formation of NADPH or oxygen. W hether electrons
follow cyclic or non-cyclic routes depends on whether the ferredoxin of PSI donates
its high energy electron to N A D P+ or to the quinone pool that leads back to the
cytochrome b^f complex.

The relative activities between cyclic and non-cyclic

photophosphorylation is regulated by the cellular levels of ATP and N A D P-H (Hall
and Rao, 1994).
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Figure 1.3. The Z-scheme; the two light-driven reactions, catalysed by
PSI and PSII, to drive electrons from w ater to NADP+. Diagram taken
from Nicholls and Ferguson, (1992).

1.13 Structure of the Photosynthetic Complexes

Photosystem II (PSII).
PSII (figure 1.4) is a multi-subunit complex centred around two core chlorophyll
molecules that absorb maximally at 680nm; therefore the photochemical reaction centre
has been named P680. PSII has an associated water-splitting complex, which utilizes
four photons of light to transfer four electrons from two molecules of water to P 6 8 0 + .
P680 is made up of the D1/D2 heterodimer, encoded in the chloroplast genome by the
p sbK and psbD genes respectively, to which the plastoquinones
pheophytin molecules are bound.

and Qy and two

There are two intrinsic chlorophyll a binding

proteins in the heterodimer which are encoded in the chloroplast by the psbB and psbC
genes.

The antennae are two pigment-protein complexes named CP47 and CP43,

which are tightly coupled to the P680 core. Light energy is funnelled from the distal
light-harvesting complexes to the proximal antennae, leading to photoexcitation of
P680, which mediates electron transfer to pheophytin and subsequently

then Qy.

Also associated with the P680 core is the chloroplast-encoded psbl gene product, of
unknown function and cytochrome b^^g, an intrinsic heterodimer of alpha and beta
polypeptides, encoded in the chloroplast by p s b ^ am/ pshF respectively.

These

polypeptides are co-ordinated to a haem molecule and play an important role in the
stabilization of the PSII complex (Rochaix, 1992), possibly by acting as a
photoprotective agent.

Other subunits of the PSII complex include the chloroplast

encoded psbU gene product, a phosphoprotein which may alter the conformation of the
D1/D2 dimer. Other low molecular weight polypeptides, within the range of 3-7kDa,
are the chloroplast-encoded psbJ, psbK, psbL, /?5bM and psbH gene products (de Vitry
et a /., 1991).

These polypeptides each have one membrane spanning region, are

hydrophobic and are thought to be integral membrane proteins (Andersson and
Franzen, 1992). Although their function has not yet been accurately determined, it has
been suggested that the p sbh, psbM. and pshN gene products may be associated with
the oxygen-evolving centre (Erickson and Rochaix, 1992).
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Figure 1.4
Proposed arrangem ent o f the polyp ep tid es o f the PSII
reaction centre. Figure obtained from Hall and Rao, (1994). The polypeptides and
the genes encoding them are discussed in section 1.13.
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The electron donor side of PSII is involved in water oxidation and oxygen evolution.
The oxygen evolution centre (OEC) of the PSII complex is located on the lumenal side
of the thylakoid membrane and consists of three peripheral proteins termed O E E l,
0E E 2 and 0EE3. These subunits are eroded in the nuclear genome by the psbO, psbV
andpsbÇl genes respectively.

The psbR gene is also encoded in the nuclear genome

and the lOkDa product is thought to be one of three regulatory OEC components,
probably serving to anchor the GEE proteins to the PSII core and maybe regulate their
functionÇErickson and Rochaix,

1992).

In turn, the O EE l polypeptide appears to

stabilize the redox active tyrosine residue, Y^, that is associated with the D1
polypeptide.

contains a manganese cluster, which accumulates four oxidizing states

as PSII is turned over, resulting in the oxidation of two water molecules and the
generation of one molecule of oxygen. The oxidized cluster then donates electrons to
reduce P 680+ . This releases oxygen and donates electrons to P680 + , as the light
excited electrons are transferred from the P680 chlorophyll molecules to Q^, Qb and on
to the plastoquinone pool (Erickson and Rochaix, 1992% Ghanotakis and Yocum, 1990).
The reduced quinone molecules then pass their electrons to the cytochrome bgf
complex.

This light-induced oxidation of water coupled to the reduction of

plastoquinone results in the transfer of four protons across the thylakoid membrane
from the stromal side to the lumenal side, creating a proton motive force that is used
to drive the ATP synthase complex.

Cytochrome b^f Complex.
The cytochrome bgf complex (figure 1.5) is involved in non-cyclic and cyclic
photophosphorylation.

In non-cyclic photophosphorylation, the cytochrome b^f

complex mediates the flow of electrons between PSII and PSI. The complex accepts
electrons from the plastoquinone pool on the acceptor side of PSII, which are donated
ultimately to PSI via plastocyanin. During cyclic flow around PSI, the complex is
involved in accepting electrons from ferredoxin and donating them to plastocyanin.
A vital function of the complex is the creation of a proton motive force, which is used
by the ATP synthase complex to generate ATP.
11

However, the mechanism of this
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Figure 1.5 Proposed arrangem ent o f the polypeptides o f the cytochrom e
bôf complex. The polypeptides constituting the complex and the genes encoding
them are discussed in section 1.13.
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proton translocation across the thylakoid membrane is poorly understood (Hall and
Rao, 1994). The cytochrome b^f complex is also involved in distributing light energy
evenly between the two photosystems, in response to ATP demand. This is controlled
by the redox state of the cytochrome bgf complex, which in turn controls the activity
of L H C n kinase. This enzyme catalyses the phosphorylation or dephosphorylation of
the mobile peripheral chlorophyll alb proteins of the light-harvesting complex of PSII,
(LHCII).

During overexcitation of PSII relative to PSI, the redox state o f the

cytochrome b^f complex activates LHCII kinase. Phosphorylated LHCII proteins are
detached from PSII and are laterally redistributed from the appressed granal regions
to

the

non-appressed

stromal

thylakoids

which

favours

enhanced

cyclic

photophosphorylation and therefore increases ATP supply. Conversly, overexcitation
of PSI relative to PSII, causes inactivation of LHCII kinase and dephosphorylation of
LHCII proteins, which migrate back to the appressed domain. This favours enhanced
non-cyclic photophosphorylation.

Therefore, the cytochrome b^f complex plays a

central role, not only in linear and cyclic electron transfer and proton translocation, but
also in the regulation of LHCII kinase activity. Enzymatically, the complex is a
plastoquinol/plastocyanin oxidoreductase (Hope, 1993).

The complex has been reported to exist as a dimer, both in vivo and in vitro, although
it has also been reported to exist as a mixture of monomer and dimer forms in the
chloroplast. Opinions and results differ, but it is assumed that the complex is able to
function as a monomer (Anderson, 1992).

The b^f complexes of higher plants and most eukaryotic algae are fm/zj-membrane
complexes with one copy of each of the major subunits.

These are cytochrome f

{petA), cytochrome b^ (petW), subunit IV {petD) which are chloroplast-encoded
polypeptides and the nuclear-encoded Rieske protein (petC). Recently, other genes
encoding subunits of the complex have been reported; the nuclear-encoded petM gene,
(de Vitry et a/., 1996% Ketchner and Malkin, 1996) and the chloroplast-encodedpetG
(Schmidt and Malkin, 1993) an d petL gene, (Pierre et al., 1995).

13

The cytochrom e

subunit consists of a protein o f m olecular w eight of 23 kDa which

contains two b-type (/. e. non-covalently bound) haem centres that are each liganded to
two histidine residues in the polypeptide chain. The subunit is proposed to have four
hydrophobic rm m -m em brane helices which span the thylakoid m em brane. The subunit
is involved in electron transfer from reduced ferredoxin to plastocyanin during cyclic
photophosphorylation, (K ram er and Crofts, 1994).

Cytochrom e f consists of a protein o f m olecular w eight o f 31 kD a and has a single ctype {i.e. covalently bound) haem centre. It is an intrinsic m em brane protein w ith a
single rr<3A25-membrane helix located near its C-term inus

(G ray, 1992; W illey et

a /., 1984). The bulk of the subunits hydrophilic surface, including the haem prosthetic
group, is located on the lumenal side of the thylakoid m em brane.

Cytochrom e f

catalyses the transfer of single electrons from the Rieske iron-sulphur centre to the
plastocyanin o f PSI.

The Rieske protein has a molecular weight of 20 kDa and contains a single m em brane
spanning amino acid region. The prosthetic group is a single iron-sulphur centre (2Fe2S), which like cytochrom e f, is located on the lumenal side o f the thylakoid
m em brane. Tw o histidine residues and two cystine residues are responsible for binding
each o f the iron m olecules. The Rieske protein accepts electrons from the reduced
plastoquinone pool and like cytochrom e b^ and cytochrom e f, is also im plicated in the
electron transferring steps of the complex (de V itry, 1994).

Subunit IV has a m olecular weight o f 19 kDa and has no associated prosthetic group.
It is predicted to have three m em brane spanning helices. It is thought to be essential
for the catalytic activity o f the cytochrom e b^f com plex and perhaps involved in the
binding o f electron donors (quinones) and/or stabilizing the other subunits (Li et
a / . , 1991).

In addition, there are at least three small subunits (4kDa) present in the com plex,
encoded by perM (in the nuclear genome), petQ and petl^ (in the chloroplast genom e).
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All of these proteins are hydrophobic and have been identified in the C. reinhardtii
cytochrome b^f complex, as well as in those of higher plants. All three proteins are
intrinsic membrane proteins, each forming a single transmembrane a-helix with short
extra-membrane segments (de Vitry et a L ,1996).

It is unclear what role these small

proteins play in the complex; they may be structural subunits or required for correct
assembly of the complex.

Analysis of chloroplast and nuclear mutants affected in cytochrome b^f function have
shown that the assembly of the complex occurs in two steps. The three chloroplastencoded subunits assemble to form a core cytochrome moiety complex in the thylakoid
membrane, followed by the insertion of the nuclear-encoded subunits. However, the
nuclear-encoded components can not insert or assemble without the presence o f the
chloroplast-encoded core complex (Wollman et aL, 1995, Lemaire et a /., 1986,
Rochaix, 1987).

Disruption of any of the genes coding for the subunits o f the

cytochrome b^f complex results in the loss, or reduced functioning, of the complex
(Kuras and Wollman, 1994).

Photosystem I (PSI).
PSI (figure 1.6) catalyzes the light driven transfer of electrons from reduced
plastocyanin, which is located on the lumenal side of the thylakoid membrane, to
ferredoxin, the solu ble protein located on the stromal side of the membrane. The
electrons drive the enzyme ferredoxin-NADP+ reductase, also found on the stromal
side of the membrane, resulting in the reduction of NADP 4- to NADPH. Associated
with the core complex is the light-harvesting complex of PSI (LHCI) which binds
approximately 100 antenna chlorophyll a and b molecules.

The primary electron

acceptor is P700 which is thought to be a highly hydrophobic chlorophyll a containing
heterodimer encoded by the chloroplast genes p sa A and psaB.

Electrons are then

passed along a transport chain to the primary acceptor Ag, (a chlorophyll a monomer),
to the secondary acceptor A^, (a phylloquinone), on to Fx, (a four iron, four sulphur
cluster) all of which are probably bound by the PsaA /PsaB core proteins. From here,
electrons are passed to F^/Fb, also a pair of four iron, four sulphur clusters, located
15
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on the extrisic stromal protein encoded by the chloroplast gene psaC. Other extrinsic
stromal proteins are those encoded by the nuclear genes, psaD , psdE and p sd R , the
two former of which are proposed to be involved in docking soluble ferredoxin to the
PSI core by electrostatic attraction.

The function of psaYi is not certain, but it is

thought that it could play a role in the docking of light-harvesting chlorophyll proteins
to the PSI core, (Goldbeck, 1991).

Psa¥ is a nuclear encoded lumenal protein

involved in docking plastocyanin in an orientation so that the copper co-factor of
plastocyanin gives efficient electron transfer to P700-f-.

Other lumenal nuclear-

encoded proteins are encoded by psaG, psaR , p s d ^ and psaM , although their ftinctions
are unknown. These PSI proteins do not bind any prosthetic redox groups and may be
involved in docking the soluble electron carriers or may be required for the correct
assembly and stability of the complex (Chitnis et aL, 1995).

The PSI core also has several integral, low molecular mass proteins associated with it.
The Psal and PsaJ proteins are chloroplast encoded and the PsaK and PsaL proteins are
nuclear-encoded and all of the protein products appear to be intrinsic membrane
proteins (Andersson and Franzen, 1992). All of the proteins are highly hydrophobic
and on the premise that plastid-encoded proteins are derived from primitive ancestors,
Psal and PsaJ could have a function in primary processes, such as stabilizing or
promoting protein-lipid interactions within the thylakoid membrane (Golbeck, 1991).

ATP Synthase.
This complex (figure 1.7) uses the proton motive force generated by the electron
transfer complexes to drive the phosphorylation of ADP to ATP. The complex is
located predominantly in the non-appressed stromal thylakoids. The ATP synthase
complex is composed of two separate domains, CFi, which is a peripheral membrane
complex and CFq, which is an intrinsic membrane complex that translocates protons
across the membrane. The CF^ complex is composed of five polypeptides a, p, y, ô
and e of varying molecular weights depending on the plant species. The stoichiometry
of the five subunits is thought to be 3:3:1:1:1 respectively. The CFq complex is less
well characterised, but it is known to be composed of three subunits, with a highly
17
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Proposed arrangement of the polypeptides of the ATP
synthase complex. D iagram taken from Schum ann and B ickel-Sandkotter, (1995).
The polypeptides and the genes encoding them are discussed in section 1.13.
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hydrophobic polypeptide of 8 kDa (subunit III) which catalyses proton translocation
when incorporated into liposomes.

The structural genes for the ATP synthase subunits are located in both the chloroplast
and nuclear genomes, as is the case for all the photosynthetic complexes. The a , p,
e,

I and in subunits are all encoded by chloroplast genes,

while the y,ô and

II are

seen

to be synthesized on cytoplasmic ribosomes, indicating that they are nuclear-encoded
(Gray et aL, 1984).

1.2 The Chloroplast Genome.
In higher plants and green algae, the chloroplast genome has evolved greatly from its
origin as a endocytosedphotosynthetic bacterium. The majority of the genes encoding
the structural and functional components of the chloroplast have been transferred to the
nuclear genome, with only a few remaining in the organelle. The chloroplast genome
is a small, circular molecule generally of 120-180kb, with the exception of some green
algae whose chloroplasts range between 85-800kb. Most land plants and several major
lineages of algae have highly conserved chloroplast genomes.

Sequencing of the chloroplast genome has given data on the evolution and
rearrangements of gene order; the complete sequences are available for tobacco
(Shinozaki et at., 1986), rice (Hiratsuka et aL, 1989), Epifagus Virginia, pine
(Wakasugi eta L , 1994), the YwqvvjoxX Marchantiapolymorpha, (Ohyama e ta L , 1986),
Euglena gracilis (Hallick et aL, 1993) and a red alga Porphyrapurpurea. In addition
the chloroplast genomes of many other plants and algae have been mapped in detail and
partially sequenced, for example, wheat and Chlamydomonas reinhardtii.

Most of the

genes in the chloroplast genome code for components of the transcription-translation
apparatus and subunits of the photosynthetic complexes. The genes are tightly packed
and many are co-transcribed as gene clusters (opérons). However, some genes such
as psbA. are transcribed individually (monocistronic).

The majority of chloroplast

genes are transcribed polycistronically, for example the p sb ^ operon of C. reinhardtii
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(Johnson and Schmidt, 1993). This comprises of psbB, psbS and psbH (Monod et
a/., 1994) which all encode polypeptides associated with the PSII complex. In higher
plants, the petB and petD genes of the cytochrome b^f complex are also transcribed as
part of the psbB operon, (Rochaix, 1992). The resulting polycistronic mRNAs are then
post-transcriptionally processed. This processing is a means to differentially regulate
the accumulation of plastid RNAs, depending on developmental and environmental
conditions.

In this respect, the control of chloroplast gene expression in eukaryotic plants and algae
is very similar to that of prokaryotes, such as E. coli, with the majority of control
occuring post-transcriptionally. The control of nuclear genes is generally accepted to
occur at the level of transcription, however post-transcriptional control is also
important (Rochaix, 1992).

1.21 Control of Chloroplast Gene Expression.
Plastid gene expression is influenced by several independent processes during growth,
development and in response to changes in environmental conditions. However, this
expression is closely linked with the expression of nuclear genes which encode key
photosynthetic and enzymatic components required for the functional chloroplast.
Photosynthetic subunits encoded by nuclear genes are translated as precursors on
cytosolic ribosomes and targeted to the chloroplast, as discussed in section 1.33. The
coordinated control of this assembly is vital; failure to produce any one of the core
photosynthetic components, leads to rapid degradation of the remaining complex
subunits. In addition, lack of coordination during pigment/apoprotein synthesis leads
to an excess of pigments, which produce harmful free radicals.

Genetic and biochemical studies in a variety of plant and algal species have shown
expression of specific chloroplast genes requires nuclear-encoded trans-acting factors,
which may act at the level of regulation of transcription, mRNA stability, mRNA
processing or mRNA translation. However, it is also suggested that other trans-acting
factors may not be so specific but required by several chloroplast genes and may even
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be general factors required for chloroplast gene expression (Rochaix, 1992, Rochaix,
1995).

1.21a Regulation by Transcription.
Plastid mRNA levels fluctuate in response to environmental and developmental signals
due to the rate of transcription and/or the stability of the mRNA.

Plastid gene

expression has been shown to be very similar to that in prokaryotes, such as E. coli,
and plastid gene promoters show consensus to the -35 and -10 regions of typical
prokaryotic promoters (Mayfield et <3 /., 1995). However, analysis of the aptB gene
promoter in spinach reveals that as little as the -10 consensus is required for basal
activity (Gruissem and Zurawski, 1985). Yet transcription rates can differ relatively
from one plant species to the next for a specific gene, for example the rate of psbK
transcription (compared to that of 16S rRNA transcription) is 30% in spinach and only
15% in Chlamydomonas reinhardtii (Blowers et aL, 1990). This indicates that there
is some level of control of the rate of transcription at the level of individual genes.

In contrast, other factors have been shown to regulate the transcription of more than
one gene. Fluctuating transcription rates are observed during light and dark growth
phases and specific light-activated transcription has been shown in the psbClpsbD
operon of barley. Transcription of the polycistronic mRNA that contains the psbD ,
psbK, psbl, psbC, orf&l and tm G mRNAs is light independent but a subset of genes,
the psbD and psbC mRNAs transcribed from an internal promoter are light dependent,
therefore raising the levels of these mRNAs to 50% above those in dark, (Sexton et aL,
1990).

However, measurements of transcription rates during cell cycle in C.

reinhardtii shows that fluctuations appear to affect the majority of the genes, suggesting
that transcription does not regulate specific gene expression, as such (Leu et aL, 1990).

Clearly, there is a vital regulatory mechanism for transcription. However, this may
occur downstream of the transcription start. A nuclear mutation has been described
that shows reduced transcription of the rbcL chloroplast gene in C. reinhardtii and it
is thought that additional sequences downstream of the transcription start may be
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involved with enhancing or repressing transcription rates, maybe by association with
a nuclear-encoded protein.

1.21b mRNA Stability.
It is apparent that compared to the nuclear genome, there is little transcriptional
regulation of the genes encoded by the chloroplast. Many plastid mRNAs appear to
by regulated at the post-transcriptional level, involving untranslated regions (UTRs)
of the message. Most chloroplast-encoded monocistronic and polycistronic mRNAs
contain inverted repeats (IRs) within their 3'- UTRs. Several also contain IRs within
the 5 '-UTRs. These have the ability to form stem-loop structures and may therefore
impede processive 3-5' (or 5 '-3 ') exonuclease activity confemng mRNA stability, or
may play a role in processing. The 3 -IR stem loop of petD in spinach seems to be
required for stability, as progressive deletions into the region can result in unstable
message in vitro, (Stern et aL, 1989). Deletions into the 3 -IR of the aptE coding
region of C. reinhardtii show that although a complete IR is not required for
accumulation of apt^ mRNA, larger deletions eventually result in a reduction of aptD
transcript (Stem et aL, 1991). 5 -UTRs also appear to be involved in mRNA stability,
as deletions into the petD 5 -UTR show the entire region is required for transcript
stability in vivo (Sakamoto et aL, 1994a). Nuclear mutants of C. reinhardtii have been
reported which do not accumulate specific chloroplast-encoded mRNAs despite having
WT rates of transcription (Rochaix, 1992), suggesting that they are rapidly turned over
due to instability. This instability may therefore be due to the absence of specific
mRNA binding proteins.

Protein binding to the 5 -UTRs of mRNAs encoding photosynthetic subunits has been
shown to stabilize the transcript; the nac2-26 nuclear mutant of C. reinhardtii shows
an unstable psbD mRNA in the abscence of binding of a 47-kDa protein to the 5 -UTR
(Nickelson et aL, 1994), although the characterization of the protein and the RNA
elements involved remain unresolved. Other nuclear mutants defective in translation
of specific chloroplast-encoded mRNAs have been shown to be affected in ribosome
association. Several nuclear mutants of maize show destabilized rbcL mRNA as a
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result of decreased association between the mRNA and ribosomes (Barkan, 1993).

1.21c m RN A Processing.
A variety of processing steps are carried out on many polycistronic plastid genes to
obtain a series of overlapping RNAs. Since many chloroplast genes contain introns,
splicing is an important, though not necessarily a regulatory process in chloroplast gene
expression. There are two major classes of introns, group I and group II; most higher
plant chloroplast introns belong to group II, although group I introns are present in the
chloroplast ribosomal RNA and psbK genes of several Chlamydomonas species. The
p sa A gene product of Chlamydomonas is encoded on three widely spaced exons,
flanked by sequences characteristic of group II introns. The transcripts from the three
exons require rra/z^-splicing steps to produce the mature mRNA. The chloroplast tscA
RNA is also necessary, maybe to complete the catalytic core of intron one and so
promote efficient splicing (Rochaix, 1992). This rra/î^-splicing of the chloroplast psaA
mRNAs has been shown to involve fourteen nuclear loci, although none are involved
in the splicing of the four cw-introns from the psbA transcript (Goldschmidt-Clermont
et aL, 1991). Clearly there are many nuclear-encoded factors involved in chloroplast
RNA splicing.

RNA editing is a process involving specific base changes in the RNA from the
encoding DNA to produce a functional RNA molecule. Such a process could play a
direct role in regulation of chloroplast gene expression. RNA editing factors may also
be nuclear-encoded and their absence could well prevent correct chloroplast gene
expression. RNA editing has been described in the chloroplasts^higher plants, but has
not yet been demonstrated in the Chlamydomonas chloroplast (Gray and Covello,
1993).

1.21d R egulation of T ranslation.
During light-induced greening of the plastid, chloroplast protein accumulation can
increase over 10,000 fold, therefore protein synthesis and specific chloroplast mRNA
translation is vital.

Genetic and molecular analysis of nuclear mutants shows that
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nuclear gene products may be functional components of the chloroplast mRNA
translation machinery. Some of the nuclear-encoded proteins appear to be specific to
certain mRNAs, while others are common to several mRNAs and the binding produces
a protein-mRNA complex which correlates with the level of translation in translationdeficient nuclear mutants (Harris et a L , 1994).

In the translation of the psbC mRNA,

the site for interaction of a nuclear-encoded factor has been identified as the 5 -UTR
of the message (Rochaix et aL, 1989). Further analysis of the psbC 5 -U T R has shown
that this region contains cw-elements which interact with the nuclear gene product to
enable the initiation of translation.

The 5 -UTR of the petT> gene, from the ps^B operon in C. reinhardtii has also been
shown to have a role in regulation of translation (Sakamoto et

<3 / . ,

1994b).

In the

chloroplast deletion mutant FUD6, the petD promoter is deleted from the operon so
subunit IV of the cytochrome b^f complex is not produced.

However, the petD

mRNA is still transcribed under the control of the pet A promoter within the operon.
However, in the mutant post-transcriptional processing of the poly-cistronic mRNA
deletes the 5 -UTR of the petD transcript and translation does not occur. Deletion
analysis into the 5 -UTR region and the more subtle linker scanning mutations show
that there are regions in the centre of the 5 -UTR that appear to be essential for
translation (David Stern, personal communication).

The mRNA binding activity of some chloroplast proteins is also an important
regulatory consideration. Binding of specific mRNA-binding proteins may regulate
specific chloroplast mRNA translation by altering the secondary structure surrounding
putative Shine-Dolgarno sequences or the initiation codon.

The Shine-Dolgarno

sequence is known to be a general element vital in the prokaryotic translation
apparatus. Their role acts to position the ribosomes approximately 10 bases upstream
of the translational start codon. However, not all chloroplast genes appear to have
these Shine-DoJgamo elements. Studies on the petD gene in C. reinhardtii show that
mutation of putative SD elements about 10 bases upstream of the start codon had no
effect on translation (Sakamoto et a/., 1994b). In these cases therefore, there may be
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other, possibly nuclear, factors involved in the binding of the ribosomes to the mRNA.

Further studies on translation initiation factors has shown that the initiation codon
influences the efficiency of translation. Photosynthetic mutants of C. reinhardtii with
varying initiation codons for the peiD gene, showed 100% translation with the AUG
initiation codon (Chen et aL, 1995; Chen et a t.,1993). In contrast, only 10%, 2% and
0% were detected for the AUU, ACC and ACU respectively. Genetic analysis of
spontaneous suppressor mutants, shows that a nuclear gene is responsible for the
suppression of the initiation codon mutation, (Chen et a L ,1993) This nuclear gene
product is a general factor and it can suppress other initiation codon mutants. The
gene product is thought to interact with the ribosome, so enabling it to recognise the
mutated start codon.

Whether these nuclear gene products are involved in the regulation of chloroplast gene
expression or are constitutively required remains unclear.

1.3 Nuclear Gene Expression.
As well as the trans-âciïng factors involved in chloroplast gene expression, the nuclear
genome encodes many of the structural components of the photosynthetic complexes.
Nuclear gene expression is regulated at the transcriptional and post-transcriptional
levels.

1.31 Transcriptional Regulation.
Transcription is controlled by cw-acting regulatory elements such as promoters,
enhancers and silencers which are usually located in the 5' flanking region of the gene
and can individually impose precise spatial and temporal restrictions on gene
expression (Johnson et at., 1989). These regulatory elements are now recognised to
consist of short sequence 'motifs' which interact with one or more transcriptional
regulatory proteins. The most widely conserved motif within promoters is the TATA
box (Breathnach and Chambon, 1981) which controls the correct site of initiation of
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transcription. Promoters also contain upstream elements which can affect the rate of
transcription, such as the CAT box, which may be involved in the binding of RNA
polymerase H. Simple groups of motifs can bind stimulatory or inhibitory regulatory
proteins that control gene transcription, while complex motifs can interact with other
elements providing a complex system of gene expression regulation (Fischer and
M aniatis, 1988).

This control of gene expression by different but interacting

regulatory elements, such as promoters and enhancers, allows for the highly flexible
control that is required for the expression of many nuclear genes.

1.32 Post-transcriptional Regulation.
It is becoming apparent that post-transcriptional control of nuclear genes also plays an
important role in gene expression regulation; for example, when a gene product is no
longer required, but the mRNA or protein is stable, then transcriptional regulation
would have little or no effect on the levels of gene product. Post-transcriptional
regulation is also thought to be a faster, more flexible control system. A lack of
correlation between transcription rates and mRNA levels has been observed for several
plant genes under developmental or environmental control (Gallic, 1993), indicating
that post-transcriptional regulation is important.

1.32a mRNA Processing.
During these processing events, a methylated cap is added to the 5' end of the RNA,
the region 3' to the polyadenylation site is removed and replaced with a poly-A tail,
and introns are removed by splicing. This is necessary for translation to occur.
Eukaryotic transcription initiation factors (elFs) which are involved in events leading
up to 80S ribosome formation and translation initiation, cannot usually recognise
mRNAs without 5' methylated caps (Abramson et aL, 1988). elFs are also thought to
be involved with the removal of secondary structures in the mRNA 5 -UTR by helicase
activity, so allowing the 40S ribosomal subunit to search for the initiation codon
(Jaramillo et a/., 1990). Uncapped transcripts can be transcribed, but usually poorly,
resulting in an unstable transcript (Gallic, 1991).
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1.32b Codon Bias.
The rate of translation is usually not an important factor in post-transcriptional
regulation. However, some plants and algae have preferred codon sets, for example,
genes of monocotyledonous plants tend to have high G/C contents in the third position
of codons unlike those of dicotyledonous plants (Campbell and Gowri, 1989).
Translation can therefore be limited during foreign gene expression, e.g. when
expressing a gene from a monocotyledonous plant in a dicotyledonous plant. This is
also the case when trying to express foreign genes in C. reinhardtii', C. reinhardtii
nuclear genes have a high G/C content and a strong codon bias for cytosine or guanine
at the third and first position (Rochaix, 1995).

1.32c mRNA Stability.
Most eukaryotic mRNAs have poly-A tails which appear to have a role in increasing
message stability, suggesting a 3'-5' ribonuclease protection role (Gallie et a l., 1993).
The length of the poly-A tail is also thought to be involved in regulating translational
efficiency, possibly through interaction with the 5' cap, (Gallie, 1993). M ost mRNA
transcripts are stable, with half lives of 1-2 hours. However, some transcripts are
naturally unstable and the transcript level depends on the rate of transcription (Sullivan
and Green, 1993). Stability of transcripts can be predetermined by the presence of
specific sequence motifs, such as the downstream termination (DST) element present
in the 3 -UTR of an auxin-responsive gene of soybean, which shows dramatically
reduced transcript stability (Franco et at., 1990). The 5' methylated cap has also been
shown to be involved in transcript stability (Gallie, 1991).

1. 33 Protein Import into the Chloroplast/Thylakoid Targeting.
Many of the photosynthetic subunits are encoded by the nuclear genome. Nuclear
encoded mRNAs of photosynthetic subunits are translated as precursors on cytosolic
ribosomes and targeted to the chloroplast by a transit or signal peptide sequence, where
they associate with the chloroplast-encoded subunits. Chloroplast transit sequences are
proposed to be flexible hydrophobic peptides with no regular secondary or tertiary
structure (von Heijne and Nishikawa, 1991). In most cases, the target sequences are
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recognised by the translocation apparatus in the target membrane (Robinson and
Klosgen, 1994). An example of the events occurring during protein translocation into
the chloroplast is demonstrated by the chlorophyll a/b proteins.

Many of the import steps of the light-harvesting chlorophyll alb protein (LHCP) have
been described (Li et al., 1995). LHCP is targeted to the chloroplast by an N-terminal
transit peptide which recognises a receptor protein on the chloroplast inner membrane.
The N-terminal sequence is cleaved in the stroma and a soluble transit complex is
formed. Formation of the transit complex and subsequent assembly in the thylakoid
membrane requires a chloroplast homologue of SRP54, a cytosolic component essential
for co-translational insertion of secretory proteins into the endoplasmic reticulum (ER).
It is possible that translocation of proteins into the chloroplast stroma occurs in a
similar way to ER insertion, with a signal recognition particle (SRP) recognising the
transit signal and directing the protein through a 'translocon' via a SRP receptor. The
transit signal is then removed by a signal peptidase. As in translocation across the ER,
it is also likely that molecular chaperones are involved.

Molecular chaperones are involved in many of the translocation mechanisms. They are
a ubiquitous family of proteins, present in plant, animal and bacterial cells which,
during translocation, may be involved in the unfolding of proteins prior to
translocation, the refolding of the proteins on the trans side, or in physically pulling
proteins across the membrane. The latter is the case of the mitochondrial protein,
Hsp70 (Kang et al., 1990) and Bip, an ER resident Hsp70 homologue. Hsp70s may
be involved in the import of proteins into the chloroplast. Once within the chloroplast
inner envelope, further chaperones are involved in maintaining some proteins in an
unfolded state, or involved in subunit assembly, such as the chaperonins which are
essential in the formation of the RuBisCO heterodimer complex, (Gatenby and Ellis,
1990).

Thylakoid membrane and lumenal proteins are subsequently targeted and

inserted into the thylakoids.

Thylakoid translocation is proposed to occur in two ways. The first type of insertion
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involves proteins containing cleavable thylakoid targeting sequences (Mant et
a/., 1994). However, the Rieske iron-sulphur protein of C. reinhardtii has been shown
to have an N-terminal hydiophobic region which is proposed to act as an uncleaved Nterminal thylakoid membrane transfer signal sequence (de Vitry, 1994). In this second
type of insertion, integration into the membrane is proposed to occur by means of
information within the mature protein. The thylakoid targeting domain of the Rieske
FeS protein has been located within the predominantly hydrophobic N-terminal region
of the mature protein (Madueno et <3 /., 1994) and targeting presumably occurs via
hydrophobic interactions with the thylakoid membrane.

Translocation across the

thylakoid membrane is still poorly understood, but is also thought to involve specific
targeting processes, mediated by targeting domains and specific translocation routes.
It has been suggested that translocation across the chloroplast membrane occurs
through a common mechanism, while thylakoid translocation appears to have several
completely different mechanisms (Robinson and Klosgen, 1994).

1.4 Investigation of Nuclear/Chloroplast Genome Interaction.
The assembly of the functional photosynthetic complexes requires the coordinated
interaction between the separate genetic systems of the chloroplast and the nucleus
(figure 1.8).

The interaction ensures the synthesis of the correct stoichiometric

amounts of each photosynthetic subunit. The two genetic systems also encode enzymes
involved in the biosynthesis of cofactors such as chlorophylls, haems and quinones, as
well as proteins required for processing, protein import and membrane insertion. The
interaction of the genomes must be regulated in order to respond to developmental and
environmental changes, such as light conditions. This poses the question of how the
nuclear and chloroplast genomes communicate.

Genetic studies of photosynthetic

mutants have demonstrated the existence of nuclear-encoded factors required for the
expression of chloroplast genes. These factors may be required constitutively or be
involved in the regulation of expression.

In addition, it is unclear whether such

nuclear-encoded factors act generally or are specific for single chloroplast genes. In
order to investigate such factors, the following techniques have been previously
employed.
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1.41 Mutagenesis.
Mutagenesis techniques have proved invaluable tools for elucidating the structural and
biochemical components involved in many biological functions, including many o f the
photosynthetic protein subunits. In plants and algae it is possible to determine whether
the mutation of a gene involved in photosynthesis is inherited in a Mendelian or nonMendelian fashion. Nuclear genes are inherited in a Mendelian fashion, whereas the
genes encoded by organelle genomes are uniparentally inherited. Therefore, genetic
crosses with wildtype allow us to locate the mutation to the nuclear or chloroplast
genome respectively. Subsequent meiotic analysis allows us to pin-point the mutation
to a specific gene locus. Genetic studies of photosynthetic mutants have also identified
numerous nuclear loci involved in chloroplast biogenesis.

Photosynthetic mutants can be created using traditional mutagenic techniques. More
recently, with the advent of recombinant DNA technology, stjategies for insertional
mutagenesis by transformation

have been developed.

In some higher plants,

insertional mutagenesis is possible by exploiting transposons (transposon tagging) or
Agrobacterium mediated T-DNA transfer (T-DNA tagging).

1.42 Traditional Mutagenesis.
Mutagenesis has traditionally been carried out in higher plants and algae using a variety
of mutagenic chemicals, such as nitrosoguanidine, sodium azide, 5'fluorouracil,
ethylmethanesulphate and methylmethanesulphate. Ultra-violet (UV) irradiation and
gamma irradiation are also used (Bennoun and Delepelaire,

1982).

Most

photosynthetic mutants show an altered steady state fluore^nce which is easily
distinguished against the wild-type background. For example, mutants affected on the
acceptor side of PSII, display a high fluoresence phenotype and can be identified from
the wild-type phenotype.

The affected gene can be isolated by genomic complementation but this requires the
construction of a genomic library and the ability to transform the plant or algae being
used.

Alternatively, the gene can be identified by a chromosome walk, from a known
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genetic locus mapping close to the lesion (Ferris, 1995).

1.43 Transposon Tagging.
Transposons are DNA based elements that can insert and exise at random in the
genome of their native hosts. Transposons are part of the genomes of a wide range of
organisms, including bacteria, plants, insects and mammals.

In higher plants,

endogenous transposons can disrupt and therefore tag a functional gene which incurs
a visible mutant phenotype on the plant. This obviously has great advantages over
traditional methods of mutagenesis as not only can a mutant phenotype be
distinguished, but the disrupted gene is tagged and can be cloned. However, the study
of chloroplast biogenesis and photosynthesis can often be complicated using transposon
tagging in higher plants, as a mutation can be lethal.

Transposon tagging can be

adopted in a wide range of plant species to isolate genes involved in developmental and
metabolic processes (Balcells et al., 1991). In maize, transposons are most commonly
examined by their effect on the genes required for the normal kernel colouration and
gamete formation (Levy et aL, 1990).

In order to clone the tagged gene, the endogenous transposon must itself be isolated
and cloned and used as a probe to locate the disrupted functional gene. Endogenous
transposable elements for a variety of plants have now been cloned, for example in
maize and snapdragon. However, plants can contain numerous copies (40) of some
transposon derivatives so the copy causing the mutation has to be isolated. Therefore,
the genetic segregation of one transposon copy with the mutant phenotype must be
shown (Walbot, 1992).

The transposable elements (TEs), Gulliver and TOCl have been identified in the alga
Chlamydomonas reinhardtii.

The Gulliver element is flanked by a target site

duplication region of 8bp which is typical of DNA-mediated transposons (Ferris,
1989). The N U I gene of C. reinhardtii is thought to encode a positive regulator of
the nitrogen assimilation pathway.

The Gulliver TE has been used to screen

spontaneous N U l mutants of Chlamydomonas enabling the isolation of the N U l gene
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(Schnell et al., 1993). However, no genes required for photosynthesis have been
cloned using transposon-tagging in C. reinhardtii.

1.44 T-DNA Tagging.
Agrobacterium tumefaciens is a soil-based bacterium that can induce tumor formation
in dicotyledonous plants by inserting a tumor creating region of DNA into the plant
nuclear DNA. The tumor creating DNA is naturally found on a megaplasmid known
as a Ti (tumor inducing) plasmid, and is bordered by two regions of DNA (left border
LB and right border RB) which mark the area of DNA on the Ti plasmid that is
transferred to the plant DNA, (Walbot, 1992; Walden et a/., 1991). This transferred
DNA (T-DNA) integrates at apparently random sites in the plant genome. The T-DNA
region contains the oncogenes {one), and opine synthase genes which encode the
enzymes {e.g. nopaline synthase) that produce the opines that the Agrobacterium uses
as a source of carbon and nitrogen. Agrobacteria infection occurs at a wound site with
the compounds released from the wound initiating transcription

of the genes

involved in virulence (the vir region) i.e. those that control the T-DNA transfer. TDNA tagging exploits this natural transformation process of single (or low copy
copies
numbers)^of T-DNA from A. tumefaciens to the plant genome. This can result in a
mutant with a stable insertion.

The process of T-DNA transfer has also been exploited in order to introduce foreign
genes into plants. This has been made possible as the oncogenes encoded on the Ti
plasmid are not required for T-DNA transfer, therefore enabling whole plant
regeneration. The construction of binary vectors that are structurally independent from
the Ti plasmid has allowed routine transformation of some plant species. As T-DNA
insertion occurs at random these transformation vectors have also been exploited for
insertional mutagenesis and

gene tagging experiments.

For example, the pale

phenotype of a mutant o f Arabidopsis was caused by the insertion of a T-DNA tag into
a nuclear gene encoding a chloroplast polypeptide. The gene has subsequently been
isolated (Koncz et at., 1990).
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As in the case of transposon tagging, it is difficult to isolate a gene involved in
photosynthesis using T-DNA insertional mutagenesis, as djruption of a gene involved
is often lethal. In order to overcome this fundamental problem, organisms that are able
to dispense with photosynthesis are used, such as C. reinhardtii. This organism is
genetically well defined and has therefore become a model system in which to
investigate many aspects of cell and molecular biology, such as chloroplast biogenesis
and photosynthesis (Harris 1989; Rochaix 1987). Recently, techniques to transform
the chloroplast and nuclear genomes of this alga have been developed, making it an
ideal model organism for molecular genetic manipulation.

1.5 The Value of Chlamydomonas reinhardtii.
Chlamydomonas reinhardtii (figure 1.9) is a green, unicellular, biflagelate alga and
provides a simple, eukaryotic photosynthetic model for higher plants.
naturally in soil environments where it grows photoautotrophically.

It is found

However, C.

reinhardtii can dispense with photosynthetic function and grow heterotrophically on a
reduced carbon source such as acetate. This means photosynthetic mutations that are
lethal in higher plants are viable in Chlamydomonas cells, thus allowing a genetic study
of photosynthetic function.

C. reinhardtii is easily cultivated in the laboratory on inexpensive media. Stocks can
be maintained on solid agar plates (for -e ig h t weeks at 18°C) or grown rapidly in
liquid suspension to produce large volumes for analysis (mean generation time of
—eight hours). Stocks of wild-type and characterised mutants are available from world
wide culture collections, for example, the collection at Duke University, (Harris,
1984).
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F igure 1.9 Cell stru c tu re of C .re in h a r d tii. C= chloroplast, E= eyespot, F=
flagellum, M= mitochondrion, N= nucleus, V= vacuole. Drawing by Keith Roberts.
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1.51 The Life Cycle of C. reinhardtii.
C, reinhardtii cells are haploid and either of mating type plus (m t+ ) or mating type
minus (mt-).

These cells propagate vegetatively via mitosis.

Under nitrogen

starvation, vegetative cells undergo gametogenesis. Gametes of opposite mating type
fuse to form a zygote, which after a maturation process and in the correct
environmental conditions, undergoes meiosis to form a tetrad. Each tetrad releases
four haploid progeny. This simple mating process is easily induced in the laboratory
by plating cells of opposite mating types onto media with depleted reduced nitrogen.
Analysis of the progeny has shown that the nuclear genes are inherited according to
Mendelian rules, while the chloroplast genes are inherited almost exclusively from the
mating type plus parent. The third genetic system in C. reinhardtii, the mitochondrial
genome, is inherited from the mating type minus parent (Harris, 1989).

1.52 The Chloroplast Genome of C. reinhardtii.
C. reinhardtii has a single cup shaped chloroplast, occupying ~40% of the cell, and
several smaller mitochondria.

The chloroplast DNA is AT-rich and present in 196

kbp circular molecules, at approximately 80 copies per cell.
1 .10)

The genome (figure

has been extensively mapped using restriction endonucleases and the fragments

have been cloned into plasmid vectors thereby creating a clone bank. Sequencing of
the genome is still in progress and approximately 80 genes have been identified so far.
26 photosynthetic chloropilast genes have been identified, all of which show a high
degree of similarity with the higher plant homologues. This is true for most of the
genes in the genome.

In addition, the processes involved in chloroplast gene

expression in higher plants are all apparent in the Chlamydomonas chloroplast, with
the exception of RNA editing. However, significant differences are seen in gene order
and the presence of fewer polycistronic opérons compared to higher plant genomes
(Purton, 1995, Rochaix, 1995). The Chlamydomonas genome contains three additional
genes involved in chlorophyllide synthesis (c/z/B, c/zlL and c/zlN) and only found in
species capable of chlorophyll synthesis in the dark. In contrast, the genome lacks all
of the thirteen ndh genes, which have been suggested to be components o f a
chlororespiratory complex (Purton, 1995). In addition, there are several open reading
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frames (ORFs) in the Chlamydomonas genome that probably encode chloroplast
proteins of unknown function. The entire sequence of the genome is near completion
and will enable characterisation of these ORFs.

1.53 Chloroplast Transformation.
Transformation techniques allowing in vivo manipulation of the chloroplast genomes
o f several higher plants are now available.

However, mature plant cells contain

numerous chloroplasts, each containing several hundred copies of chloroplast DNA.
In this respect, the fact that Chlamydomonas has a single chloroplast makes it
preferable for in vivo analysis of the function and expression of chloroplast genes.
Recently, a transformation system, the biolistic technique developed by John Sanford
at Cornell University, has been adapted for Chlamydomonas chloroplast transformation
(Boynton et al., 1993).

This method overcomes the major problem of organelle

transformation; namely how to get enough DNA across the double membrane in order
to transform each copy of chloroplast DNA.

Transforming DNA delivered into the

chloroplast integrates into the genome via homologous recombination. This technique
was initially used to rescue a C. reinhardtii photosynthetic mutant with a deletion in
the atpB chloroplast gene; transformation of the mutant cells with the cloned atpB gene
restored photosynthetic function (Boynton et al., 1988).

Dominant markers such as the aadh cassette are now available which allow selection
for chloroplast gene modification, (Goldschmit-Clermont, 1991). This marker contains
the sequence for the bacterial antibiotic resistance gene, aminoglycoside 3'adenyl
transferase, confemng spectinomycin and streptomycin resistance under the control of
the C. reinhardtii atpA gene promoter.

The cassette can be inserted into the cloned

wildtype gene, thereby causing a gene disruption. This can be used to investigate the
numerous chloroplast open reading frames (ORFs) that encode products o f unknown
function, e.g. the ycfJ gene product of C. reinhardtii appears to be a subunit of the
cytochrome b^f complex important for photoautotrophic growth (Rochaix, 1995). In
addition, the cassette acts as a selective marker when co-transformed with chloroplast
genes containing site-directed changes. This can, for example, pin-point the amino
38

acid sequences involved in binding the redox components of the PSII and PSI reaction
centres (Webber et al., 1993).

1.54 The Nuclear Genome of C. reinhardtii.
The nuclear genome has been estimated to be 7-9x10^ kbp and has been extensively
mapped (Harris, 1989). The map consists of 148 gene loci spread over seventeen
linkage groups.

Several hundred genetic markers have been identified, including

mutations affecting photosynthesis, flagellar function and mating, auxotrophic
mutations and drug-resistance.

Most of the markers

have been identified using

restriction fragment length polymorphism (RFLP) mapping and the segregation patterns
of the RFLP markers over all 17 linkage groups has been analyzed (Ranum et at.,
1988). This means nuclear lesions created by mutagenesis can be mapped on the
genome by crossing to these previously mapped markers and assigned to nuclear loci.

C. reinhardtii nuclear genes contain multiple introns, for example the A R G l gene,
coding for the enzyme argininosuccinate lyase, contains 12 introns (Purton and
Rochaix, 1995). These introns seem to be important in the expression of the gene,
maybe at the level of transcription or in the post-transcriptional splicing process.

The

nuclear genes show a characteristic codon bias, preferring either cytosine or guanine
as the first and third residue, and are therefore GC rich.

This codon bias is

particularly strong in genes that are highly expressed, for example those encoding
photosynthetic and flagellar proteins. C. reinhardtii nuclear genes have a 5' sequence
resembling the TATA box and a 3 'polyadénylation site, upstream of which is a putative
recognition motif (TGTAA).

1.55 Nuclear Gene Transformation.
Transformation of the nuclear genome was originally carried out in C. reinhardtii using
the biolistic technique (Klein et a l , 1987). This was demonstrated by the rescue (with
the cloned wildtype copy) of walled strains with mutations in the genes of
argininosuccinate lyase {ARG7), nitrate reductase (NITl) and the oxygen evolving
enhancer protein (OEEl). The transformants were selected for on medium lacking
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arginine, ammonium and acetate respectively (Debuchy et a l , 1989; Kindle et al.,
1989; Mayfield & Kindle, 1990).

Analysis of the transformants showed that the

majority of DNA integration occurs via non-homologous recombination, i.e. apparently
randomly.

However, rare events of homologous recombination have also been

described (Gumpel et a/., 1994). One transformation event in every thousand has been
shown to occur via homologous recombination using the glass bead transformation
technique, or one in every forty events using the biolistic technique (Sodeinde and
Kindle, 1993). They have also shown that homologous recombination occurs between
two introduced plasmids carrying different mutations in the same gene. This could
explain why multiple insertions of the transforming DNA are often observed, especially
when the transforming DNA contains a large amount of repetitive sequence, for
example A R G l, (see Chapter 5). Multiple insertion events have been shown to be less
likely to occur if the transforming DNA has little repetitive DNA, for example the
N IT l gene (Tam and Lefebvre, 1993).

The biolistic technique usually produces multiple insertions of the transforming DNA.
In terms of insertional mutagenesis, this makes it difficult to link a mutant phenotype
to a single insertional event. More recently. Kindle (1990), has developed the glass
bead method for transforming the nuclear genome of C. reinhardtii. Comparatively,
this method gives improved transformation rates with lower insertion frequencies
(Gumpel and Purton, 1994). The technique requires that cell-wall-deficient strains are
used, or that the cell wall is removed prior to transformation by treatment with the cell
wall degrading enzyme, autolysin.

The random integration of endogenous transforming DNA into a suitable mutant strain
has been successfully used to tag genes involved in photosynthesis (Adam et al., 1995,
Gumpel et a /., 1995) and flagellar synthesis (Tam and Lefebvre, 1993).

Several

dominant selectable markers have now been developed, such as CRYl, RPLAl and ble.
These markers confer drug resistance and allow any strain of C. reinhardtii to be
transformed.
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The CRYl gene marker is an endogenous mutant form of the CRYl gene (encoding the
ribosomal protein S14) fused to the RBCS2 promoter. This confers resistance to the
translation inhibitors cryptopleurine and emetine, which are used to select for
transformants. However, due to low ribosomal turnover in vegetative cells, cells must
undergo gametogenesis for the mutant S14 subunit to be incorporated.

This is

necessary as 90% of ribosomal protein is degraded during gametic differentiation,
allowing assembly of the mutant S14-containing ribosomes, as the gametes
dedifferentiate (Nelson et a L ,1994).

The R P IA l marker is under construction. Like C RYl, this marker confers resistance
to a translation inhibitor, in this case cyclohexlmide. Cycloheximide affects the 80S
cytoplasmic ribosomes and can inhibit translation during initiation, elongation or
termination depending on the concentration (Dawson et a i , 1986). The R P IA l marker
will consist of the endogenous mutated form of the C. reinhardtii L41 gene, under the
control of the RBCS2 promoter. The initial steps of cloning and sequencing of the L41
gene have been completed (Stevens, 1996). Transformants will be selected by testing
for cycloheximide resistance. However, as with the CRYl marker, cells would have
to undergo gametogenesis and dedifferentiate before incorporating the mutated marker
gene.

The ble marker is different to the aforementioned
gene.

markers as it contains a foreign

The expression of foreign genes in C. reinhardtii is notoriously difficult,

possibly due to silencing by méthylation, the strong codon bias, the lack of introns or
other untranslated regions and ectopic effects (Rochaix, 1995). The bacterial ble gene
is small (0.4kb) and has a similar codon usage to C. reinhardtii nuclear genes (Stevens
and Purton, 1994, Stevens et al., 1996). When the ble marker is under the control of
the endogenous R B C Sl promoter, it can confer phleomycin resistance to transfomed
cells.

However,

transformation rates are low and this will limit its use as an

insertional mutagen. Ble has a considerable advantage over the other markers in that
it encodes a bacterial protein, which not only allows marker selection in C. reinhardtii
but also E. coli (Stevens, 1996).

In terms of insertional mutagenesis, bacterial
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selection enables the use of a marker rescue strategy to be used during the cloning
process. These direct selectable markers, based around drug resistance, are still under
development. In terms of the production of nuclear photosynthetic mutants, exploiting
the random integration of an endogenous gene into the nuclear genome of a mutant
strain is still the method of choice.

1.6 Aims of the Project.
Photosynthetic mutants of C. reinhardtii have been created using an insertional
mutagenesis technique using the A R G 7 marker (Gumpel et al., 1995). The mutants
were initially identified by their requirement for acetate and then characterised
biophysically by screening for altered steady state fluore^nce, EPR and fluoreSÈnce
induction kinetics. Genetic analysis was carried out to demonstrate the co-segregation
of the mutant phenotype with the transforming DNA.

The aims of this project were to:

i) characterise a subset of these mutants that had been shown to be specifically affected
in the biogenesis of the photosystem I. The mutants would be characterised using
molecular and biochemical techniques in order to further define the nature of the
mutations.

ii) characterise in detail two mutants affected in the biogenesis of the cytochrome b^f
complex that fail to accumulate mRNA transcripts for the chloroplast genes p e t A. and
petB. The site of integration of the ARG7 DNA would be mapped and used to isolate
genomic and cDNA clones for the affected genes. Molecular analysis of these genes
would provide important insights into how the nucleus mediates chloroplast gene
expression.
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CHAPTER 2: MATERIALS AND METHODS.

2.1 Chemicals, Reagents and Enzymes.
All of the chemicals used were of the highest analytical grade available. Solutions and
media were sterilised by autoclaving at 12P C for 20 minutes.

All enzymes were

purchased from New England Biolabs (Hitchin), Stratagene (Cambridge), Promega
(Southampton) and Boehringer Mannheim (Lew&s). The radiolabelled chemicals, a-^^P
2'deoxycytidine 5 'triphosphate (dCTP) and

a-^^S 2'deoxyadenosine triphosphate

(dATP) were purchased from Amersham International (Amersham).

2.2 Growth and Maintenance of C. reinhardtii Strains.
The cell-wall-deficient, arginine requiring mutant of C. reinhardtii, argJ-Scw^ (mt-)
was obtained from J-D. Rochaix (University of Geneva).

The wild type strain (cell

wall + , arg + , m t+ ) was derived from the strain 137c (Harris, 1989) and obtained
from the Paris culture collection (Institut de Biologie Physico-Chimique, Paris 75005,
France).

Growth media. Tris acetate phosphate (TAP), HSM and stock solutions are listed in
Table 2.1.

C. reinhardtii cells were maintained on TAP plates solidified with 2% agar.

This was

supplemented with 50/xg/ml arginine for the argJ-Scw^ strain (Rochaix et a /., 1988).
Cells were kept at 18°C and restreaked to fresh plates every

6 -8

weeks. W orking

stocks were kept at 25°C and restreaked weekly. Wild type and cell-wall-deficient
strains were grown at 50jnE/m^/s illumination while photosynthetic mutants were grown
in dim conditions of 6 - 8 juE/m^/s. TAP liquid medium was used to grow cells in large
volumes for molecular and biochemical analysis.

Liquid cultures were grow n in

Erlenmeyer flasks containing the appropriate medium, in the appropriate light
conditions, at 25°C and aerated by shaking at 150 rpm. A loopful of working stock
cells was used to inoculate a 25ml volume, which was grown to stationary phase
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( —2 x 1 0 ^ cells/ml) and subsequently an appropriate amount was used to inoculate a
larger volume of medium. This was then grown to the cell density required. Aseptic
technique was used throughout.

Table 2.1 C. reinhardtii growth media.
for

TAP Medium

HSM

HO

975 ml

924 ml

Tris

2.42g

-

4x Beijerink Saits*

25 ml

25 ml

IM (K)P04 ph7.0"

1

ml

-

Trace Elements^

1

ml

1

Glacial Acetic Acid

1

ml

-

Concentrated HCl

~ 1 ml to pH 7.0

-

2xP04for HSM+

-

50mls

Reference

Gorman and Levine (1965)

Surzycki (1971)

1

litre

2

ml

4x Beijerink Salts
16g NH CI
(omitted in TAP N media)
2g CaCl
4g MgSO^
dissolve in litre distilled H O
4

1

2

tt IM (K)P04
250 ml IM K HPO
170 ml IM KH PO (titrate to pH 7.0)
2

4

2

4

+ XPO for HSM.
0.08M K2HP04
0.05M KH2P04
adjust to pH 6.9 with KOH.
2

4

t Trace Elements
i. Dissolve in 550 ml distilled water in the order indicated below, then heat to 100°C
11.4g H BO
g ZnS04.7H20
5.06g MnCl2.4H20
4.99g FeS04.7H20
1.61g C CI . H O
1.57g CUSO . H O
l.lg (NH M Ô . H O
ii. Dissolve 50g EDTA.Na in 250 ml H O by heating and add to the above solution. Reheat to 100°C. Cool
to 80 - 90°C and adjust to pH6.5 with 20% KOH.
iii. Adjust to 1 litre. Incubate at room temperature for two weeks and allow a rust coloured precipitate to form.
The solution will change from green to purple.
iv. Filter through three layers of Whatman No.l paper under suction until the solution is clear. Store at 4°C.
3

4

2 2

0

2

6

4

4 )6

2

4

2

0 2

24 4

2

2

2

6 .8
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2.3 Counting C. reinhardtii ceils using the Haemocytometer.
A 1ml sample of cells from a C. reinhardtii liquid culture were first killed by the
addition of 10 /^d of iodine solution (25mg/ml in ethanol). A haemocytometer (Weber
Scientific International Ltd.) was used to count cells from both grids and the average
was multiplied by

1 0 "^ to

give the cell concentration/ml.

2.4 Growth and Storage of Bacterial Stocks.
The Escherichia coli (E. coli) bacterial strain used was X L l blue with the genotype
supE44 h s d R ll rec A l end A l gyrA46 thi relA lla c-¥ '\p ro A B + laclq lacZ M15
TnlO(fgf)] (Sambrook et al, 1989). Media used to culture E. coli are detailed in Table
2.2.

For long term storage, E. coli cultures were maintained as glycerol stocks.

Glycerol stocks were prepared by mixing 1.2 ml of an overnight culture with 0.8 ml
of sterile glycerol and stored at -80°C.

E. coli strains were maintained in the short

term on 2YT or LB plates solidified with 1.5%(w/v) bactoagar containing the
appropriate antibiotics. A loopful of overnight culture or frozen glycerol stock was
streaked onto a plate and incubated at 2>TC overnight. These plates were stored at 4°C
for up to 4 weeks.

Table 2.2 E. coli grow th m edia.

F or 1 litre

LB

2YT

Bactotryptone

lOg

16g

Yeast extract

5g

lOg

NaCl

lOg

5g

dH^O

to

1

litre

to

1

litre

Media supplemented with the following antibiotics where necessary;
Ampicillin (Amp) 50mg/ml in ddH,0
Tetracycline (Tc) 15mg/ml in 50% ethanol
Stock solutions were filter-sterilised using a leur lock syringe and a 0.45/xm filter and stored in aliquots at
20"C. Stock solutions diluted lOOOx in media to achieve working concentrations.
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2.5 DNA Techniques.

2.5.1 R estriction Analysis.
DNA digestion was carried out using 6-10 fold excess of restriction enzyme in the
appropriate buffer.

The total reaction volume was made up using sterile double

distilled water (sddHjO). Plasmid DNA was digested at 37°C for 1-2 hours while C.
reinhardtii DNA was digested overnight. Additional enzyme was added to the reaction
mixture ~ 30 mins prior to the end of incubation to ensure complete digestion o f the
DNA. In each case, a fraction of the digest was run on a 1 % agarose gel to ensure the
enzyme had cut to completion.

2.5.2 Gel Electophoresis of DNA.
i. A garose Gel Electrophoresis.

The DNA fragments obtained from restriction

digestion were separated on agarose gels of between 0.5% and 1.0% depending on
their size. The gels were made up with and run in TAE buffer (40mM Tris-acetate,
lOmM EDTA.Na 2, pH 8.0) and samples were run with lambda DNA markers, either
digested with Hindlll ox Aval and BgUl, or 0.5/zg of pSK- plasmid DNA digested with
Hinfl (fragment sizes shown in Table 2.3).

Mini-gels were run at lOOV for ~ 60 mins

and large gels were run at 40V for 16-18 hours. The gels were then stained for 20
mins in 0.01% ethidium bromide solution (EtBr), destained in water for 10 mins and
the DNA visualised on a UV transilluminator.

Instant photographic records were

obtained using a polaroid DS-34 camera fitted with a TIFFEN 40.5mm 15 orange filter
and Polaroid 665 film.

ii. Polyacrylam ide Gel Electrophoresis.

Smaller DNA fragments, less than Ikb,

were resolved on DNA acrylamide gels of

8

%.

For an

8

% gel, 10ml of 38%

acrylamide:2% bis solution, 17ml dH 2 0 , 12.5ml 100% glycerol and 10ml 5XTBE was
polymerized with 0.5ml 10% ammonium persulphate and 30/>tl TEMED.

The gel was

poured into vertical mini-protein gel plates (1mm spacers) and run in IXTBE
(0.045MTris-borate, O.OOIM EDTA) at 30mA for 2 hours. The gels were stained in
0.01% ethidium bromide and visualised under UV.
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The gels were recorded as

described above.

2.5.3. Recovery of DNA from Agarose Gels.
DNA was recovered from agarose gels using the Geneclean II kit as described in the
manufacturers protocol (Biolabs 101). DNA recovered in this way was suitable for
transforming C. reinhardtii cells, cloning and oligo-labelling.

Table 2.3 Sizes of DNA markers (in bp) for agarose gel electrophoresis.
k: Hind III

A.: Ava I, Bgl II

pSK

23,130

14,866

10,770

9,416

8,778

517

6,557

5,432

456

4,361

4,333

396

2,322

3,780

356

2,027

2,425

75

564

2,215

65

125

1,917

I

2 2

1,629
1,463
1,076
540

2.5.4. Construction of Recombinant DNA Plasmids.
Recombinant plasmids were prepared by ligating isolated DNA fragments into a
compatible restriction site within the plasmid vector of choice. Insert DNA and vector
DNA was prepared by restriction digestion using the appropriate enzyme or enzymes
(as in 2.5.1) and gel purified (as in 2.5.3).

Vector DNA digested with a single

enzyme was then treated with calf intestinal alkaline phosphatase (BoehringerMannheim) to prevent religation of the staggered ends, as described in Sambrook et al.
(1989).

Proteins were then removed by phenol/chloroform extraction: one volume of

48

TE (lOmM Tris-HCl pH 8.0, ImM EDTA.Naj pH 8.0) saturated phenol and one
volume of chloroform:isoamyl alcohol (24:1; v/v) was added and the phases mixed by
vortexing. Following a brief centrifugation, the upper aqueous phase was removed to
a fresh Eppendorf tube and the vector DNA precipitated with two volumes of ice cold
ethanol, as described in Sambrook et al. (1989).

Vectors digested with two

incompatible enzymes or with a blunt cutting enzyme were not treated with alkaline
phosphatase. Insert DNA with staggered ends to be ligated into a blunt cut vector was
treated with mung bean nuclease (MEN), as described in Sambrook et al. (1989) and
then phenol/chloroform extracted and precipitated as described above. The ligation
reactions were set up as described in Sambrook et al. (1989). The insert:vector DNA
concentration was at a ratio of 2:1. Ligations of cohesive termini were incubated
overnight at 18°C. Blunt ended ligations were incubated overnight at 12°C.

2.5.5 Transformation of E. coli.
Recombinant plasmids were introduced into competent E. coli strain X L l blue by a
modified method of that described by Cohen et al. (1972), as described in Sambrook
et al. (1989).

100/xl of a stationary phase overnight culture was used to inoculate 10

ml of LB medium (supplemented with antibiotics where appropriate) and was grown
at 37®C in an orbital shaker at 200 rpm for 3 hours. Cells were harvested by
centrifugation in a Mistral 3000 centrifuge at 3,000 rpm for 5 minutes, resuspended
in 10ml of cold (4°C) lOOmM MgClz and incubated on ice for 5 minutes. Cells were
repelleted as above and then resuspended in 0.1 volume of cold (4°C) 50mM CaCl2
Following incubation on ice for a further 30 minutes, 100/xl aliquots of cells were
transferred to 1.5ml Eppendorf tubes and to these were added the transforming plasmid
(typically 5jx\ of a ligation reaction or 0.1/xg of a parental plasmid). The competent
cell / plasmid mixture was incubated on ice for 30 minutes and then heat shocked at
42®C for 90 seconds. After cooling briefly on ice, 900jul of LB medium was added to
the cells which were then incubated at 37®C for 30 - 45 minutes to allow expression of
plasmid encoded antibiotic resistance markers.

10%

of the transformed cell suspension

was then plated to LB-1.6% agar plates supplemented with appropriate antibiotic(s).
For pUC based vectors (Vieira & Messing, 1982) agar plates were also pre-treated
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with 4jLtl of a 200mg/ml stock solution of the non-substrate lac inducer IPTG and 40ptl
of a 20mg/ml in dimethylformamide stock solution of the chromagenic substrate X-gal
as described in Sambrook et al. (1989) to allow blue/white selection. The remaining
90% of the transformed cell suspension was then concentrated by centrifuging and
discarding most of the medium prior to gently resuspending the cells in the remaining
medium and plating as above. The plates were incubated inverted at 37®C overnight
and resultant recombinants were picked to 10 ml of LB medium supplemented with the
appropriate antibiotic(s) and grown up for 'miniprep’ analysis as described in section
2.5.6.

A sample of the culture was used to prepare a glycerol stock as detailed in

section 2.4.

2.5.6 Isolation of Plasm id DNA.
Small scale preparations of plasmid DNA ("minipreps") were performed using a
modified method of that described by Birnboim and Doly, (1979) and Ish-Horowicz
and Burke, (1981), as described in Sambrook et al. (1989).

Larger scale isolation of plasmid DNA ("maxipreps") was performed using a Qiagen
maxiprep column (Qiagen, Germany), according to the manufacturers protocol (100/xg
of RNase A was added with buffer 1).

The DNA was then resuspended in an

appropriate volume of TE pH 8.0 (lOmM Tris-HCl pH 8.0, ImM EDTA.Na 2 pH 8.0).
DNA concentration was determined by diluting of the DNA sample into 1ml ddHzO
and measuring the absorbance at 260nm (1 mg/ml DNA is 20 absorbance units at
260nm).

2.5.7 P rep aratio n of DNA from C. reinhardtii.
Small scale preparation of total DNA from C. reinhardtii was carried out according to
the 'miniprep' method of Rochaix et al. (1988). Cells from 25 ml of a culture at a
density of 1x10^ cells/ml were harvested by centrifugation in a 25ml Sterilin sample
tube at 3000 rpm for 5 minutes in a Mistral 3000 centrifuge. The supernatant was
discarded and the cell pellet resuspended in 1ml of TAP medium, transferred to a
1.5ml Eppendorf tube and repelleted by centrifugation in an MSE microcentrifuge.
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The supernatant was discarded and the cell pellet was resuspended in 0.35 ml o f TEN
buffer (50mM EDTA.Na^ pH 8.0, 20mM Tris-HCl pH 8.0, O.IM NaCl). 50/xl of
pronase at lOmg/ml and 25fi\ of 20% sodium dodecyl sulphate (SDS) were added and
the cells were incubated at 55®C for two hours. 2/xl of diethylpyrocarbonate (DEPC)
were added and incubation continued for a further 15 minutes at 70^C in a fume hood.
The tube was briefly cooled on ice and 50/xl of 5M potassium acetate added. The
contents of the tube were mixed by shaking thoroughly and the tubes were incubated
on ice for a further 30 minutes. The precipitate which formed was removed by
centrifuging the tubes for 15 minutes in an MSE microcentrifuge and transferring the
supernatant to a fresh Eppendorf tube.

Contaminating proteins were removed by

phenol extraction: one volume of TE (lOmM Tris-HCl pH8.0, ImM EDTA.Naz
pH8.0) saturated phenol and one volume of chloroform:isoamyl alcohol (24:1; v/v) was
added and the phases were mixed by vortexing. Following centrifugation for 5 minutes
in a microcentrifuge the upper, aqueous phase was transferred to a fresh Eppendorf and
the extraction repeated. The DNA in the recovered aqueous phase was subsequently
precipitated by adding 2.5 volumes of cold (-20®C) absolute ethanol and incubating at
-20°C for 30 minutes. The DNA was recovered by centrifuging the tubes for 10
minutes in a microcentrifuge to pellet the DNA. The supernatant was discarded and the
pellets were washed with 70% (v/v) ethanol and then dried in a Roto vac vacuum drier.
DNA pellets were finally resuspended in 50/xl TE pH 8.0, 1/xg/ml RNaseA. 20/xl of
this was used for Southern blot analysis.

Large scale preparation of cell-wall-deficient C. reinhardtii DNA of a superior quality
was obtained by the following protocol. 500-1000ml of cells were grown to late log
phase ( ~ 1x10^ cells/ml). The cells were centrifuged in a Sorval GSA rotor at 3,(XX)xg
5 mins, 4°C, the pellet resuspended in 5ml sterile TAP, repelleted and the supernatant
discarded. The pellet was then resuspended in 5ml; 200mM Tris-HCl pH 8.0, lOOmM
EDTA pH 8.0, 0.1 mg/ml proteinase K (20mg/ml stock), 20/xg/ml RNase A. This was
placed in a sterile 50ml Erylenmeyer flask and incubated at 37°C overnight. An equal
volume of TE (lOmM Tris-HCl pH 8.0, ImM EDTA.Na 2 pH 8.0) saturated phenol
was then added to the flask and this was left to shake gently for 2 hours. The sample
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was then poured into a corex tube and spun in a Sorval GSA rotor at 3,000xg, 12 mins,
RT. The supernal nt was removed using a cut-off 5ml tip and extracted again in an
equal volume of phenol.

The corex tube was firmly sealed with parafilm and the

phases were mixed gently by rocking the tube horizontally. The sample was spun as
before and extracted once in an equal volume of chloroform:isoamyl alcohol (24:1;
v/v), as described above. The DNA was precipitated by adding 0.2 volumes o f lOM
NH 4 OAc and 2 volumes of 100% ethanol at RT. The DNA was spooled using a
hooked glass rod, dipped in 70% ethanol and placed in an Eppendorf tube to dry at
37°C for 10 mins. The DNA was then resuspended in 0.5-1.0 ml TE pH 8.0 and the
concentration determined. This DNA was used for Southern blotting and for cloning.

2.5.8 Size Fractionation of C. reinhardtii DNA.
The DNA was digested with the appropriate enzyme and run on a 0.6% agarose gel
overnight at 40V. The digested DNA within the correct size range was cut out of the
gel (without exposure to EtBr or UV) and extracted by the 'geneclean' method, as
described in section 2.5.3.

2.6 RNA Techniques.

2.6.1 Extraction of Total Cellular RNA from Cell-Wall-Deficient C. reinhardtii.
cells/ml
30ml cultures of C. reinhardtii cells were grown up to mid-log phase (2-4x10^). The
cells were pelleted, resuspended in 1ml of sterile TAP in an Eppendorf and pelleted
again. The Qiagen RNA miniprep kit (Qiagen) was then used according to the
manufacturers protocol.
aliquots on

1%

The total RNA yield was determined by electrophoresis o f

agarose mini-gels.

2.6.2 Agarose Gel Electophoresis of RNA.
RNA was separated on 1% agarose gels containing formaldehyde, modified from the
protocols of Lehrach et a l, (1977), Goldberg (1980) and Seed (1982), as described by
Sambrook et a l (1989). lOfig of total RNA was used in a total of 7/xl; to this 3^1 of
52

lOxMOPS buffer (0.4M MOPS, lOOmM Na acetate, lOmM EDTA.Naz pH 8.0), 7.5jiil
of formaldehyde and 15/xi of formamide was added and made up to 30^1 total reaction
volume. The samples were incubated at 65°C for 15 mins.

I2fi\ of loading buffer

(0.01% bromophenol blue, 20% Ficoll) and 1/xl of 1mg/ml EtBr was added and the
samples loaded onto the gel which was run at 40V for 16-18 hours, with the buffer
being constantly circulated. Staining, visualisation and photography of the gel was as
described in section 2.5.2.

2.7 Filter Hybridisation of Nucleic Acids.

2.7.1 Southern Blotting.
A modified method of Southern (1975) was used, as described in Sambrook et al.
(1989).

The DNA was transferred to Hybond-N (Amersham International) nylon

membrane and the DNA fixed to the membrane as described in the manufacturers
protocol.

2.7.2 Colony Lifts.
Colony lifts were performed from agar plates as described by Sambrook et a/. (1989).
Recombinant DNA was transferred to Hybond-N (Amersham International) nylon
membrane and fixed according to the manufacturers instructions.

2.7.3 Northern Blotting.
The RNA gels were soaked for 3x20 mins in DEPC water followed by 45 mins in
20xSSC. The RNA was transferred to Hybond-N (Amersham International) filters, as
described in Sambrook et al. (1989).

2.7.4 Radiolabelling of DNA Probes.
End-labelling of short, single stranded (SS) oligonucleotide probes was performed by
phosphorylation with bacteriophage T4 polynucleotide kinase using y-^^-P as described
in Sambrook et al. (1989). To prepare larger ^^P-radiolabelled probes from longer
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double stranded (DS) DNA fragments, the Prime-It Kit (Stratagene) was used and the
protocol described by the manufacturers was followed. The unincorporated ^^P-adCTP was removed by passing the reaction down a 'N ucTrap' push column
(Stratagene) according to the manufacturers instructions.

The probe was then

incubated at 100°C for 5 mins to denature the DNA to single strands, cooled rapidly
on ice and then used immediately in the hybridisation reaction.

2.7.5 Hybridisation of Labelled Probes to Southern and Northern Blots.
Prehybridisation and hybridisation of Southern blots were carried out according to the
Amersham International protocol for use with Hybond-N filters. All prehybridisation
and hybridisation reactions were carried out in sealed bags or Hybaid hybridisation
bottles in a Hybaid oven. Filters to be hybridised with end-labelling oligonucleotide
probes were prehybridised in 15ml aqueous prehybridisation buffer (6 xSSC,
5xDenhardts solution, 0.5% (w/v) SDS, lOmM EDTA and 100/xg/ml salmon sperm
DNA), for 3-4 hours at 50°C. Hybridisation with the filter was in an aliquot of fresh
prehybridisation solution containing the radiolabelled probe and was carried out at
50°C overnight. The blots were then washed in IxSSC, 0.1% SDS for 3x20 mins at
RT.

For hybridisation with random oligolabelled probes, prehybridisation was carried out
at 65°C in an aqueous prehybridisation buffer (6 xSSC, 5xDenhardts solution, 0.1%
SDS, ImM EDTA, 100/xg/ml salmon sperm DNA).

Hybridisation with the nylon

filter was carried out in a fresh aliquot of buffer containing the boiled probe and
incubated at 65°C overnight. The filters were washed for 20 mins at RT in IxSSC, 1 %
SDS and then at 65°C in 0. IxSSC, 0.1% SDS for 20 mins. The filters were sealed in
Saranwrap and the hybridised probe was detected by autoradiography at -80oC using
Fuji RX X-ray film with a Kodak X-omatic intensifying screen.

Hybridisation of random oligolabelled DNA to RNA blots was performed as described
by Conlan et al. (1995).

The Northern blots were pre-hybridised in 0.5M

Na 2HP 0 4 / 7 %(w/v )SDS at 65°C for four hours. The blots were hybridised in fresh
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solution containing the radiolabelled DNA probe and incubated at 65°C overnight. The
blots were washed in 2xSSC, 0.1%(w/v) SDS for 10 mins at RT followed by 0.5xSSC,
0.1% SDS for 10 mins at RT. The blots were covered in Saran wrap and exposed to
Fuji RX X-ray film, as above.

2.8 Transformation of Chlamydomonas reinhardtiL

The method based on that described by Kindle (1990) was used.

The cells to be

transformed were grown to mid-log phase (2-4x10^ cells/ml) in 500ml of TAP medium
as described in section 2.1.2. Cultures were then pelleted in sterile 200ml nalgene
bottles, in a Sorval GSA rotor at 3,000xg, 4°C for 5mins.

The supernatant was

discarded and the cells were resuspended in fresh TAP to a concentration of 2x10*
cells/ml. Sterile 5ml test tubes containing 0.3g of sterile glass beads (0.4mm diameter,
BDH), 0.3ml of the cell suspension and 2jiig of the transforming DNA were prepared
and the beads/cells/DNA mixture was vortexed for 15 seconds at top speed. 4ml of
soft TAP agar (0.6%) at 42°C was then added to each tube and the cells were plated
onto selective medium and grown at 18°C in bright light. Transformants appeared after
7-10 days.

2.9 Rapid Preparation of Soluble Protein from C. reinhardtiL

Protein samples were prepared by the following method. 40ml of cells were grown to
between 1-4x10^ cells/ml; all the samples were approximately at the same density when
harvested.

All procedures were carried out at 4®C.

The cells were pelleted at

3,000xg, 4°C in a Sorval GSA rotor at for 5 mins and the supernatant was discarded.
The cells were resuspended in sterile Eppendorf tubes, in 1ml of a freshly made stock
of lOmM Hepes pH 7.5, 5mM aamino-caproic acid, 0.2mM PM SF, ImM
benzamidine.

The cells were pelleted, the supernatant discarded and the cells

resuspended in 100/zl of lOOmM dithiothreitol (DTT), lOOmM bicarbonate. 50/xl of
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5% SDS and 30% sucrose was added and the suspension boiled for 1 min.
were centrifuged for

10

The cells

mins at top speed and the supernatant containing the soluble

protein removed into a fresh Eppendorf tube. The chlorophyll content was determined
by reading the A^go of 5jul in 1 ml ddH 2 0 and the equivalent of 15(j l \ of A 6gg=0 . 1 was
loaded onto a tricine-SDS-polyacrylamide gel.

2.10 Western Analysis.

2.10.1 Tricine-SDS-Polyacrylamide Gel Electrophoresis (PAGE) of Proteins.
This was performed according to the method of Schagger and von Jagow (1987). A
10-15% resolving polyacrylamide gel with a 4% stacking gel was poured using a
Biorad 20x20cm slab gel apparatus.
(312.5mM

Tris-HCl

0.2 volumes of 5x protein loading buffer

pH 6 . 8 , 50%(w/v) glycerol,

10%(w/v) SDS,

0.025%(w/v)

bromophenol blue, 25 %(v/v) 2-mercaptoethanol) was added to the protein samples,
which were loaded onto the gel with Biorad low range prestained markers.
Electrophoresis was carried out at 4°C, 6 mA, overnight.

2.10.2 Western Blotting of Proteins to Nitrocellulose Membranes.
The protein samples separated as described in section 2.10.1 were transferred to
nitrocellulose membranes by the method detailed by Towbin et al. (1979) using a BioRad semi-dry blotter according to the manufacturers protocol.

2.10.3 Protein Detection.
The filters with the bound protein were probed with antibodies.

Sources o f the

antibodies and the titres used are shown in Table 2.4. Antibody binding was visualised
using an alkaline phosphatase assay (Bio-Rad) and Enhanced Chemi-Luminesence
(ECL) (Amersham International). The alkaline phosphatase assay is based on alkaline
phosphatase congugated to the secondary antibody, goat anti-rabbit IgG^^^^kaline
phosphatase catalyses the reaction between 5-bromo-4-chloro-3-indolyl (BCIP)^and
nitro blue tétrazolium (NBT), resulting in the development of a purple colour. The
56

ECL technique is based on horseradish peroxidase (HRP) congugated to the secondary
antibody.

HRP reacts with hydrogen peroxide to catalyse the oxidation of luminol in

alkaline conditions, which results in the emission of light. This reaction is enhanced
by the presence of chemical enhancers, such as phenol, enabling the light emission to
be detected by a short exposure to autoradiography film (Hyperfilm).

In both cases,

incubation and detection of the bound antibody was carried out according to the
respective manufacturers protocol.

2.10.4 Staining for Haem Association after SDS-PAGE of C. reinhardtii Proteins.
Cytochrome containing proteins were detected by staining for haem-associated
peroxidase activity based on the method described by Thomas et al. (1976).
the staining procedures were carried out in complete darkness.

All of

SDS-PAGE of C.

reinhardtii proteins was carried out as described in section 2.10.1.

The gel was

incubated in a freshly made solution of 6.3mM 3 ,3 ',5 ,5 '-TetramethyIbenzidine
(TMBZ), 0.25M NaOAc pH 5.0, in complete darkness and gently shaking for 45 mins.
Hydrogen peroxide was added to a concentration of 30mM and colour development
was seen in 10-20 mins. The gel could be stored at 4°C in darkness for several days.

2.11 Polymerase Chain Reaction (PGR).

The amplification of DNA fragments by PCR (Mullis and Faloona, 1987) was carried
out using Vent DNA polymerase (New England Biolabs).

Template DNA was

prepared as in section 2.5.3 and Ing was used per reaction. To this was added; 50/iM
each dATP, dCTP, dGTP, and dTTP, 1/xM each oligonucleotide primer, lU Vent
DNA polymerase, Ix Vent reaction buffer (supplied with enzyme, British Drug
Houses), 4/xl lOOmM MgSO^ and the volume was made up to 100/xl with ddH 2 0 .
Reactions were overlaid with lOOjul mineral oil. The annealing temperature in °C was
determined by the Tm of the primer minus five [Tm=2(A-l-T)-l-4(C+G)].

PCR was

routinely carried out using 30 cycles of 1 minute at 94°C, 1 minute at the annealing
temperature and 1-2 minutes at 72°C. The primers used in PCR reactions are listed in
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Table 2.5.

Table 2.4 Antibodies used in w estern analysis.

A ntibodies raised

T itre used

Source

against
PsaA/B from

JA Guikema, Kansas

1:5000

cyanobacteria
PsaC from C. reinhardtii

State University.
J-D Rochaix,

1:5000

University of Geneva.
PsaD from cyanobacteria

1:3000

D Bryant, Penn State
University.

PsaE from cyanbacteria

1:500

D Bryant, Penn State
University.

PsaP from C. reinhardtii

J-D Rochaix, University

1:5000

of Geneva.
PetA from C. reinhardtii

F-A Wollman, Institut

1:5000

de Biologie PhysicoChimique, France.

T able 2.5. PC R prim ers.
Name

Sequence 5 ’-3’

Tm

T3

attaaccctcactaaag

46

T7

aatacgactcactatag

46

IgtlO forward

ctgaccgacgagttaccgtggagac

80

A.gtlO reverse

gcgtttggcttgaccgttggtttcgg

82

pBR/Bam

cgtagtcgatagtggctc
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2.12 Sequence Analysis of Double Stranded DNA.

DNA sequencing was carried out using a method derived from the dideoxy chain
termination method of Sanger et al. (1977), using a Sequenase II sequencing kit (USB).
The double stranded DNA template was prepared for sequencing by alkaline
dénaturation. 5/xg of DNA template and 2/xl of 2M NaOH was made up to a total
volume of 20/xl with ddH^O and incubated at

6 8 °C

for 20mins.

The DNA was

precipitated by adding 10^1 of 3M sodium acetate pH 6.0, 100/Ltl of absolute ethanol
and incubating at -20°C for 30mins. The DNA was recovered by centrifuging for
lOmins, washed with 70% ethanol air dried and resuspended in 7/il ddHzO. Annealing
was performed by adding 1^1 of oligonucleotide primer at 40ng//xl and 2^1 o f 5x
sequenase reaction buffer to the resuspended, denatured DNA template. This was then
heated to

6 8 °C

for 2mins and allowed to cool slowly to <35°C.

The sequencing

reactions were then carried out according to the manufacturers protocol.

The

sequencing gel was fixed in 10% methanol, 10% acetic acid and dried onto Whatman
3MM paper on a gel drier at 80°C.

It was then exposed to Fuji RX X-ray film

overnight at RT. Primers used for sequence analysis are shown in table 2.6.

Table 2.6 Sequencing prim ers.
N am e
T3

Seauence
attaaccctcactaaag

T7

aatacgactcactatag

NT3

ccaagctctcaggtggacg

NT7

cttctgcggcctcatcg

NNT3

gctcgactgacactgg

NNT7

gaggctgtgttcagc
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2.13 Screening of Wildtype C. reinhardtii cDNA and Genomic
Libraries.

The XgtlO cDNA library (obtained from Lars-Gunnar Franzen, University of
Stockholm) was screened as described in Sambrook et al. (1989). The library was
plated out and plaque lifts were performed to immobilize the phage DNA on Hybond-N
nylon filters.

The filters were probed with a radiolabelled C. reinhardtii genomic

DNA fragment, as described in section 2.7.3 and 2.7.4.

A secondary round of

screening was performed on primary positive plaques to obtain a single positive plaque.
The plaque was then picked into 0.5ml LB and vortexed to disperse the phage. PCR
was perform ed using primers designed to the A,gtlO vector to amplify the cDNA
fragment, as described in section 2 . 1 1 .

A C. reinhardtii genomic cosmid library created by S.Purton in the vector pARG7.8cos (Purton and Rochaix, 1995) was screened as described in Sambrook et al. (1989).
The library was plated out and colony lifts were performed to transfer the cosmid DNA
onto Hybond-N nylon filters.

These filters were then probed with a radiolabelled

genomic DNA fragment as described in section 2.7.4. The putative positive colonies
from the primary screen were picked and streaked out to single colonies. Secondary
screening was performed and large scale isolation of cosmid DNA was carried out
from positive secondary screen colonies. Large scale isolation of cosmid DNA was
performed using a Qiagen maxiprep column (Qiagen, Germany), according to the
manufacturers protocol. This was used for further analysis of the cosmid clone.

2.14 C. reinhardtii Thylakoid Membrane Preparation for EPR
Analysis.

A modified method described by Diner et al., (1980) was used to obtain photosynthetic
membranes from C. reinhardtii. Throughout the extraction procedure, the cells and
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membranes were exposed to minimum light and were kept at 4°C. A 500ml culture of
C. reinhardtii cells were grown to early stationary phase in TAP medium. This culture
was used to inoculate eight litres of TAP, which was grown to stationary phase, with
constant stirring and constant aeration through Millipore filters (pore size 0.22/xm) and
the appropriate light conditions. The cultures were condensed to one litre of cells
using a Millipore pump with a 0.22 micron membrane and a speed setting of 4-7.

The

1 litre culture was pelleted in a Sorval GSA rotor at 3,000xg for 5 mins at 4°C and
resuspended in HSM buffer (20mM Hepes pH 7.5, 0.35M sucrose, 2mM M gC lJ using
a paintbrush. The cells were pelleted as before, the supernatQint was removed and the
pellet stored at -20°C overnight. The cells were thawed and resuspended in 60ml HSM
(if cell lysis was not complete, the cells were freeze-thawed again). The cells were
centrifuged for 40 mins in a SS-34 rotor at 20Krpm, 4°C, the supernatant removed and
the soft green pellet was resuspended in 32ml 2.2M sucrose, lOmM EDTA, 5mM
Hepes using a paint brush, so that the final concentration of the suspension was at least
1.75M sucrose. The suspension of cells was placed in an ultracentrifugation tube and
overlaid with 0.5M sucrose, 5mM Hepes and spun for 2hours 40 mins in a T647.5
rotor at 40Krpm, 4°C.

Using an aspirator, clear phases above and below the

membranes were removed and the membranes poured off and resuspended in a minimal
volume of 0.5M sucrose, 5mM Hepes. The samples were stored at -70°C and EPR
analysis was carried out by J.Nugent, (UCL).

2.15 Fluoresence Induction Kinetic Analysis.

A loopful of working stock C. reinhardtii cells were placed on the centre of a fresh
50mm TAP plate and incubated for three days in the appropriate light conditions
(photosynthetic mutant strains at 6-8/xE/m^/s, wildtype cells at 50jLiE/m^/s) at 24°C.
The cells were then screened using the Plant Efficiency Analyzer (Hansatech). A light
intensity of 50% maximum was used with an illumination time of 15 seconds.
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CHAPTER 3: THE CHARACTERIZATION OF PHOTOSYSTEM I
MUTANTS

OF

C.

REINHARDTII GENERATED

BY ARG7

TRANSFORMATION.

3.1 Introduction.

The use of insertional mutagenesis as a tool to isolate novel genes has been described
in Chapter 1. T-DNA tagging, transposon tagging and direct nuclear DNA
transformation techniques have allowed the generation of large numbers of novel
mutants and facilitated the isolation and characterisation of the affected nuclear genes.
In the study of photosynthesis and the biogenesis of the photosynthetic apparatus, the
use of higher plants is technically difficult, as disruptions in many parts of the
photosynthetic apparatus are lethal.

However,

the unicellular green alga,

Chlamydomonas reinhardtii can dispense with photosynthetic function and survive
heterotrophically on a reduced carbon source. It is therefore a model organism for the
study of the genes involved in photosynthesis. A gene tagging technique has been
developed for this organism, which exploits the random integration of transforming
DNA into the nuclear genome, which can result in the generation of stable
photosynthetic mutants (Gumpel and Purton, 1994). As the affected genes are linked
to the transforming DNA they are amenable to cloning. This chapter reports on the
characterisation of photosynthetic mutants of C. reinhardtii affected in Photosystem I,
that have previously been generated using insertional mutagenesis by Gumpel et at.
(1995) as described below.

3.1.1 A Set of Photosynthetic Mutants Generated by Insertional Mutagenesis.
Mutants were created by the insertional mutagenesis of a cell-wall-deficient, argininerequiring mutant of C. reinhardtii, with a modified version of the ARCH marker, using
the glass bead transformation technique described by Kindle (1990). The plasmid
containing the marker was pARG7.803, shown in figure 3.1. It was derived from
pARG7.8 by the insertion of a 394bp Hpa I fragment of the plasmid 0X 174 into a
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HindM \ BamHl
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Figure 3.1. Map of the pA R G 7803 marker containing the 0 flag’. A
394bp H p a l fragm ent of the plasmid 0 X 1 7 4 was cloned into a unique
intragenic H p a l site between exons 7 and 8 o f the ARG7 gene, shown in
the linear map. The marker was used to generate photo synthetic mutants of a C.
reinhardtii strain by insertional mutagenesis.
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unique Hpal site in an intragenic region between exons 7 and 8 of the A R d gene. The
394bp '0 flag’ served to identify the transforming copy of the AR G 7 rather than the
mutated endogenous copy.

Cells of the arg7-8cw^ (mt-) strain were transformed with

uncut pA R G 7.803. The transformation process is depicted in figure 3.2.

3.1.2 Screening for Photosynthetic Mutants.
In order to identify the mutants that were affected in the synthesis of the photosynthetic
subunits Gumpel et al. (1995) used a fluorescence screening method based on that
described by Bennoun and Delepelaire, (1982). Photosynthetic mutants typically show
an altered steady-state level of fluoresence which depends primarily on the redox state
of the primary acceptor of PSII, Q (Bennoun and Delepelaire, 1982). This abnormal
fluoresence can be detected using the apparatus shown in figure 3.3.

Blue light from

a tungsten-iodide light source (120W) is used to illuminate the subject (transformants
on a TAP agar plate). The subject is viewed through a red filter fitted to a black and
white closed circuit T.V. camera. High fluoresence photosynthetic mutants can be
easily distinguished in the background of wild type cells.

Gumpel et al. (1995) further characterised the mutants identified by their high
fluoresence using electron paramagnetic resonance (EPR).

Using EPR the

characteristic signals emitted from key paramagnetic species in each complex can be
used to detect functional/non-functional photosynthetic complexes. The PSII complex
is detected by the signal from the dark-stable tyrosine radical, Y ^ , PSI by the lightinduced signal from P 700+ ; and the cytochrome b^f from the iron-sulphur centre of
the Rieske subunit.

In combination with the EPR analysis, Gumpel et al. also characterised the mutants
according to their fluoresence induction kinetic spectra. This technique is based on the
same biophysical phenomenon as the initial fluoresence screening, but involves
measuring the excess light energy re-emitted from the chlorophyll a and b molecules
of the light-harvesting complexes.

This emission, or fluoresence, is altered in

photosynthetic mutants from the steady-state observed in wildtype cells. Different
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Chlamydomomas reinhardtii
cwd arg2
Complete genomic
sequence, with "flag"
(400 bp 0X174) cloned
into an intron
arg? gene

pBR329

Vortex,
Plate out
6

x10 cells

1

TAP agar:
medium with acetate
as carbon source
No arginine

1 x10

week

colonies

Figure 3.2 Schematic diagram of the modified glass bead transformation
technique used to generate photosynthetic mutants of C. reinhardtii by
insertional mutagenesis using the pARG 7.803 marker.
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C l o s e d c ir c u i t T . V . c a m e r a
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lig h t s o u r c e

A r g u s 10 im a g e
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Figure 3.3. Diagram of the apparatus used for the fluoresence screening
of the mutants created by insertional mutagenesis with the pA R G 7.803
marker. Photosynthetic mutants showing a typical altered steady state fluoresence can
be distinguished in the background of wildtype cells and the colonies isolated on
separate plates.
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characteristic spectra are obtained depending on the photosynthetic complex affected,
thereby providing a means with which to characterise the mutants.

Using the above techniques, Gumpel et al. isolated 27 photosynthetic mutants. Of
these, 22 were initially characterised as being affected in the assembly of PSI, shown
in table 3.1. As indicated in the table, six of the mutants were shown to be affected
at the level of p s a h trans-sçi\\Q.mg.

The psaK gene is encoded in the chloroplast

genome on three widely spaced exons which are independently transcribed. Therefore,
the synthesis of a mature p s a h mRNA requires two rra/25-splicing reactions in which
transcripts for exons 1 and 2 and exons 2 and 3 are spliced together.

As these

reactions can occur in either order, three different classes of rm/zj-splicing mutant are
possible, which could be defective in one or both steps.

This chapter reports on the further characterisation of those PSI mutants not defective
in the trans-splicing of psaK.

3.1.3 Characterisation of PSI Mutants.
In this study, we were interested in the isolation and characterisation at the molecular
level of nuclear-encoded factors involved in chloroplast gene expression (discussed in
section 1.21). Using the insertional mutagenesis approach, the random integration of
the transforming DNA will occasionally disrupt nuclear genes involved in the
expression of chloroplast-encoded genes required for the biogenesis of the
photosynthetic complexes. This results in stable photosynthetic mutants.

In order to identify such mutants, we must first eliminate the possibility of lesions in
the nuclear genes encoding structural components of the PSI complex. The polypeptide
subunits that make up the PSI complex of C. reinhardtii and the genes encoding them
are listed in Table 3.2. This can be carried out by Southern, western and northern
analysis of the putative PSI mutants, named M 0 1 , M 012, M 018, M 0 2 8 , M 032,
M 035 and M 037, using DNA clones and antibodies.
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Table 3.1 Photosynthetic mutants.
Strain

Photosynthetic

N um ber o f copies of
flag

phenotype
Photosystem I absent

p sa A trans-splicing

Photosystem I reduced

M 03

1

MO 10

1

M 012

3

M 015

1

M 017

2

M 018

1

M 026

3

M 03 (A)

1

MO 10 (A)

1

MO 15 (B)

1

MO 17 (A)

2

M 026 (C)

3

M 039 (A)

3

M Ol

2

M 013

1

M 023

3

M 028

2

M 032

1

M 035

2

M 037

1

A = affected in splicing of p sa A exons 2&3
B =affected in both splicing reactions of psa A
C = affected in splicing of p sa A exons 1&2
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Table 3.2 Photosystem I components.

Gene

Coded

Mass (kDa)

psaA

C

82-83

psaB

C

82-83

psaC

c

9

psaD

N

15-18

psaE

N

8-11

psaE

N

16-18

psaG

N

10-11

psaU

N

10-11

psal

C

4

psai

c

5

psaK

c

8

psaL

N

18

C = chloroplast-encoded, N = nuclear-encoded

3 .2 R e su lts.

3.2.1. EPR and Fluoresence Induction Kinetic Analysis of Four of the Putative
PSI M utants.
To confirm the preliminary biophysical analysis carried out by Gumpel et al. (1995)
a selection of the putative PSI mutants (M 012, M $18, M035 and M 037) were
analysed by EPR and fluoresence induction kinetics. The procedures were carried out
as described in sections 2.14 and 2.15 respectively. Figure 3.4 shows the EPR spectra
obtained for both M 012 and M 018 which are typical of PSI mutants. Figure 3.5
shows the EPR spectra obtained for both M$35 and M 037, typical of a cytochrome b^f
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316

318

322

320

324

326

mT
Figure 3.4. EPR analysis to detect the PSII and PSI com plex signals in
a selection of four putative PSI mutants. A=wildtype C.reinhardtii spectrum
(typically seen in cytochrome b^f complex mutants), B= a PSI deficient spectrum
(typically seen for M 012 and M 018 cells) and C= a PSII deficient spectrum. The EPR
conditions were lOK, 10|lW microwave power, 0.2mT modulation amplitude,
9.055GH2 frequency. EPR analysis was carried out by JH Nugent, UCL.
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i

320

330

340

350

360

370

mT
Figure 3.5. EPR analysis to detect the Rieske iron-sulphur signal o f the
cytochrom e bgf com plex. Thylakoid membrane preparations of M 012, M 0 1 8,
M 035 and M 037 cells, were treated with DBMIB (as described in Gumpel et a i ,
1995). A= wildtype C.reinhardtii spectrum (typically seen for M 012 and M 018), B=
a cytochrome bgf deficient spectrum (typically seen for M 035 and M 037 cells). The
reaction conditions were 15K, lOmW microwave pow er, 1.6mT m odulation
amplitude, 9.055GH2. EPR analysis was carried out by JH Nugent, UCL.
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mutant. In addition, M 035 and M 037 were shown to have reduced levels of PSI (data
not shown). These results are complemented by those obtained from the fluoresence
induction kinetic analysis, shown in figure 3.6. Mutants M 012 and MO 18 show traces
typical of PSI mutants, but M 035 and M 037 show traces typical of cytochrome b^f
mutants. It could therefore be concluded that M 035 and M 037 were affected in the
biogenesis of the cytochrome b^f complex but also showed reduced levels of the PSI
complex. Therefore, these two mutants were included in the molecular characterisation
of the PSI mutants.

3.2.1 Southern Analysis of the Putative PSI Mutants.
In order to determine whether any of the nuclear genes encoding subunits of the PSI
complex had been disrupted, the following analysis was carried out. Total genomic
DNA was extracted from wild type arg7.8cw^ and the putative PSI mutant cells,
digested with Pvull and Aspll% , separated by gel elecnophoresis and Southern blotted
(methods described in chapter 2). The C. reinhardtii psaE, psaE, psaG , p sa E and
psaK cDNA clones were obtained from Lars-Gunner Franzen, (Franzen et <3 /., 1989a,
Franzen et at., 1989Z?), radiolabelled and used to probe the Southern blots. In addition,
the Southern blots were probed with the 394bp Hpal fragment of 0X 174 to determine
how many copies of the transforming DNA had integrated into the nuclear genome.

The results of the Southern analysis can be seen in Figures 3.7 to 3.10. The results
show that all of the mutants appear to have an undisrupted copy of the psaE, psaG ,
p sa E and psaK nuclear genes that were used as probes. As no polymorphism is seen
with respect to the WT copy, we can conclude that the mutants do not contain a copy
of the transforming DNA within these PSI nuclear genes. Southern analysis was also
carried out using the '0 flag' in order to determine how many copies had integrated
into the genome of each mutant. From the results shown in figure 3.11, it is clear that
transformation of the ARG7 plasmid has occured and that all of the mutants contain at
least one copy of pARG 7.803. However, some of the mutants (e.g. M 012) appear
to contain multiple insertions of the marker which could be due to possible homologous
recombination of pA RG7.803 prior to integration into the C. reinhardtii
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2.5

2 .0

0.5

Figure 3.6. Sp ectra obtained from the fluorescence ind uction k in etic
analysis of M 0 1 2 , M 0 1 8 , M 035 and M 0 3 7 . Mutant and wildtype cells were
prepared as described in section 2.15 and analysed using the Plant Efficiency Analyser.
A= wildtype cells, B= M 012, C= M 018, D= M 035 and E= M 037. M 012 and M 018
show spectra typical of a PSI deficient mutant and M 035 and M 037 show spectra
typical of cytochrome bgf complex deficient mutants.
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PvuII
WT 1 12 18 28 32 35 37

WT 1

Asp718
12 18 28 32 35 37

15kbp

2kbp

Fig. 3.7. Autoradiograph showing that psaE was unaffected in the PSI
m utants. 10 pg of total genomic DNA was extracted from the PSI mutant and
wildtype cells, digested with eitherPvwII or A sp llS , separated on a 1% agarose gel by
electrophoresis. The DNA was transfeiTed to a nylon filter by Southern blotting and
probed with a 32p labelled psaE C. reinhardtii clone. WT = DNA extracted from
wildtype C. reinhardtii, 1-37 = DNA extracted from PSI mutants.

PvuII
WT 1 12 18 28 32 35 37

WT 1

Asp718
12 18 28 32 35 37

14kbp

3.5kbp

Fig. 3.8. Autoradiograph showing that psaG was unaffected in the PSI
mutants. 10 pg of total genomic DNA was extracted from the PSI mutant and
wildtype cells, digested with either PvwII or A sp llS , separated on a 1% agarose gel by
electrophoresis. The DNA was transferred to a nylon filter by Southern blotting and
probed with a 32p labelled psaG C. reinhardtii clone. WT = DNA extracted from
wildtype C. reinhardtii, 1-37 = DNA extracted from PSI mutants.

WT

1

12
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18
28

32

35

37

12kbp

Fig. 3.9. Autoradiograph showing that psaH was unaffected in the PSI
mutants. 10 pg of total genomic DNA was extracted from the PSI mutants and
wildtype cells, digested with A s p l l S , separated on a 1% agarose gel by
electrophoresis. The DNA was transferred to a nylon filter by Southern blotting and
probed with a 32p labelled psaH C. reinhardtii clone. WT = DNA extracted from
wildtype C. reinhardtii, 1-37 = DNA extracted from PSI mutants.

Aspl 18
WT 1 12 18 28 32 35 37

ll.Okb

Fig. 3.10. Autoradiograph showing that p s a K was unaffected in the PSI
mutants. 10 |ig of total genomic DNA was extracted from the PSI mutants and
wildtype cells, digested with As pl \ %, separated on a 1% agarose gel by
electrophoresis. The DNA was transferred to a nylon filter by Southern blotting and
probed with a 32p labelled psaK C. reinhardtii clone. WT = DNA extracted from
wildtype C. reinhardtii, 1-37 = DNA extracted from PSI mutants.

M

PvuII
WT 1 12 18 28 32 35 37

WT 1

Asp718
12 18 28 32 35

37

14.8
8.7

5.4
4.3
2.4
2.2

Fig. 3.11.
Autoradiograph showing the number o f copies of the
pA R G 7.803 plasmid that have integrated into the nuclear genome of
each PSI mutant. 10 |ig of total genomic DNA was extracted from the PSI mutants
and wildtype cells, digested with Pvull and Aspl IS, separated on a 1% agarose gel by
electrophoresis. The DNA was transferred to a nylon filter by Southern blotting and
probed with a 32p labelled 394bp 0X174 fragment. WT = DNA extracted from
wildtype C. reinhardtii, 1-37 = DNA extracted from PSI mutants, M= lambda
Aval!Bgin markers, sizes in kbp.

genome, (Gumpel et al., 1994) and is discussed fully in Chapter 5.

3.2.2 Western Analysis of the Putative PSI Mutants.
In order to determine if the core polypeptides of the PSI complex were present, the
following analysis was carried out. Western analysis was performed using total C.
reinhardtii protein prepared from wild type argJ.Scw^ and the putative PSI mutants
cells.

The proteins were separated by SDS-PAGE, blotted onto nitrocellulose and

probed with the antibodies available, listed in Table 2.3. The results are shown in
Figures 3.12 to 3.14. The PsaA/PsaB antibodies show that in M 0 1 2 the PSI complex
is absent whereas M 028 shows reduced level of the protein compared to wildtype.
Figure 3.13 shows a selection of the mutants probed with the PsaD antibodies; the PSI
absent mutants, MO 12 and MO 18 show complete lack of the PsaD protein, whereas
the PSI reduced mutants, M 035 and M 037 show the presence of this protein.

The

same pattern is seen with the PsaF antibodies; figure 3.14 shows that the PsaF protein
is lacking or reduced in the PSI absent and PSI reduced mutants respectively.

3.3 Discussion.

3.31 Southern Analysis.
The nuclear genes encoding structural components of PSI are known to be present as
single copies within the nuclear genome (Franzén et a/., 1989a, Franzén et al., 19896).
In order to determine whether any of these genes were disrupted in the mutants
defective in PSI, Southern analysis was carried out. When these experiments were
carried out probes were only available for psaE, psa¥, psaG , p sa R and psaK. The
Southern analysis results show that these nuclear genes are all present in the mutants
analysed and that they show no polymorphism with respect to the wild type gene.
However, no cDNA clone was available for the psaD gene, so it remains unclear
whether this gene has been disrupted by the mutation. Recently, other nuclear genes
encoding small polypeptides of unknown function, thought to be associated with the
PSI complex, have been isolated. It could therefore be possible that one of these genes
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Fig. 3.12. Western blot showing that the PsaA/PsaB protein is present
in some of the PSI mutants. Total protein extracts (equivalent of 10|ig of
chlorophyll) from the PSI mutants and wildtype cells were separated on an SDS-PAGE
gel. The proteins were transferred to a nitrocellulose filter and probed with an antibody
raised against PsaA/PsaB. Antibody binding was detected using a secondary antibody
conjugated to alkaline phosphatase and subsequent colour development. B4 = protein
extract from a C. reinhardtii strain lacking PSI, WT = proteins extracted from wildtype
C. reinhardtii, 1-37 = proteins extracted from putative PSI mutants, PSI = a protein
fraction enriched in PSI.
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Fig. 3.13. Western blot showing that the PsaD protein is present in
some of the PSI mutants. Total protein extracts (equivalent of 10|ig of
chlorophyll) from the PSI mutants were separated on an SDS-PAGE gel. The proteins
were transferred to a nitrocellulose filter and probed with an antibody raised against
PsaD. Antibody binding was detected using a secondary antibody conjugated to
alkaline phosphatase and subsequent colour development. (B4 = protein extract from a
C. reinhardtii strain lacking PSI, 12-37 = proteins extracted from putative PSI
mutants.
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Fig. 3.14. Western blot showing that the PsaF protein is lacking or
reduced in some of the PSI mutants. Total protein extracts (equivalent of lOp-g
of chlorophyll) from the PSI mutants and wildtype cells were separated on an SDSPAGE gel. The proteins were transferred to a nitrocellulose filter and probed with an
antibody raised against PsaF. Antibody binding was detected using a secondary
antibody conjugated to horseradish peroxidase and the ECL kit (Amersham). WT =
proteins extracted from wildtype C. reinhardtii., 1-32 = proteins extracted from putative
PSI mutants.

has been disrupted in the PSI mutants.

3.32 Western Analysis.
Antibodies raised against subunits of the complex were used to determine the presence
of the proteins encoded by the nuclear genes. The results from the W estern analysis
show that some of the mutants show reduced or no levels of these proteins. It has been
shown that a mutation in a gene involved with the biogenesis of a photosynthetic
complex affects the assembly of the rest of the subunits making up the complex,
(Rochaix, 1992) and that the non-assembled subunits are therefore rapidly turned-over.
This correlates with the EPR data shown in table 3.1. It appears that this is the case
for the PSI- mutants, as none of the PSI proteins probed for are present. The PSI
reduced mutants show reduced levels of the PSI proteins compared to wildtype cells
but it appears that the photosystem is still functional, albeit at a reduced level. This
has been described previously for a p^aF-deficient mutant of C. reinhardtii (Farah et
a t.,1995) in which a PSI complex is assembled but it has a reduced function, probably
due to reduced electron transfer from plastocyanin to P700 + . This demonstrates that
the PsaF protein is important in docking plastocyanin to the PSI complex but not
essential for a functional PSI complex.

Northern analysis carried out on these putative PSI mutants (NJ Gumpel, unpublished
data) showed the presence of an mRNA transcript for all of the known nuclear genes
that encode the structural components of the PSI complex in C. reinhardtii. It can
therefore be concluded that as the nuclear genes coding for structural components of
the PSI complex appear to be present and intact, that the mutation has disrupted a
nuclear gene involved in chloroplast gene expression, complex assembly, co-factor
attachment or some other undefined step in PSI biogenesis.

Further characterisation of these and other M 0 mutants confirmed that M 035 and
M 037 were primarily affected at the level of cytochrome b^f biogenesis (Gumpel et
a l.,1995).

No further analysis of the mutants affected at the level of PSI biogenesis

has been carried out.
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CHAPTER 4. CLONING OF A C. REINHARDTII NUCLEAR GENE
INVOLVED IN THE STABILITY OF THE CYTOCHROME F
(PETA) TRANSCRIPT.

4.1 Introduction.

Five of the photosynthetic mutants generated by insertional mutagenesis were found
to be specifically affected in the biogenesis of the cytochrome b^f complex (Gumpel et
aL, 1995). The five mutants, M $2, MO 11, MO30, M 035, M 037, were initially
characterised using EPR and tluoresence induction kinetics and although M 035 and
M 037 showed a reduced level of PSI, they also failed to show a signal for the
cytochrome b^f complex, as discussed in the previous chapter. Further analysis of
MO 11 (Gumpel et a/., 1995) showed that this mutant failed to accumulate the
cytochrome f protein and that there was no detectable level of the petA transcript.
However, as RNA pulse-chase labelling showed that the petA transcript was
synthesised at wildtype levels, it was concluded that this mutant is affected at the level
of petA mRNA stability. In the case of M 037, the cytochrome b^ protein was shown
to be absent. Again, the petB transcript was absent in this mutant, although it was seen
to be synthesised at wildtype levels. It was therefore concluded that this mutant was
affected at the level of pet^ mRNA stability.

In both M O l l and M 037, genetic

analysis showed that the mutant phenîypes were linked to the transforming
pARG7.80>3 DNA.

This chapter reports on the cloning of the nuclear gene affected in the mutant M 011.
Ten cosmid clones were isolated from a wildtype genomic library using cloned M011
genomic DNA flanking the site of marker insertion (Gumpel et a l.,1995). It was first
necessary to identify the cosmid clone carrying the gene affected in M 011. This could
be confirmed by complementing the mutant by transformation with the cosmid clone
to restore a wildtype phenotype. Subsequent restriction digestion of the transforming
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cosmid and mutant complementation could then identify a smaller genomic fragment
containing the gene of interest.

Screening of a wild type C reinhardtii cDNA library

with the reduced genomic fragment may then identify a cDNA clone.

Sequence

analysis of the deduced amino acid sequence would then allow detailed characterisation
of the nuclear gene affected in M 0 11 and an understanding of the role of the nuclear
gene product in the expression of the chloroplast petA gene.

4.2 Results.

4.2.1 Restriction Analysis of the Cosmid Clones.
The cosmid clones A5, B5, C5, A6, B6, C6, D6 and A l were obtained from the C.
reinhardtii pARG7-8cos library (shown in figure 4.1) by screening with a 1.8kb Sphl
probe isolated from MO 11 genomic DNA flanking the ARG 7 insertion site. Since the
library had been amplified by in vivo packaging, restriction analysis was carried out
on the eight cosmid clones in order to identify any identical clones. Cosmid DNA was
prepared using 'Qiagen' maxiprep columns, digested with Sali and separated on a 1%
agarose gel by electrophoresis. From the results shown in figure 4.2, four out of the
eight cosmid clones gave identical restriction patterns, which suggested that these were
identical clones, and likely to be true positives. One of these four clones, B5, was
used to transform M O l l cells to see if it would rescue the mutant phenotype.

4.2.2 Complementation of M O ll using the B5 Cosmid Clone.
Transformation of M O l l cells with the B5 DNA was carried out using a method
derived from the glass bead technique (Kindle, 1990), as described in section 2.8. For
each transformation, 2pg of B5 DNA was used and transformants were selected for
autotrophic growth on 2% HSM agar plates. The plates were incubated at 18°C in
bright light and transformant colonies were observed in 8-10 days at a rate of
approximately 100 transformantsZ/xg B5 DNA.

Four of the transformant colonies, T1-T4, were picked onto fresh 2% HSM agar plates
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Figure 4.1. Map of the pARG7.8cos cosm id vector. This was used by
Purton and Rochaix (1994) to construct a C.reinhardtii wildtype genomic library as
shown.
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Figure 4.2. S a l i restriction digest of eightc^the cosmids identified by
screening the pARG7-8cos C. reinhardtii
genomic library with the
1.8kb S p h l fragment isolated from M 011. l|ig of each cosmid DNA was
digested with Sail and separated on a 1% agarose gel, stained in a weak ethidium
bromide solution and visualised under UV. M = La.m\^HindlU markers (size given in
kbp), A5-A7 = different cosmids obtained.

and restreaked weekly to obtain healthy stocks. Spot tests were performed to check
that the four colonies were true transformants. A 25ml liquid culture of wild type,
M 011 and T1-T4 cells was grown up and 10/zl of each culture was spotted onto a 2%
TAP agar plate and a 2% HSM plate. The plates were incubated at 18°C in dim light
and bright light respectively and the results can be seen in figure 4.3. The results show
that the M 011/B 5 transformants, T1-T4, are able to grow photoautotrophically on
minimal medium lacking acetate and that the mutation has been complemented by the
B5 genomic DNA.

The growth results indicate a fully functional cytochrome b^f

complex in the transformants, T1-T4. This would imply that the cytochrome f protein
which is absent in M 011, is present in the transformants. This could be tested by
staining for haem associated peroxidase activity of the haem co-factor of cytochrome
f.

4.2.3 Haem-Associated Peroxidase Staining of the Transformants, T1-T4.
Protein samples of wild type, M 011 and T1-T4 were separated by SDS-PAGE. Haem
staining of the gel was carried out as described in section 2.10.4 and the results are
shown in figure 4.4. It can be seen that the haem of cytochrome f is present in all of
the transformants but not the mutant, further confirming that the M 011 mutant
phenotype is rescued by transformation with the B5 cosmid. Western analysis was then
carried out to confirm the presence of the cytochrome f protein in the transformants.

4.2.4 Western Analysis of the Transformants T1-T4.
Protein samples of wild type, M 011 and T1-T4 were separated by SDS-PAGE and
electroblotted onto nitrocellulose. The filter was incubated with a combination of
antibodies raised to the C. reinhardtii cytochrome f protein and to the photosystem I
protein encoded by psaV.

Antibody binding was detected using an ECL kit

(Amersham), as described in section 2.10.3 and the results are shown in figure 4.5.
The PsaF protein is present in all of the samples, indicating that the PSI complex is
unaffected in the mutant and transformants and that each lane contains an equal loading
of total protein. The cytochrome f protein is absent in M 011, present at wildtype
levels in the transformants, showing that transformation with the B5 cosmid has
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Figure 4.3
Spot tests of wildtype, M 0 1 1 and four independent
B 5/M 011 transformants. 10|il of a mid-log phase culture was spotted onto TAP
(4- acetate) and HSM (- acetate) plates. The plates were incubated at 25°C in bright light
for seven days.
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Figure 4.4. Transformation of M 011 with the cosmid B5 rescues the
cytochrom e f haem-associated peroxidase activity, as determined by
TMBZ staining. Total proteins were extracted from wildtype cells (WT), M 011,
and B5 transformed cells (T1-T4). Proteins were separated by SDS-PAGE and stained
using TMBZ.
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Figure 4.5. Western analysis of the M 011 mutants rescued by cosmid
B5 showing the presence of the cytochrome f protein. Total proteins were
extracted from wildtype cells (WT), M 011, and B5 transformed cells (T1-T4).
Proteins were separated by SDS-PAGE, blotted onto nitrocellulose, probed with
antibodies raised against cytochrome f and PsaF proteins. Antibody binding was
detected using a secondary antibody conjugated to horseradish peroxidase and the
Enhanced ChemilumineKpnce kit (ECL), (Amersham).

rescued the M 011 mutant phenotype.

Having shown that the B5 cosmid contained the gene that complemented M O ll, the
next aim was to reduce the size of the 42kb B5 cosmid to the minimal size that was still
capable of complementation. It was considered likely that the ~ 31kb genomic insert
could contain more than one gene so it was important to minimize the size of the
complementing fragment as much as possible before using it to screen a C. reinhardtii
cDNA library.

4.2.5 Strategies to Reduce the Size of the Complementing C. reinhardtii Genomic
Fragment in the B5 Cosmid Clone.
Initially, attempts were made to restriction map the 42kb B5 cosmid in order to clone
smaller fragments of the genomic DNA into a suitable plasmid vector. Subsequently,
these sub-clones would have been used to transform M 011 to see if they
complemented. Figure 4.6 shows digestion of B5 DNA with BgUl, Notl and Sfil,
followed by Southern analysis.

The M O ll l.Skb Sphl genomic fragment and the

cosmid vector DNA were used as probes in order to determine which fragments from
each digest contained only these sequences. The results show that in the Notl and Sfîl
digests, the B5 vector DNA and the complementing genomic DNA were on the same
fragment, of approximately 23kb. The BgBl digest gave different fragments, but
attempts to clone each of the doublet bands into pBluescript proved unsuccessful.
Instead, the doublet BgBl bands ( ~ 14kb) were excised from the agarose gel, gene
cleaned and the DNA was used to transform M $ l l cells.

This also proved

unsuccessful and no transformants were observed.

Several B5 subclones were also constructed.

Restriction enzymes {SaB, BgBl, Notl)

known to cut outside the regions of cosmid DNA required for selection and replication
in E. coli were used to digest B5 DNA. The digests were separated on an agarose gel
to establish the number of each restriction enzyme sites within the 31 kb genomic clone.
The enzyme digests were then self-ligated to give a smaller sub-clone of the B5
cosmid. The SaB subclone was partially mapped as shown in figure 4.7. However,
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Figure 4.6. Southern analysis of cosmid B5 to establish which digest
fragments contain the genomic and cosmid vector DNA. B5 cosmid DNA
was digested with Bglll, N otl and Sfil, separated on an agarose gel, stained with
ethidium bromide solution and visualised under UV. A Southern blot of the gel was
then probed with the M 0 1 1 l.Skb Sphl fragment and the pBR329 vector.
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cosmid based on the Sûf/I-B5 sub-clone.
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transformation with these B5 subclones did not complement M O ll.

T herefore, another strategy was employed, as shown in figure 4.8. B5 DNA was
digested with a variety of enzymes and an aliquot of each digest was run on an agarose
gel to determine the restriction pattern and ensure complete digestion (figures 4.9 and
4.10).

Transformation of M O ll cells was then carried out using the rest o f the

digested B5 DNA. If one of the B5 digests was seen to complement M O ll, then it
would be clear that the entire genomic clone would be carried on one o f the
presumably smaller B5 fragments, which could subsequently be isolated. Out of the
numerous enzymes used to digest the B5 DNA, only two digest transformations
showed rescue of the mutant phenotype. The Ndel digested B5 DNA (QSINdeY) gave
similar numbers of transformants to B5 DNA ( —100 transformants per /xg B5 or
^5 IN d el DNA).

B5 DNA digested with BamHl gave —2-3 transformants per /xg

DNA. The next stage was to establish which of the B5INdel fragments was responsible
for the rescue of M 011.

4.2.6 Analysis of the BSINdel Com plem enting Digest.
The digestion of B5 DNA with Ndel gave six fragments, as seen in figure 4.10. A
large-scale digest of B5 DNA with Ndel was separated by electrophoresis on a 0.5%
agarose gel. This ensured complete separation of the two top bands; all six fragments
were then excised, without exposure to UV and 'genecleaned'. Each of these linear
fragments was then used to transform M 011 cells. The largest, ( - ISkb), fragment
of the digest was seen to complement the mutant.

To determine which of the fragments contained the cosmid vector DNA, Southern
analysis was carried out on the B5INdel digest using a pBR329 vector probe. The
results showed that the second largest fragment contained the cosmid vector DNA. To
verify this result, DNA from each of the six fragments was ligated and used to
transform E. coli cells. Only the second fragment gave colonies, so it was apparent
that the B5 vector DNA was not contained on the largest Ndel fragment. The next
stage was to attempt to further reduce the ISkb B5!Ndel fragment to the minimal size
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Figure 4.8. Schematic diagram of a strategy used to obtain a smaller
genomic fragment from the B5 cosmid clone which retains the ability to
complement M 011.
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Figure 4.9. Restriction analysis of B5 to determine suitable restriction
endonucleases with which to digest B5 prior to transformation of M 011.
B5 DNA was digested with each enzyme and separated on an agarose gel by
electrophoresis. The gel was stained with ethidium bromide and visualised under UV.
M= lambda HindlYL markers, sizes given in kbp.
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F igure 4.10. R estriction analysis of B5 to determ ine su itab le restrictio n
endonucleases with which to digest B5 p rio r to tran sfo rm atio n of M 011.
8 5 DN A was digested w ith each enzym e and separated on an agarose gel by
electrophoresis. The gel was stained with ethidium brom ide and visualised under UV.
M= lam bda H indlll markers, sizes given in kbp.
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that still complemented.

4.2.7 Restriction Analysis of the 18kb ^SINdel Fragment.
As a B5/BamHl fragment also rescued the mutant, although at a greatly reduced
rate, it was possible that restriction of the 18kb ^ 5 1Ndel fragment with BamHl would
result in a smaller complementing genomic fragment.

The isolated 18kb B5INde\

fragment was therefore digested with BamHl giving five fragments, shown in figure
4.11. Each of these fragments were separated on a 0.5% agarose gel, excised and
'genecleaned'.

They were then used to transform M O ll cells, but failed to

complement the mutant.

The B5!Nde\ fragment was also restricted with several

additional enzymes (not used in the analysis described in section 4.2.5, i.e.Aval, Bc/I,
C/al, D ral, Mscl, Xbal) and the digests used to transform M O ll.

None of these

digests complemented the mutation.

Due to the repeated unsuccessful attempts to reduce the size of the complementing
genomic fragment to less than the 18kb B5INdel fragment, it was decided to screen a
cDNA library using this fragment as a probe.

This should identify all the genes

encoded on the complementing B5!Ndel fragment.

4.2.8

Screening a C. reinhardtii Wildtype XgtlO cDNA Library witb tbe 18kb

B5/AWgI Fragment.
The wild type C. reinhardtii cDNA XgtlO library was obtained from Lars-Gunnar
Franzén, Stockholm. The library was screened using the radiolabelled 18kb ^5!N del
fragment and five secondary positive clones were obtained. The phage plugs were
picked into sterile distilled water and stored at 4°C with the addition of a few drops of
chloroform. PCR was performed using primers designed to the A. arms and the PCR
products obtained are shown in figure 4.12.

Three different cDNA clones were

obtained of ~ 1 .8 k b , —l.Okb and ~700bp termed ACV4, ACV5 and ACV7
respectively.

Southern analysis was performed on the three clones, using the 18kb B5/AW^I fragment
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Figure 4.11. Restriction analysis of the 18kb B S i N d e l fragment to
attempt to obtain a smaller complementing genomic fragment. Ip g o f B5
and 18kb B5!N de\ were digested with BamYll and N del and separated on a 1% agarose
gel. The fragm ents A, B, C and D were excised, gene cleaned and used to transform
M 0 1 1 cells. M = Lam bda HindU l m arkers, sizes given in kbp.
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Figure 4.12. Three different cDNA clones were obtained using the 18kb
^ S lN d e l fragment to screen a wildtype C .rein h a rd tii library. The cDNAs
from five plaques (ACV4, ACV5, ACV7, BCV4 and BCV5) were amplified by PCR
using primers designed to the lambda vector arms. The PCR products were separated
on a 1% agarose gel by electrophoresis, stained with ethidium bromide and visualised
under UV. M= lambda H in d lll markers, sizes in kbp.

as a probe, to confirm that they were true positives. The results are shown in figure
4.13.

Only ACV4 and ACV5 cross-hybridised with the 18kb ^5!N de\ fragment.

ACV7 was therefore considered to be a false positive.

4.2.9 Cloning ACV4 and ACV5 into the pKS- Vector.
The ACV4 and ACV5 cDNAs were cloned into the EcoRL site of the plasmid vector
pBluescript. The ~ 150bp X DNA arms on the PCR products were removed and the
cDNA was prepared for cloning by digesting ACV4 and ACV5 with EcoRI. The
fragments were separated on an 8% acrylamide gel which gave higher resolution of
smaller DNA fragments compared to agarose gel electrophoresis.

The results are

shown in figure 4.14. The ACV5 cDNA was seen to contain an internal EcoRI site,
since four bands are seen, representing the two ~150bp X arms, a ~ 300bp and
~600bp of ACV5. Both the smaller ~300bp EcoRI fragment and the entire —900bp
of ACV5 were cloned into the EcoRI site of the pKS- vector and termed pKS-/ACV5L
and pKS-/ACV5B respectively. ACV4 was also cloned into the pKS- vector.

Southern analysis was then carried out on the pKS-/ACV5B clone, in order to
determine whether the internal EcoRI site was within a single cDNA, or whether there
w ere in fact two separate cDNAs contained in the clone. The results are shown in
figure 4.15. The pKS-/ACV5B DNA was digested with EcoRI, separated on a 0.6%
agarose gel and Southern blotted. Both the 300bp and 600bp cDNA fragments cross
hybridised when probed with the 18kb B5INde\ fragment. This showed that the EcoRI
site was probably internal within a single cDNA.

The next stage was to try to determine which of the cDNA clones was the one
encoding the gene that complemented M 011. Southern analysis was carried out on
wild type and MO 11 DNA, using the ACV4 and ACV5 clones as probes. This would
show whether there was polymorphism between the wild type and MO 11 copy of the
genes encoded on ACV4 and ACV5.
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Figure 4.13. Southern analysis of the cDNA PCR products using the
I8kbB5/A</^I probe to confirm true hybridisation. l|ig of ACV4, ACV5 and
ACV7 PCR products were separated on a 1% agarose gel by electrophoresis, stained
with ethidium bromide and visualised under UV. Subsequently, the gel was Southern
blotted and probed with the radiolabelled 18kb 'Q5INdel fragment. The ACV7 cDNA
did not hybridize and was therefore considered a false positive. M= lambda Hind\H
markers.
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Figure 4.14. Restriction analysis of the ACV4 and ACV5 cDNA clones.
l|ig of ACV4 and ACV5 cDNA was digested with EcoRl and sepaiated on a 8%
acrylamide gel by eleciophoresis. Undigested samples of ACV4 and ACV5 were also
run for comparison. The ACV5 cDNA was seen to contain an internal FcoRI site. The
fragments at the very bottom of the gel are the lambda gtlO primers. M= pSK- Hinfll
markers, sizes in bp.
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Figure 4.15. Southern analysis of ACV4, ACV5 and the two ACV5
Eco¥A fragments cloned into pKS-. l|ig of ACV4 and ACV5 PCR products and
the three pKS-/ACV5 sub-clones were digested with EmRI, separated on a 0.6%
agarose gel, stained with ethidium bromide and visualised under UV. Subsequently,
the gel was Southern blotted and probed with the 18kb ^SINdel fragment. Both of the
ACV5 EcoRl fragments hybridized with the probe. M= lambda HindYQ. markers, sizes
in kbp, l+2=pKS-/ACV5L, 3=pKS-/ACV5B.

4.2.10 Southern Analysis of M 011 using ACV4 and ACV5 Probes.
A large scale sample of wild type and MO 11 DNA was prepared and digested with
Sphl. The fragments were separated on a 1% agarose gel and Southern blotted. The
results of probing the blots with the radiolabelled ACV4 and ACV5 cDNAs are shown
in figure 4.16.

The copy of the ACV4 gene in M O ll shows polymorphism with the

wild type copy sizes of Satt. fragments containing ACV4, while the copy o f the ACV5
gene is completely absent in M O ll. The blots were also probed with the ACV7 clone
as a control and a Satt. fragment of identical size is seen in both M 011 and wildtype.
In order to ensure that ACV4 and ACV5 were two independent cDNAs, EcoRI digests
of pKS-/ACV4 and pKS-/ACV5B were separated on a 1% agarose gel, Southern
blotted and the probed with either ACV4 or ACV5 PCR products. The results are
shown in figure 4.16b and show that ACV4 and ACV5 do not cross-hybridise, and are
therefore probably independent. Northern analysis was then carried out in order to
detect the presence of a transcript for the ACV4 and ACV5 genes.

4.2.11 Northern Analysis of M 011 using ACV4 and ACV5 Probes.
Total RNA was prepared from wild type and MO 11 cells, separated on a 0.5% agarose
gel and northern blotted. The results of probing with the

ACV5 cDNA

are shown in figure 4.17. It can be seen that M O ll lacks the transcript for ACV5 and
that the wild type transcript shows a band of ~ 3 .6 k b . Since ACV5 is only ~ 0 .9 k b ,
this suggests that ACV5 is a partial cDNA.

However, when probing for ACV4,

although bands could be detected in both MO 11 and wildtype, the results were
inconclusive.

Sequence analysis was initially carried out on the ACV5 cDNA clone. It was assumed
likely that as the gene encoding ACV5 in MO 11 was absent (as was the transcript for
this gene), that this would be the more likely candidate gene responsible for the
complemention. The protein sequence obtained from ACV5 could then be aligned to
sequence from the protein databases to see if any regions of homology with known
sequences could be identified. Sequence analysis of ACV4 was also initiated, but is
not shown.
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Figure 4.16. Southern analysis of M 011 using the radiolabelled ACV4
and ACV5 cDNAs. A large scale digest of WT and M011 DNA with Sphl was
separated on a 1% agarose gel, southern blotted and probed with the ACV4 and ACV5
cDNAs. The ACV4 gene shows polymorphism in M 011, while the copy of ACV5
gene is absent in M 0 1 1. WT= DNA isolated from wild type cells.
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Figure 4.16b.

Southern analysis of the cloned ACV4 and ACV5 cDNAs.

0.5|ig of pK S-/A CV 4 and pKS-/ACV5B DNA was digested with E coR l, separated on
a 1% agarose gel and stained with ethidium brom ide. The gel w as subsequently
Southern blotted and the filter probed with the ACV4 and the ACV5 PCR products on
separate occasions. M = lambda H indlll markers, sizes in kbp.
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F ig u re 4.17. N orthern analysis of M 0 1 I using the radiolabelled ACV5
cDNA. Total RNA from WT and M011 cells was separated on a 0.5% denaturing
agarose gel, northern blotted and probed with the ACV5 cDNA. The 3.6kb transcript
that hybridized in the WT sample was absent in the M 0 1 1 RNA sample.

4.2.12 Sequence Analysis of the ACV5 and ACV4 cDNAs.
Initially, sequence analysis was concentrated on the ACV5 cDNA. The pKS-/ACV5B
and pKS-/ACV5L DNA constructs were sequenced using the T3 and T7 pKSUniversal primers, shown in table 2.6. Several subclones of the pKS-/ACV5B clone
were derived, in order to obtain as many sequence overlaps as possible. For example,
the larger ~ 600bp fragment of ACV5 could be digested with Notl or Pstl (sites that
are also in the vector arms), a small fragment removed and the ends religated, so that
sequence could be obtained from the middle of the 600bp fragment. Other primers
were also designed to the pKS-/ACV5B sequence (shown in table 2.6). The sequences
obtained for the two ACV5 EcdPl fragments could be aligned by the identification of
a linker sequence at one end of each sequence. The preliminary sequence contigs for
ACV5 were aligned and the sequence obtained is shown in figure 4.18.

A six frame

translation of this sequence was used in a BLAST database search, using software
available through the National Center for Biotechnology Information. The results from
the database search revealed several significant matches

to known proteins and are

shown in figure 4.19.

4.3 Discussion.

4.3.1 G eneral Discussion.
This chapter reports the complementation of the M 011 mutant with cosmid B5.
Southern analysis has demonstrated the additional copies of the B5 vector DNA in the
nuclear genome of the T1-T4 transformants (results not shown). This indicates that the
restoration of photosynthetic activity to the T1-T4 cells is not due to a spontaneous
reversion event. Staining for the cytochrome f haem co-factor associated peroxidase
activity and western analysis, using antibodies raised against the cytochrome f protein
in C. reinhardtii, show that the cytochrome f protein lacking in MO 11 is restored in
the cells transformed with the B5 cosmid.

We can therefore assume that the wildtype copy of the disrupted nuclear gene in MO 11
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sequencing primer—>
ECOR I
qaattccaac

gcacgagacc

at ga t tg cg g

cgtacggcat

ggctggcctg

50

atg acgtcgg

ccggactgcg

100

Primer NNT7->
cccgagcgcg

c ca aa a c t a t

a t t c aa ca c q

Primer NT7—>
gcgcgacttc

accttctaca

q cc tc at c qc

cgctcacagc

ct g gc c g g g c

150

aactgggagg

g cg ct a t c g t

tcggg cc cg c

atgcgc ncgc

gcggtgcagc

200

cgtctgtgca

tgtgtacaac

g c g c tg ct g g

cggcgtgcga

g c g g g c g g g a 250

cagcgcacgc

gtggagctgt

t g gg cg ca t g

cgccgtgagg

gcgtggagcc

300

caacaccctg

actgccaacc

t gctgcagct

ggtgggtcgc

c a gg g cg tg c

350

<

Primer NNT3

gcagcgtgga

gcagcagcag

ct q qc qq cc a

qtqtcaqtcq

aqcqctqcqc

400

gtacggcgcg

ctgctcatgc

ag accggttt

gttctgagcg

acaagtcctg

450

< Primer NT3
ggcgggtatg

a gg c t a a c c t

g atatggact

qcqqcqtcca

cc tqaqaqct

500

taacaaccta

ctttgtgtgg

g c c tg tg t gc

taaaagctaa

cctgggacca

550

gagaagagag

atttccatcg

tgcgcg g tg c

tgggttgatg

t ta a c t c g g g

600

cgcgggcgag

tttgctgttg

ct tgattctt

actaatgcac

ttcccc gt g t

650

taaaaattca

g tc ta a a c t t

a gc gc c a a g a

cattgcagcg

t tctgccgct

700

gttcgggatc

cgaatcaacc

g c c c gg ag cc

acg gcttgct

a g g c g g c g a g 750

a c g t tc g tg t

ggctgtgatg

g gg ca a g g t a

ca ttcagttt

g g gt g t g c a c

800

agagggactc

gattgagtca

c g g g gt g gg g

caaattactc

c tccttccgt

850

gttagggcaa

g g g g at gc a t

gt ca a c g c a g

gt ggtgtgaa

a t g a c t t g a g 900

t gt a t g t c g a

c tt ga g c a g a

g acagc t ag t

ac cgagttga

t g t gg ag cg c

EcoRl

950

ScoRl
c ca ct g g g c g

c c a a a at tc

<—T3 sequencing primer

Figure 4.18. ACV5 DNA sequence. The positions of EcoRI sites and the
sequencing primers used are shown.
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> l c l I unknow n
HETMIAAYGMAGLPERAEAVFSAMTSAGLRRDFAFCGLIAAHSLAGQLGGRYRSGPHAXA
RCSRLCMCTTRCWRRASGRDS ARVELLGACAVRAWS PTP * LPTXXXXXXXXXXXXXXXXX
XXPVSVERCAYGALLMQTGLF*ATSPGRV*G*PDMDCGVHLRAWRPALCGPVC*KLTWDQ
RREISIVRGAGLM LTRARASLLLLDSY*CTSPCW EFSLNLAPRHCSVLPLFGIXXXXXXX
XXXXXXXXXVAVMGQGTFSLGVHRGTRLSHGVGQITP PSVLGQGDACQRRWC EMT * VYVD
L SR D S * YRVDVERPLG
> l c l 1u n k n o w n
ARDHDCGVRHGWPARARRGCVQRDDVGRTAAXXXXXXXXXXSQPGRATGRALSFGPACAR
AVQPSVHVYNALLAACERAGQRTRGAVGRMRREGVEPNTLTANLLQLVGRQGVRSVEQQQ
XXXXXXXXXXXXXXXHADRFVLSDKSWAGMRLT*YGLRRPPESLAACFVWACVLKANLGP
EKRDFHRARCWVDVNSGAGEFAVA*FLLMHFPVLGIQSKLSAKTLQRSAAVRDPNQPPGA
TAC*AARRSCGCDGARYIQFGCAQRDSIESRGGANYSSFRVRARGCMSTQW *NDLSVCR
LEQRQLVPS *CGAPTG
> l c l 1u n k n o w n
RTRP*LRRTAWLACPSAPRLCSAR*RRPDCGXXXXXXXXXXXXXWPGNWEXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXWSCWAHAP *GRGAQH PDCQ PXXXXXXXXXXXXXXXX
XXXXXXXXXXXTARCSCRPVCSERQVLGGYEANLIWTAAST*EXXXXXXXXXXAKS*PGT
REERFPSCAXXXXXXXXXXXXXXXXILTNALPRVGNSV*T*RQDIAAFCRCSGSESTARS
HGLLGGETFVWL *WGKVHSVWVCTEGLD * VTXXXXXXXXXXXXXXMHVNAGGVK * LECMS
T*AETASTELMWSAHWA
> l c l I unknow n
RPVGAPHQLGTSCLCSSRHTLKSFHTTCVDMHPLALTRKEE*FAPPRDSIESLCAHPN*M
YLAPSQPHERLAA* QAVAPGG* FGSRTAAERCNVLALSLD* IPNTGKCISKNQATANS PA
PELTSTQHRARWKSLFSGPRLAFSTQAHTKQAAKLSGGRRS PYQVSLIPAQDXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXPWRPTSCSRLAVRVLGSTPSRRMRPTAPRVRCPAR
SHAASSALYTCTDGCTARAHAGPNDSALPVXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXGQPCRTPQSWSRA
> l c l I unknow n
AQW ALHINSVLAVSAQVDIHSSHFTPPALTCIPLP*HGRRSNLPHPVTQSSPSVHTQTEC
TLPHHSHTNVSPPSKPWLRAVDSDPEQRQNAAMSWR*V*TEFPTRGSALVRIKQQQTRPR
PS*HQPSTAHDGNLSSLVPG*LLAHRPTQSRPPSSQVDAAVHIRLASYPPRTCRSEQTGL
HEQRAVRXXXXXXXXXXXXXXXXXXXXXXXXXXXXQSGCWAPRPHGACAQQLHXXXXXXX
XXXXXXXXXXXQXXXXXXXXXXXXXXXSQLPGQAVSGDEAAEGEVAPQSGRRHRAEHSLG
ALGQASHAVRRNHGLV
> l c l I unknow n
PSG R STSTRY*LSLLK STYTQVISHH LR*H ASPCPNTEG GVICPTP*LNRVPLCTPK LNV
PCPXXXXXXXXXXXXXXXXXXXXIPNSGRTLQCLGAKFRLNSQHGEVH**ESSNSKLARA
RVNINPAPRTMEISLLWSQVSF*HTGPHKAGRQALRWTPQSISG*PHTRPGLVAQNKPVC
MSSAPYAQRSTDTGRXXXXXXXXXXXXXXXXXXXXXXXXXXHALTAHAPNXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXCGPER *R PPSC PARL * AAMRPQKAKSRRS PADVIALNTAS A
RSGRPAMPYAAIMVSC

Figure 4.18b The protein sequence obtained from the translation
o f the ACV5 transcript sequence in all six reading frames.

R e a di n g
Sequen ce s p r o d u c i n g H i g h - s c o r i n g Segment

Pairs;

F ra m e

Probability
P(N)

g i I5 9 3 3 1 3 IgblI

S eq ue n c e

4 from Patent WO 8602650

0.67

gi I208425
gi I530222

(M19086)

h y b ri d g ro w t h factor

0.78

(M27881)

m e t hy la t ed -C pG bind i ng protei.

gi I5 9 3 9 5 2 IgblI
gi I5 9 3 3 6 6 IgblI

[Artific.

0.84

S eq ue nc e 8 from Patent EP 0362179

0.87

S eq ue nc e 2 from Patent WO 8502198

0.89

gi I5 9 3 3 1 2 IgblI
gi I69023 IpirI I

S eq ue nc e

0.89

gi I1351230 Ispl
gi I2 3 1 0 8 5 Ipdbl

T R A N S F O R M I N G GROWTH FACTOR ALP HA

gi I5 3 9 7 9 2 Ipirl
gi I140483 IsplP
gi I6 3 0 2 0 6 Ipirl
gi I1381561
gi I1359531lgnl
gi ll34986lsp|P

2 from Patent WO 8602650

t r a n sf o rm in g growth factor alpha - rat

0.89

(TGF-,

0.89

D e s -Vall ,V al 2 -T ra ns f or mi ng G r ow t h Fact,

0.89

t ra ns f o r m i n g gro w th factor alp ha - gol.

0.95

H Y P O T H E T I C A L 72.7 KD PROTEIN IN RIMl-C.

-2

0.99

h y p o t he ti ca l protein YCR30 - yeast

-2

0.99

(Sa.

(U52958)

transi tion protein 2 [Rattus

.

-2

0.998

(Z46939)

tr ansition p rotein 2

.

-2

0.999

N UC L E A R T R A N SI T IO N PROTEIN 2 ( T P - 2 ) . >

-2

0.999

[Rattus

gi I92913|pirlI
gi I420739lpir|

t r a n s i t i o n p rotein 2 - rat

-2

0.999

OP p r o t e i n - Kenn edya y e l l o w mo sa i c v i .

-2

0.999

gi I577351
gi I1 0 8 6 2 5 8 Ipir

putative nucleic acid binding,

-2

0.9991

tax p r o t e i n - p rimate T - l y mp ho tr o pi c v.

-2

0. 9996

(U03849)

N

F ig u re 4.19. R esults of a BLAST d atab ase se a rc h using so ftw are
availab le from the N ational C en ter fo r B iotechnology In fo rm a tio n ,
USA. The search was carried out using a six frame translation of the ACV5
sequence. The best matches are listed intk^cending order. The data shows which
reading frame was used for the search, the probability of the match occurring (P),
and the number of regions of homology for each match, (N).
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is present on the B5 cosmid. On integration of the B5 DNA into the M O l l nuclear
genome, the nuclear gene is expressed under its own promoter and this has the effect
o f restoring the expression of the cytochrome f protein and rescuing photosynthetic
activity. Thus, it can be concluded that this nuclear gene product is required for the
expression of the chloroplast pet A gene. This, as yet unknown nuclear gene product,
has been named factor 11. Previous studies by NJ Gumpel have shown that other
cytochrome b^f transcripts (i.e. those from petQ, petD and petG ) were not affected by
this mutation. The molecular mechanisms of this specific nuclear-encoded trans-^ictmg
factor and whether it exerts any level of control on p et A expression is unknown.

In

order to gain further insight into the nature of factor 11 it is necessary to clone the
gene that encodes it. Therefore, attempts were made to isolate the complementing
nuclear gene on the B5 cosmid and analyze it further at the molecular level.

Attempts to map the 42kb B5 cosmid proved difficult and time consuming due to the
size. A partial restriction map was obtained and used to construct sub-clones of B5,
however none of these complemented M 011. An alternative method, employed to
reduce the size of the complementing genomic fragment, resulted in the 18kb BSINdéi
fragment. A B5/BamHI fragment was also seen to complement at a greatly reduced
rate which could be due to a partial or truncated promoter region, lowering the
transcriptional efficiency.

It may also be that the factor 11 gene on a B5IBamY{\

fragment relies on position effects within the M 011 genome for expression. However,
the 18kb BSINdel fragment was seen to complement MO 11 at the same frequency as
the B5 cosmid, so should contain the entire complementing gene, including the
prom oter region, 5 -UTR, 3'-U TR and introns necessary for expression in the C.
reinhardtii nuclear genome.

It proved difficult to reduce the size of the 18kb complementing fragment further.
Smaller linear fragments obtained by digestion of the Ndel fragment with various
enzymes, failed to complement M O l l . This suggests that the complementing gene
occupies an extensive region of the 18kb fragment, as restriction with various enzymes
render it ineffective. However, without a detailed restriction map of the 18kb fragment
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it is impossible to determine the spatial organisation of the restriction sites. No attempt
has yet been made to map the fragment. Ultimately, sequencing the 18kb fragment
would be the only way to identify individual open reading frames and therefore enable
the isolation of single genomic clones. Transformation of M o l l with these genomic
clones would identify the one encoding factor 11. Clearly, this strategy of obtaining
genomic clones would have been very time consuming. It was therefore decided to use
the entire 18kb fragment to screen a C. reinhardtii cDNA library, to identify the
cDNAs encoded on it.

The screening of the cDNA library with the 18kb B5INdel fragment, resulted in the
hybridisation to two different cDNA clones, ACV4 and ACV5. This suggests that
there is more than one gene on the B5INde\ fragment, as does the fact that Southern
analysis shows that the two cDNAs do not cross hybridise and are therefore not
truncated versions of the same gene. Further Southern analysis showed that the gene
encoded by the ACV5 cDNA is absent in M 011, while ACV4 shows a polymorphism
with respect to the wild type gene. In addition, neither of the cDNAs hybridise with
the 1.8kb Sphl fragment of M $ l l . This 1.8kb fragment was the M 0 11 genomic DNA
fragment flanking the insertion site of the A R G l marker, isolated by NJ Gumpel and
used as a probe to identify the rescuing B5 cosmid. This suggests that the disrupted
nuclear gene causing the mutant phenotype could be remote from the 1.8kb Sphl
fragment.

Northern analysis shows the transcript for the ACV5 mRNA is absent in M 011. The
autoradiograph also shows that the wildtype copy of the mRNA to which the ACV5
cDNA hybridises, is approximately 3.6kb. Clearly ACV5 is a partial cDNA since it
is only 0.9kb. The transcript for ACV4 appears to be present in M 011, although as
two bands are seen it could possibly be indicative of hybridisation of the ACV4 cDNA
to the ribosomal

RNAs (which are the most abundant species of RNA present). The

evidence seems to suggest that the most likely candidate for the disrupted nuclear gene
in M o l l is partially encoded by ACV5. It was therefore decided to sequence this
partial cDNA clone. However, it could be the case that another, unidentified cDNA
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The nucleic acid sequence obtained for ACV5 (figure 4.18) was translated in all six possible
reading frames, which are shown in figure 4.18b. As seen, the protein sequences obtained
contain many regions of X 's in which no amino acids are coded for, which is probably due to
the nucleic acid sequence being incorrect. However, in spite of the unreliable DNA sequence
and the limited protein sequence obtained for the ACV5 cDNA, a search of the EST database
showed several matches with known protein sequences. Interestingly, the -2 reading frame
translation shows some matches to known nucleic acid binding proteins, although the
probability of these matches occurring is low. Nevertheless, this suggests that factor 11 may
contain some nucleic acid binding motifs. This would be consistent with the hypothesized role
o f factor 11, which is that it may bind to the p et A mRNA and cause stabilization of the
transcript. However, the -1 reading frame translation of the ACV5 nucleic acid sequence
showed matches of a greater probability to other protein species, which suggests that these
results are far from conclusive. In order to accurately analyse the protein that is partially
encoded by the ACV5 cDNA it is clear that the full length ACV5 cDNA must be isolated and
accurately sequenced.

on the 18kb fragment encodes the rescuing gene.

The sequence obtained for ACV5 proved to be difficult to read due to the high G/C
content in C. reinhardtii nuclear DNA, which causes compression of the sequence
ladder.

This is due to the long stretches of G/C rich sequence on the synthesised

strand binding to form secondary structures and therefore not separating correctly on
the sequencing gel. Substitution of dITP for dGTP in the reactions is known to reduce
these compressions, although it did not help in this case. Another problem caused by
the high G/C content, was that the dGTP and dCTP nucleotide labelling mixtures were
rapidly used up during the reaction, which limited the amount of sequence that could
be read for these nucleotides. Therefore, the sequence for the ACV5 cDNA was far
from reliable.

The putative ACV5 sequence was analysed using the Lasergene

software package (DNAStar Inc. Wisconsin) and none of the 6 possible reading frames
showed any distinct sequence motifs, such as obvious start codons, poly A tails or open
reading frames.

It is obvious from these results, that the entire cDNA, partially

encoded on ACV5, is required before further analysis can take place. The problems
caused by the high G/C content of C. reinhardtii nuclear DNA must be overcome in
order to obtain the accurate sequence. This could be resolved by performing single
strand sequencing, or maybe by cycle sequencing. Alternatively, the inclusion o f 40%
formamide in the sequencing gel has been shown to be successful for eliminating strong
compressions.

Despite these problems, the sequencing data obtained for both EcoRI fragments of
ACV5 could be aligned and a six frame translation of the contig was used to search for
possible homologies to known proteins.

The results show that all of the closest

matches were seen on one frame (-2), indicating that this is probably the open reading
frame. However, several other of the less significant matches occur on a single frame
shifted reading frame (-1).

Although homologies are found on these two separate

reading frames, the matches occur within different regions of ACV5, indicating that
there are frame shift errors introduced into the sequence, probably between these two
regions. Therefore, it is likely that all the significant homology matches occur on a
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single reading frame.

The deduced amino acid sequence in the -2 reading frame (ACV5 (-2)) showed! a significant
match to

a viral 'tax' protein

, a putative nucleic acid binding protein from

Anopheles gambiae (Besansky et at., 1994) and several transition proteins.

Tax

proteins are proteins that bind to specific viral regulatory gene elements and are also
thought to promote viral expression and splicing (Palker, 1992). Transition proteins
are nuclear factors that bind to DNA sequences,

inducing structural transitions

(Griffin and Hache, 1995). It is highly unlikely that the ACV5 protein bears any
ancestral links with the matches from the database. However, these three groups of
proteins all share a common feature, in that they are involved in nucleic acid binding,
therefore, regions of homology could be expected purely on a functional level. Their
homology to the deduced ACV5 (-2) amino acid sequence implies that the protein
partially encoded by ACV5 is also involved in nucleic acid binding. Before further
information about the complete ACV5 protein can be obtained from homology searches
it is necessary to obtain the full length clone, and identify the true open reading frame.

4.3.2 The Role of the Nuclear-Encoded Factor 11.
RNA pulse-chase experiments (Gumpel et <3/., 1995) of M $ l l has shown that th e p e th
gene is transcribed, but Northern analysis has shown that the petK mRNA fails to
accumulate. We can conclude that MO 11 is affected in the accumulation of the p e t A
transcript. Several other similar studies have also reported on C. reinhardtii nuclear
mutants affected in chloroplast mRNA stability. These include mutants affected in the
accumulation of thep sb ^ mRNA transcript (Monod et al., 1992) and the psbC mRNA
transcript (Sieburth et <3 /., 1991).

Both of these studies propose that the mutated

nuclear gene encodes a protein involved in the stabilization/processing of the
transcripts, although the nuclear genes in question have not yet been cloned.

Post-transcriptional control of chloroplast gene expression has already been discussed
in chapter 1 and is known to involve both cw-acting elements and rran^-acting factors.
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Factor 11 appears to be a rmm-acting factor responsible for confering stability on the
p e t A transcript. However, how this occurs is unknown. It may be constitutively
required, or play a role in the control of pet A expression. Previous studies have shown
that during chloroplast development and plastid differentiation, the changes in mRNA
accumulation is primarily due to variable stability of specific chloroplast mRNAs
(M ullet and Klein, 1987).

The 5' and 3 -UTR are proposed to be involved in

stabilizing the transcript, which is determined by both the c/j-elements and the transacting factors (Rochaix, 1992).

4.3.3 The 3 '-Untranslated Regions of Chloroplast mRNAs.
Most studies of chloroplast transcript stability has focused on the 3 '-UTR. A general
characteristic of 3'-UTRs of plastid mRNAs is an inverted repeat, that can fold into a
stem loop structure. The stem loops are involved with stabilizing and processing of
the 3' transcript ends, rather than transcription termination as in prokaryotes. It has
been demonstrated that specific proteins interact with chloroplast 3 -UTR which are
proposed to confer stability and correct 3 ' end processing of the transcript (Stem and
Gruissem, 1987).

For example, processing of the 3' ends of several spinach

chloroplast transcripts appears to involve a 28 kDa nuclear encoded protein (Schuster
and Gruissem, 1991). The corresponding gene has been obtained from a cDNA library
and the sequence analysis shows two conserved RNA binding domains. It is not clear
whether this protein has intrinsic RNase activity, or whether it interacts with an RNase
enzyme, but its presence results in stable, mature transcripts.

Studies on the C. reinhardtii atpB chloroplast gene (encoding the p subunit of the ATP
synthase complex) have demonstrated that the mRNA 3' stem loop structure stabilizes
the transcript and results in the correct 3 'end processing (Stern et a l.,1991). The
transcript is cleaved by an endonuclease downstream of the mature terminus, then
processed by an exonuclease back to the stem loop within the 3 '-UTR. Therefore, the
stem loop also acts as a barrier against further exonucleolytic activity.

However, the

3'-U TR s of C. reinhardtii plastid mRNAs have a very high A/T content which,
although energetically unfavorable, can still form stem loops. For example, the atpB
mRNA has a short, A/T rich stem loop stmcture in the 3 '-UTR that is involved in
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transcription termination and RNA processing.

This stem loop is predicted to be

unstable in the absence of RNA binding proteins (Stern et a l.,l9 9 \) . It has also been
observed that the predicted free energies of the stem loop structures do not correlate
with the observed stability of particular 3 -UTRs, or the accumulation of the
corresponding mRNA (Stern et al. ,1989). It is therefore probable that nuclear encoded
factors are required to bind to and stabilize this structure, so that the mRNAs are
correctly processed to mature transcripts.

Drapier et <3 /.(1992) have reported on

distinct nuclear gene products that are required for the stabilization of the atpK and
atpB transcripts, as well as for the translation of the atpK transcript. More recently,
Hayes et <3/. (1996) have reported on an enzymatic complex required for 3 ’ end
processing of chloroplast mRNAs. The complex contains a exoribonuclease and a sitespecific endoribonuclease and requires the interaction of specific nuclear encoded RNA
binding proteins for correct 3' end processing and transcript stabilization.

In the

absence of these RNA binding proteins, the plastid mRNA is rapidly degraded.

In con trast, studies on the 3 '-UTRs of the C. reinhardtii chloroplast genes psaB and
rbcL (encoding a major PSI component and the RUBisCO large subunit respectively)
indicate that 3 -UTRs are not involved in psaBlrbcL mRNA stability (Blowers et at.,
1993).

In this study, the GUS reporter gene was used to examine the effect of

differing 3 ' flanking sequences of both these genes on the formation of the transcript
3' ends. The results showed that the 3' stem loop structure has no effect on the stability
of the psaB and rbcL mRNAs, but acts primarily as signals for RNA 3' formation by
transcription termination or endonucleolytic cleavage.

4.3.4 The 5 ’-Untranslated Regions of Chloroplast mRNAs.
The 5 -UTRs also play an important role in mRNA stability. The C. reinhardtii nuclear
mutant, nac2-26, is affected in the accumulation of the psbD transcript, encoding the
D2 protein of PSII. Recent studies have identified a region of the 5' leader sequence
of the psbD mRNA that initiates degredation of the transcript in the absence of the
nuclear nac2-26 gene product (Nickelsen et al., 1994). It was seen that the degradation
of the psbD mRNA correlated with the lack of binding of a 47kDa protein to the 5'120

UTR, indicating that this protein is required for stabilization of the message. The
binding of this protein to the 5 -UTR acts to mask the region initiating degradation,
thereby stabilizing the transcript.

It is clear that a large number of nuclear genes are required for the expression of
specific chloroplast genes. It has been proposed that some of these fm/zj-acting factors
interact with the chloroplast transcript at the 3 '-UTR and that others interact at the 5 'UTR. However, multiple nuclear encoded factors may be required at both ends of the
transcript to confer mRNA stability or correct mRNA processing events. It is also
important to determine whether these factors play a regulatory role, or whether they
are required for the constitutive expression of the chloroplast genes. It is likely that
factor 11 is a protein involved in either RNA binding or RNA processing, thereby
conferring stability to the petK transcript. The isolation and sequencing of the full
length nuclear gene encoding factor 11 will allow the molecular mechanisms of how
this protein is involved in p et A gene expression to be investigated. The possibilities
are discussed in Chapter 6.
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CHAPTER 5: ATTEMPTED ISOLATION OF THE
NUCLEAR GENE AFFECTED IN M3>37.
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CHAPTER 5:

ATTEMPTED ISOLATION OF THE NUCLEAR

GENE AFFECTED IN M037.

5.1 Introduction.

Chapter 4 reported on the successful isolation of the nuclear gene tagged by the ARG 7
marker in M 0 11. This was achieved by cloning M 0 11 genomic DNA flanking the site
of insertion of the ARG 7 marker and using this to isolate a complementing cosmid
clone.

Similar strategies were used in an attempt to isolate the nuclear gene affected

in the other two 'tagged' cytochrome b^f mutants, M03O and M<E>37. This chapter
reports on the attempts to isolate the nuclear gene affected in M 037.

Preliminary EPR spectroscopy and fluorescence analysis on M $37 cells showed that
the mutant had a reduced amount of the photosystem I complex in comparison to
wildtype levels. Other cytochrome b^f mutants however, show wildtype levels of PSI,
so it seems that the mutation in M 037 also affects the assembly or functioning of the
PSI complex. However, how this occurs is unknown. Subsequent western analysis
and RNA analysis showed that it was affected in the accumulation of the transcript for
the chloroplast gene petQ, encoding the apoprotein of cytochrome b^. The amount of
petB transcript detected in a total RNA analysis of M 037 was shown to be
approximately 5% that of wildtype levels. RNA pulse-labelling analysis showed that
this low abundance of p e t^ transcript was due to instability of the transcript and
therefore rapid turnover (Gumpel et a/., 1995).

This chapter reports on the two strategies used simultaneously in the attempt to isolate
the nuclear gene affected in M 037.

One approach is similar to that used to identify

the nuclear gene affected in M 011, described in Chapter 4. This involved constructing
a restriction map of the integration site of the marker into the genomic DNA. Suitably
sized fragments containing genomic DNA flanking the insertion were then cloned and
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used to screen a genomic cosmid library. Ideally, this would identify a complementing
cosmid clone containing the affected gene. The nuclear gene could then be sequenced
and characterised.

The other strategy employed in the attempt to clone the affected gene was plasmid
rescue.

This approach has been used previously by Tam and Lefebvre, (1993) to

successfully clone a nuclear gene involved in motility, the M B 02 gene, using the NTTl
marker as an insertional mutagen.

The method relies on those regions o f the

transforming DNA essential for replication in E, coli remaining intact during nuclear
transformation and that this sequence is juxtaposed to an integration Junction. If this
is the case in M 037, it would then be possible, using suitable restriction enzymes, to
isolate a fragment from the mutant genome comprising the origin of replication and
ampicillin resistance gene of the vector plus flanking M 037 genomic DNA.

This

fragment could then be self-ligated and transformed into a bacterial host. This is a
simple method of isolating the flanking DNA, which would be subsequently used to
screen a wildtype genomic library.

It was anticipated that one or both of these

methods would identify the rescuing gene, enabling detailed characterisation of the
mutant.

5.2 Results.

5.2.1 Plasmid Rescue.
The plasmid rescue approach (figure 5.1) was used to attempt to isolate genomic DNA
from the cytochrome bgf mutant, M 037.

Southern analysis was carried out to

determine whether the ' 0 flag' and the pBR329 vector DNA were still linked, after
integration of the pA RG7.803 plasmid into the Chlamydomonas genome.

M $37

genomic DNA was digested with A5/7718, BamYil and H indlll, separated by agarose
gel electrophoresis and blotted onto nylon membrane. The blots were then probed with
the radiolabelled '0 flag' and pBR329. The results, in figure 5.2, show a band of the
same size in M 037 when screened with both the ' 0 flag' and the pBR329 probes.
12 4

B am H \

ARG7

genomic D N ^

d ig e s t w ith
B am H I,
re -lig a te a n d
tra n sfo rm into
E. coli

B am H \

genormc DNA

= re g io n s of p B R 3 2 9 œ n ta in in g
or/R a n d A m p R .

Figure 5.1. Schematic diagram of the plasmid rescue approach. The
diagram shows the hypothetical insertion of the pARG7.803 marker into the
C.reinhardtii genome. If the essential regions of the vector DNA are adjacent to the
genomic DNA, plasmid rescue should in theory be possible.
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Figure 5.2. Southern analysis of M 037 genomic DNA to show that the
ARG7 gene and the pBR329 vector are linked. M 037 genomic DNA was
digested with A spll'^ (A), BamWl (B), HindWl (H), separated on a 1% agarose gel and
Southern blotted. The filter was probed with the ‘0 flag’ and pBR329. Bands of the
same size can be seen for the different probes, showing that the marker is linked and
that it is present as a single copy. M= Lambda AvallBglW markers, sizes in kbp.

This indicates that the marker gene and the plasmid DNA are linked in M 0 3 7 and the
band sizes obtained correlate with the restriction map of the insertion site.

Therefore,

plasmid rescue should be possible with M 037, providing the site of recombination with
the M 037 genome has not disrupted the origin of replication (onR) and the ampicillin
resistance gene {Amp^).

In order to determine whether these essential elements of the vector DNA were present
in M 0 3 7 , the following analysis of the integration pattern was carried out. If the
region of pBR329 spanning the oriR and the Amp^ was intact in M O37, then a H incll
digest should release a 2.2kb pBR329 fragment. Therefore, HincW digests of M 037
and other MO mutants were performed, separated by electrophoresis and Southern
blotted. The filter was probed with radiolabelled, linearised pBR329 and the results
are shown in figure 5.3. Only MO 12 and M 035 showed the 2.2kb H incll fragment
of pBR329. They also showed many other fragments of pBR329, which was expected
as both of these mutants contain multiple copies of the ARG 7 marker. In the case of
M 037, a band of ~ 3.5kb is seen, so it can be assumed that one of the Hincll sites has
been destroyed and that it is therefore between these two sites that recombination of
the transforming DNA and the Chlamydomonas genome has probably occurred.
However, it is not known whether the recombination has disrupted either the oriR or
the Amp^ gene, which would make plasmid rescue impossible, or has occurred further
upstream and has not affected these essential elements. Despite this uncertainty, the
plasmid rescue strategy was attempted. As figure 5.3 clearly shows, M 035 has several
copies of the pBR329 vector DNA, including the 2.2kb Hincll fragment and was
therefore considered suitable as a positive control for the M 037 plasmid rescue
experiments.

Genomic DNA of M 035 and M 037 was digested with BamYll and A s p ll^ and self
ligated.

The ligations were transformed into super-competent cells (Stratagene)

according to the manufacturers' protocol. Colonies were obtained for both M 035 and
M 037.

However, further analysis was only carried out on the M 037 recovered

plasmids. Plasmids recovered were termed p37A or p37B depending on the enzyme
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Figure 5.3. Southern analysis to determine whether the pBR329
elements essential for plasmid rescue were present in four mutants.
Genomic DNA of M 012, M018, M035 and M037 was digested with Hincll,
separated on a 1% agarose gel and Southern blotted. The filter was probed with
pBR329 to identify a band of 2.2kb containing the oriR and Amp^. M 012 and M 0 35
showed multiple bands including one of 2.2kb. A single band of 3.5kb was seen in
M 037. M= Lambda AvalJBglll markers, sizes in kbp.

used to digest the M 037 genomic DNA { A sp ll^ or BamYil respectively). From the
known restriction map of the pA R G 7.803 vector, it could be predicted that two
possible fragments for each digest could be rescued, depending on where the essential
plasmid regions were positioned (figure 5.4). The p37B plasmid should either contain
the entire ARG7 DNA or none at all. However, the p37A plasmid should contain
either the regions 5' or 3' to the internal A s p ll^ site of the ARG7 DNA. In order to
determine whether the recovered plasmids p37A and p37B contained any of the
pA R G 7.803 clone, the following experiments were carried out.

The pA R G 7.803 plasmid gives a characteristic pattern when digested with Pstl. If
p37A or p37B gave a matching restriction pattern, then this would indicate that the
recovered plasmid contained DNA from ARG7. However, neither plasmid gave the
expected pattern when digested with Pstl. In order to confirm this observation, the
Pstl digests were separated by gel electrophoresis and Southern blotted. The Southern
blot was probed with the isolated ARG 7 DNA and pBR329 and the results are shown
in figure 5.5. Both plasmids are seen to cross-hybridise with pBR329. However, the
hybridisation signal using the ARG 7 probe was weak for both. This may be due to
vector contamination of the ARG 7 probe, or may be indicative of only a small fraction
of the ARG 7 DNA being present on both plasmids. As ARG 7 has an internal A s p ll^
site, this would be expected for p37A. However, there is no internal BamlAl site
within ARG7, therefore p37B would be expected to contain either none or the whole
A RG 7 DNA.

It is assumed that the BamHl and A s p llS fragments that had been rescued from M 037
were those to the left of the pA R G 7.803 insertion, as seen in figure 5.4. Restriction
analysis of these plasmids is underway, to identify the M 037 genomic DNA region,
in order to use it to screen a wildtype C.reinhardtii genomic cosmid library.

5.2.2 Southern Analysis of M 037.
Preliminary Southern analysis of M 037 genomic DNA, using the 0X 174 394bp Hpal
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Figure 5.4. Schematic diagram of the possible pA R G 7.803 integration
patterns within the M 037 nuclear genome to show the possible plasmids
that could be recovered by plasmid rescue. A and B represent two different
insertion patterns of pARG7.803 into the M037 genome that would theoretically allow
plasmid rescue. p37A = an A5/?718/M037 recovered plasmid, p37B = a
BamHyM 031 recovered plasmid.
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Figure 5.5. Southern analysis of the plasmids rescued from M 037.
Plasmid DNA p37A and p37B was digested with Pstl, separated on a 1% agarose gel
and Southern blotted. The filter was probed with pBR329 and ARG7.8 DNA. The
blots show that both plasmids light up strongly with the pBR329 probe and very
weakly with the ARG7.8 probe. M= Lambda Aval/BgUl markers, sizes in kbp.

fragment as a probe, has shown that M 037 contains a single copy of the transforming
DNA (seen in figure 3.11).

Further Southern analysis was carried out in order to

establish a restriction pattern at the site of integration of the single copy of ARG 7 DNA
into the genome.

This would enable the isolation of suitably sized fragments

containing flanking M 037 genomic DNA to be cloned into a plasmid vector. Genomic
DNA was prepared from M 037 cells, digested with a variety of enzymes and separated
by gel electrophoresis.

The DNA was Southern blotted and probed with the

radiolabelled 0X 174 394bp Hpal fragment ( '0 flag').

An example of the results

obtained are shown in figure 5.6 and 5.7. Further restriction analysis enabled a map
of the insertion site to be constructed, shown in figure 5.8. Initially, attempts were
made to clone the ~ 9 k b BarnHl fragment and the ~ 7 .5 k b K pnl fragment into the
plasmid vector pBluescriptSK-.

5.2.3 Size Fractionation and Cloning of the 9kb BanîHl and 7.5kb K pnl M 037
Fragments into pSK-.
Initially, M 037 genomic DNA was digested with the restriction endonucleases BamHl
and Kpnl. The digests were separated on duplicate 1 % agarose gels by electrophoresis
and one of each was Southern blotted. The filters were probed with the 0X 174 394bp
Hpal fragment ( '0 flag') and the respective hybridising fractions were excised from
the second agarose gel. These fractions were extracted using the 'gene clean' method.
This purification procedure was repeated and the hybridising fractions that were
consequently used for cloning can be seen in figure 5.9.

pBluescriptSK- vector DNA

was prepared by cutting with the respective enzymes, phosphatasing and purifying
from a gel. Ligations were set up and transformed into competent X LlB lue E. coli
cells with blue/white selection.

Colony lifts were performed and the filters were

probed with the radiolabelled '0 flag' in order to select for the recombinant plasmids
containing th e ~ 9 k b BamHl and —7.5kb Kpnl fragments.

In both cases, strong

positives were isolated in primary and secondary screens. However, only few positives
were obtained after the tertiary screen and restriction analysis of the recombinant
plasmids did not give the expected restriction patterns. In spite of repeated attempts
to clone these fragments, no true positive clones were isolated. Therefore, it was
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Figure 5.6. Southern analysis of M 037 to construct a restriction map of
the insertion site. M037 DNA was digested with BamYil (B), EcoBl (E), HincBW
(H), Kpnl (K), Pstl (P), S a d (Sc), Sail (SI), Smal (Sm) and Stul (St), separated on a
1% agarose gel and Southern blotted. The blot was probed with the ‘0 flag’ and the
sizes of the fragments were determined. M= Lambda HindUl markers, sizes in kbp.
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Figure 5.7. Southern analysis of M 037 to construct a restriction map of
the insertion site. M 037 DNA was digested with Bell (B), Ncol (N), Sphl (Sp),
Stul (St), Xbal (X), EcoKVKpnl (E/K), HindllUKpnl (H/K) and Sall/BamHl (S/B)
separated on a 1% agaiose gel and Southern blotted. The blot was probed with the ‘0
flag’ and the sizes of the fragments were determined. M= Lambda HindUl markers,
sizes in kbp.

Spfi
BamHl
Sal\

Kpnl

ggd

BamHl

stu \

I
Sîp^J
p fi

A/col

I Psfl'
Aai\\

_
Pst\

Bc/I

™AwlwjOr
T

Smal Smal

Bc/I

UJ
LA

Kpnl

L

yAafll

A/ndII

Sp/7l

A/col

= 394bp Hpal fragment of (j)X174, ' (j) flag'
0

= M(j)37 genomic DNA surronding insertion site
= pARG7.8(j)3 marker DNA

Figure 5.8. Restriction map of the pARG7.8({)3 insertion site into the M(j)37 genome

M

B1

B2

B3

B4

Kl

K2

K3

K4

23.0

Figure 5.9. Southern analysis of the size fractionated 9kb B am W l and
7.5kb Kpnl M 037 fragments. M 037 genomic DNA was digested with BamWl
and Kpn\ and separated by gel electrophoresis. Southern analysis using the ‘0 flag’ as
a probe identified the region of agarose containing the required size. Each plug was
divided into four, ‘gene cleaned’ once more and Southern analysis repeated. B4 was
seen to contain the 9kb BamWl fragment and both K3 and K4 were seen to contain the
7.5kb Kpnl fragment. M= lambda HindUl markers, sizes in kbp, Bl-B4= four M 037/
BamWl samples, Kl-K4= four M037/Kp«I samples.

decided to attempt to clone a smaller fragment of 3.0kb.

5.2.4 Cloning of a 3.0kb B am SH K pnl Genomic F ragm ent into pSK-.
The restriction map of M $37 showed a suitable 3.0kb Bam BllK pnl fragment
containing pBR329 vector DNA and flanking genomic DNA. Southern analysis was
perform ed on genomic DNA digested with BaniHl and Kpnl, using the end-labelled
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BamH l/Sail fragment of pBR329 as a probe.

The probe hybridised to a

fragment of 3.0kb, as shown in figure 5.10 and the corresponding agarose gel plug of
digested DNA fragments was excised from a duplicate gel. The size fractionated DNA
fragments were gene cleaned and ligated to BamHllKpnl digested pSK- vector DNA.
In order to avoid the colony hybridization screening that previously proved so difficult,
(5.2.3), a PGR based strategy was applied. Using the ligation mix, PGR reactions
were set up using the T7 universal primer and a primer designed to the BamHl site of
the pBR329 sequence (shown in table 2.3) contained within the 3.0kb fragment.
Hence, a PGR product would be obtained only from those ligated molecules in which
the vector was ligated to the 3.0kb genomic fragment and not from any other
recombinant molecules. A PGR product of the expected size was obtained, shown in
figure 5.11. This 3.0kb product was subsequently gel purified and the ends blunted
by treatment with mung bean nuclease. It was then ligated into E coRY cut pSK- and
the ligation mix was transformed into XLlBlue E. coli competent cells. Recombinant
DNA preparations from the resulting colonies were analysed by restriction digestion
and the expected fragment was seen in the construct termed L-6. Sequence analysis
was initiated on the L-6 construct in order to determine how much pBR329 vector was
present and to accurately position where the recombination site was between the
pBR329 DNA and M 037 genomic DNA.

Further restriction analysis identified a

~ l.Skb Ncol!Kpnl fragment, thought to be entirely within the flanking genomic DNA
region of the L-6 construct.

This fragment was gel purified and used to screen a

wildtype C. reinhardtii cDNA cosmid library but repeated attempts gave no true
positives. In addition, a smaller l.Okb AatlllK pnl fragment was isolated and used to
screen the library, however, this too gave only false positives.

Analysis of the L-6

clone and other isolated fragments of the flanking M 037 genomic DNA is being
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Figure 5.10. Southern analysis of M 037 to isolate a 3.0kb
BamW\JKpn\ fragment. M037 genomic DNA was digested with Bam U yKpnl,
separated on a 1% agarose gel and Southern blotted. The filter was probed with
pBR329 and a band of approximately 3.0kb was seen. A gel plug coiTesponding to
this size was excised from the gel and ligated into pBluescript. M= lambda Aval/BglU
markers, sizes in kbp.
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Figure 5.11.
The PCR product obtained from isolation of a 3.0kb
B a m U H K p n l fragm ent of M 037 genomic DNA.

continued.

5.3 Discussion.

5.3.1 Plasmid Rescue.
The results obtained from using this approach show that it is possible to 'rescue'
plasmids from pARG7.803 transformed C. reinhardtii DNA. However, whether it is
possible to obtain flanking genomic DNA from these plasmids is yet to be
demonstrated with M $37. Both the ligated BamYil and the A s p ll^ fragments of M 037
were able to transform E. coli competent cells, showing that the oriR and Amp^ regions
o f the pBR329 vector must be present, intact and functional in these fragments.
Further restriction and sequence analysis of the rescued plasmids will confirm the
extent of genomic DNA present within the plasmids. If M 037 DNA is present, it will
allow isolation of a suitable genomic probe with which to screen a genomic cosmid
library.

A complementing cosmid clone would, on transformation into the M 037

genome, restore photosynthetic function and wildtype levels of the cytochrome bg
apoprotein. It could then be analysed in a similar way to the methods employed for
the B5 cosmid in Chapter 4.

If successful, this approach would be a highly efficient

and simple method for cloning the tagged genes of mutants in which the mutant
phenotype is linked to the transforming DNA.

5.3.2 Isolation of M $37 genomic DNA flanking the pA R G 7.8$3 insertion site by
restriction analysis and subcloning.
The approach, of cloning genomic DNA flanking the marker insertion, was
successfully employed to isolate the complementing genomic clone B5, for MO 11, as
described in Chapter 4. However, the results for M 037 show that despite isolating and
cloning several different regions of flanking genomic DNA, none of these clones were
successful in isolating a complementing genomic clone from a wildtype library.

This same strategy was also employed to attempt to isolate the nuclear gene affected
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in MO30 (carried out by NJ Gumpel).

This mutant contains one complete copy of the

A R G 7 marker DNA and an additional truncated copy. It is proposed to be defective
at the level of non-covalent haem insertion into the cytochrome b^ apoprotein (Gumpel
et a l., 1995). Numerous different genomic fragments flanking the insertion site in
M03O have been isolated, however, repeated attempts at screening a wildtype C.
reinhardtii cosmid library with these fragments, have failed to isolate a complementing
cosmid.

There are many possibilities as to why this approach was unsuccessful with these two
mutants. Theoretically, ligation efficiency decreases with increased insert size and
transformation efficiency decreases with increased construct size. This may explain
why the 3.0kb BamRHKpnl fragment of M 037 was successfully cloned, whereas
cloning of the larger isolated fragments of M 037 failed.

It is also possible that the

cosmid library used for screening was incomplete; some genomic clones can be 'lost'
or unstable during amplification of the library. In addition, without full sequence data
of the cloned flanking genomic fragments, it is difficult to accurately determine what
regions are being used to probe a wildtype library.

The most likely cause of the

problems encountered with these two mutants however, is deletions and/or
rearrangements of the genomic DNA surrounding the insertion, discussed in 5.3.4.

5.3.3 Recombination of the marker plasmid.
The majority of the mutants generated by insertional mutagenesis with the AR G 7
marker contain more than one copy of the transforming DNA at a single insertion site.
In M o l l and MO30, some of the additional copies of the marker DNA are truncated
and probably non-functional.

These multiple copy inserts may be due to pre-

insertional recombination of the marker DNA

prior to integration into the

Chlamydomonas genome. Truncation of the marker may occur during integration or
may also be a result of the pre-insertional recombination.

Examples of extra-

chromosomal homologous recombination have been observed previously. Sodeinde
and Kindle (1993) have demonstrated that recombination occurs frequently between
two introduced plasmids carrying the same gene with different mutations.
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A

C.

reinhardtii nitrate reductase mutant was transformed with two N IT\ plasmids, with 5'
and 3' end deletions respectively, so inactivating the gene. Complementation of the
mutant must have resulted from homologous recombination occuring between the two
deletion plasmids prior to nuclear insertion, to produce an intact copy of the N IT\
gene. In addition, homologous recombination between co-transforming A R G l plasmids
has been shown to occur readily (Gumpel et a/., 1994, Gumpel and Purton, 1994) and
it has been suggested that the large amount of repetitive DNA present in the
pARG7.803 clone may increase the probability of recombination between the plasmids
prior to integration, (Gumpel et al., 1995).

Homologous recombination between

extra-chromosomal DNA is also seen in other transformation systems, such as in E.
coli and the moss, Physcomitrellapatens, (Machuka et a l.,1996).

A way to minimise these homologous recombination events appears to be the use of
markers with little repetitive DNA, such as the N ITl gene (Tam and Lefebvre,1993).
They have shown that the percentage of tagged mutants containing a single copy is far
higher, which suggests that the recombination frequency of the N ITl marker is low.
In addition, it has been shown that nuclear transformation in Chlamydomonas with
linear marker DNA also gives a higher percentage of single copy integrations, in
comparison to circular markers (M. Turner, UCL, personal communication).
Linearising the marker prevents the formation of multimers as a result of
recombination events, although it is possible that some of the linear DNA could
religate within the C. reinhardtii cell prior to integration into the nuclear genome.
Therefore, it appears that for nuclear transformation of C. reinhardtii cells, nonrepetitive, linear markers show the simplest integration patterns. In addition to this,
it could be possible to remove the vector sequences from the plasniid DNA to limit
homologous recombination events. Although this would then mean that plasmid rescue
would be impossible as a strategy to isolate the DNA flanking the insertion. However,
if the Ble marker was used, marker rescue would still be possible since the marker is
functional in both E. coli and Chlamydomonas (see Chapter 1). Recently, the Ble
marker has been used to create swimming mutants of C. reinhardtii, (Turner et al.,
1995, Turner et al., 1996). Both the plasmid rescue and marker rescue strategies are
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being employed to isolate the nuclear gene affected in these mutants.

Deletion and/or rearrangement events occurring within the genomic DNA surrounding
the marker also needs to be considered when using insertional mutagenesis techniques
in Chlamydomonas. In this respect, it appears that the size and copy number of the
marker has no bearing on the extent to which these events occur.

5.3.4 Deletions and Rearrangements of the Genomic DNA.
Deletions and rearrangements are known to readily occur in the C. reinhardtii genome
during insertional mutagenesis (Tam and Lefebvre, 1993), often producing complex
genetic lesions.

This is true of the integration patterns of the A R G l marker in the M 0

mutants studied. Multiple and truncated copies, unlinked mutants and deletions and/or
rearrangements around the integration site all make the isolation of the affected gene
a complex procedure. Deletions and rearrangements have previously been reported
when using the 12.3kb A R G l marker (Gumpel et <3 /., 1995). The A R G l marker has
also been used by Trabuco et al, (1996) to generate the uni3-l mutation, which affects
a flagellar tubulin in Chlamydomonas.

Comparative DNA analysis with wildtype cells

has shown that a 27kb deletion of genomic DNA has occurred in the uni3-l strain.

Recently, deletions in the surrounding genomic DNA have been found after use of a
8.2kb modified M 78 gene as a disruption vector (Nelson and Lefebvre, 1995). Tam
and Lefebvre, (1993) have shown that when using the N ITl linear marker to isolate the
M B O l gene, a region of 23kb of genomic DNA was deleted. The deletion covers the
entire M B O l gene. Lefebvre et al, (1996) has shown that some C. reinhardtii flagellar
mutants have deletions of up to 20kb accompanying N ITl insertional events. Other
flagellar mutants of C. reinhardtii, termed fal-3 and fal-2, have been generated with
the A7T1 and A R G l marker respectively (Quarmby et al., 1996) and large deletions of
genomic DNA were found to be associated with both insertional events.

With respect to the examples given above, it appears that the deletion events seem to
be independent of the size and degree of repetitive DNA of the marker.
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In the case of M 011, 3 complete copies and one truncated copy of the marker have
integrated into a single loci, which means a total insertional fragment size o f around
40kb. Deletions of the genomic DNA were demonstrated in MO 11, where the nuclear
gene encodi<^

the ACV5 cDNA is shown to be completely absent (Chapter 4).

Clearly, the insertion event has deleted a substantial region of genomic DNA, although
how much is unknown. Southern analysis using probes from either end of the 18kb
BSINdel fragment would enable determination of the extent of the deletion.

In the case of M 037, in spite of containing a single copy of the marker, deletions and
possibly rearrangements of the surrounding genomic DNA appear to have occurred.
This is indicated as the cloned genomic fragment failed to isolate a complementing
cosmid clone. In addition to cloning of the 3.0kb BamRllKpnl fragment, NJ Gumpel
cloned a ~ 1 .6 k b BamHl/Sall fragment, at the other end of the insertion site.
Sequence analysis established where the pBR329 vector DNA broke down and the
flanking M 037 genomic DNA was seen. This enabled a 230bp Rsal fragment within
the genomic sequence to be isolated. Repeated library screening, using both the 5'
230bp Rsal probe and the 3' l.Okb AatlllKpnl probe showed that the two probes
hybridised to different colonies, indicating that they contain genomic DNA from
different cosmids. As flanking DNA from both sides of the insertion has been cloned
and they clearly hybridise to different cosmids, it is likely that the nuclear deletion in
M 037 is substantial. The high background of the autoradiograms also indicated that
some pBR329 vector DNA was present in the two M 037 probes, which having
sequence homology to the cosmid vector DNA, would explain the high level of random
hybridization.

It is possible that the genomic DNA surrounding the marker insertion site undergoes
a combination of rearrangement and duplication. Although there are, as yet, no reports
of such events occuring, preliminary data on genomic duplication has been obtained
for M 037. Although genomic DNA has been isolated from both ends of the insertion,
it appears that these genomic fragments are not part of the affected gene. This could
be due to duplication of genomic fragments in proximity of the insertion site which
14 4

consequently re-insert into the genome during the integration event.
results by N .J. Gum pel support this hypothesis.

U npublished

Southern analysis of w ildtype and

M 0 3 7 D N A using the 5' 230bp Rsal probe shows that two independent genom ic
fragm ents hybridise to the probe in M $ 3 7 .

This com pares to a single copy in

w ildtype. This implies that such a duplication event has occuned.

5 .4 S u m m a ry .

From the analysis of the Chamydomonas mutants that have been created by insertional
m utagenesis, it is clear that the insertion of the m arker D N A is often accom panied by
large deletions o f genomic DNA. Not surprisingly such events have made cloning the
genes disrupted very difficult. Nevertheless, in some cases, it is possible to isolate the
affected gene.

This must depend on the extent o f the deletion that has occured.

Problem s also arise when rearrangem ents accom pany the deletions surrounding the
insertion, even when the m arker integration pattern is simple (as in the case o f M 0 3 7 ).
Rearrangem ent or deletion o f the genomic DN A means that flanking DNA isolated as
probes for wildtype libraries is often very remote from the affected gene. In addition,
isolated flanking genomic fragments can also contain large regions of undetected vector
D N A, possibly due to fragmentation of the vector ends on integration into the genome.
Even use o f wildtype genomic libraries with large insert fragments (for example ~ 30kb
in a cosm id vector) do not ensure m utant com plem entation.

How ever, the use of

artificial chrom osom es (such as bacterial and yeast artificial chrom osom es, BACs and
Y A Cs) may enable very large regions of com plem enting genomic DN A to be used
( > lOOkb). It could also be possible to use chrom osom e walking to isolate the affected
nuclear genes from mutants with larger deletions.

Alternatively, it is also possible to

isolate the affected gene by com plem entation with an indexed wildtype genom ic
library. This approach has been successful in isolating the A R G 7 genomic clone, by
com plem enting an arg? m utant (Purton and Rochaix, 1994).
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The four multisubunit complexes of the photosynthetic apparatus: photosystem II
(PSII), the cytochrome b^f complex, photosystem I (PSI) and the membrane-bound
ATP synthase, are the products of two genetic systems. Approximately half o f the
core structural components are encoded by a major class of genes in the chloroplast
genome. The rest of the components required for a functional photosynthetic complex
are encoded in the nuclear genome. These subunits are synthesised in the cytosol as
precursors and then imported into the chloroplast where they are assembled in the
thylakoid membrane. In addition to the structural subunits, there are also a number of
nuclear-encoded factors involved in the expression of specific chloroplast genes.

A

tight coordination between the two genomes is required to ensure the synthesis of
stoichiometric amounts of each of the protein and co-factor components. In addition,
this coordination must be able to adapt to developmental and environmental changes.
The unicellular green alga Chlamydomonas is a model organism for the study of this
complex genetic circuitry between the two genomes. Amongst other reasons (discussed
in Chapter 1), this is primarily due to the ability of Chlamydomonas to dispense with
photosynthesis, hence photosynthetic mutants are viable when provided with acetate
as a carbon source.

In addition, both the nuclear and chloroplast genomes are

amenable to transformation.

In order to identify nuclear loci required for the expression of chloroplast genes, a
large number of nuclear photosynthetic mutants of C. reinhardtii have been generated
using an insertional mutagenesis approach using the ARG 7 marker (Gumpel et
<3 /., 1995). Biophysical analysis of the mutant cells has enabled the determination of
the photosynthetic complex affected. This study has reported on the further analysis,
at the molecular level, of those mutants defective in the biogenesis of PSI and the
cytochrome b^f complex.
The PSI mutants.
Chapter 3 reported on the analysis of the mutants that appeared to be affected at the
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level of PSI biogenesis.

The results showed that all of the known nuclear genes

encoding structural subunits of the PSI complex were unaffected.

Clearly, the nuclear

lesions in these mutants have not disrupted those nuclear genes, but it is possible that
the mutation has disrupted other nuclear genes encoding subunits of the PSI complex
that are as yet unknown. However, it is likely that the majority of the PSI mutants are
affected in nuclear genes involved indirectly in PSI biogenesis. These may include
factors required for protein import, co-factor synthesis and attachment, complex
assembly or expression of the chloroplast genes.

Further EPR revealed two sub-types of PSI mutant, those in which the complex was
absent (PST) and those in which the biogenesis of the complex was severely reduced
(PSIô ).

This was reflected in the western analysis, where some of the PSI

polypeptides were shown to be absent or present at reduced levels in the PST and PSIô
respectively. In addition, biophysical analysis showed that two of the PSIô mutants
were also affected in the cytochrome b^f complex.

Further characterisation of the PSI mutants was initiated by Gumpel, who showed by
northern analysis that all the transcripts for the chloroplast genes encoding PSI
subunits, were present in the PSI mutants. Clearly, these mutants are not affected at
the level of chloroplast transcript stability or processing.

In what way they are

specifically affected remains unclear. It is possible that they could, for example, be
affected in co-factor synthesis or insertion. To determine exactly how these mutants
are affected in PSI biogenesis will require the cloning of the disrupted nuclear gene.
This could be carried out using the approach described in Chapter 4 and would allow
further analysis of the nuclear gene product.

Chapter 4 reports on the successful cloning of the nuclear gene affected in mutant
M 011. Biophysical analysis of MO 11 showed that this mutant was affected in the
biogenesis of the cytochrome b^f complex. Further analysis revealed that MO 11 was
specifically affected at the level of p et A mRNA stability (Gumpel et a /., 1995). A
complementing wildtype genomic clone was obtained using isolated MO 11 genomic
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DNA as a probe to screen a wildtype cosmid library. The complementing cosmid has
been reduced to an 18kb fragment that still rescues the mutant.

Using the 18kb

fragment, a partial putative cDNA clone (ACV5) for factor 11 has been isolated.
Preliminary sequence analysis of ACV5 reveals that both the 5' and 3' regions of the
cDNA appear to be missing. The deduced amino acid sequences of all six reading
frames have been used to screen the BLAST database. Allowing for frameshifts caused
by sequencing errors, one of the reading frames showed
known nucleic acid binding proteins.

a good match

to several

Since the working model is that factor 11 acts

directly to stabilise the petK transcript (Gumpel et aL, 1995), the presence of nucleic
acid binding domains within the protein encoded by ACV5 would suggest that this
cDNA does partially encode factor 11. It is now necessary to isolate a full length
cDNA and to sequence the genomic clone.

Allelic mutants of M 0 11 generated by chemical or UV mutagenesis have been
identified: these have the same phenotype as M 011, although in these mutants the
phenotype is leaky (Girard-Bascou et al., 1995). Stem (Cornell University) has used
the M 011 allelic mutants to investigate the site of interaction between factor 11 and
the p et A mRNA.

Stern has created a consKuct in which the C.reinhardtii atpA

promoter region is fused to the pet A gene in which the 5 -U T R has been deleted. This
construct has been shown to rescue the M 011 allelic mutants on transformation into
the chloroplast genome. This suggests that it is c/j-elements of the p et A 5 -U T R that
are involved in stabilising the transcript. This probably occurs by binding o f factor
11 to such d5-elements. Subsequently, in our laboratory, this experiment has been
repeated using M 011 cells in place of the M 011 allelic cells. We are awaiting the
results. If the introduction of the atpA-petA construct into the chloroplast genome of
M o l l is shown to rescue the mutation, then it would be clear that the 5 -UTR is
involved in the stability of the transcript. If this is the case, then it is likely that factor
11 somehow affects the pet A 5-U T R resulting in transcript stability. If ACV5 encodes
part of fa c to rll, then it could be proposed that factor 11 achieves p et A transcript
stabilisation by binding to the 5 -UTR. In order to resolve these uncertainties further
research is necessary. Avenues that could be explored are discussed below.
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Initially, it will be necessary to isolate the full length cDNA clone for ACV5. This
would then be sequenced together with the genomic clone. The cDNA could also be
cloned into a nuclear expression cassette, which would then be tested for its ability to
complement the mutant. This would prove whether the cDNA encoded factor 11.
Analysis of the factor 11 gene at the molecular level would then be possible. As factor
11 is proposed to be a nuclear encoded chloroplast protein analysis of the primary
protein sequence should identify an amino-terminal chloroplast targeting sequence.
Homologies to known nucleic acid binding proteins could also be determined, possibly
including motifs associated with RNA-binding (Burd and Dreyfuss, 1994).

In order to determine whether factor 11 is constitu tively expressed in C. reinhardtii
cells, or whether it has a regulatory role in the assembly of the cytochrome b^f
complex, expression analysis could be carried out.

It appears that factor 11 is

specifically required for synthesis of the cytochrome f protein, which is known to be
a core component during assembly of the complex (Wollman et al., 1995).

It is

therefore possible that expression of factor 11 regulates the assembly of the cytochrome
b^f complex. Therefore, its expression may change under different growth conditions.
For example, during gametogenesis in C.reinhardtii cells, photosynthesis is known to
be inactivated due to selective destabilisation of the cytochrome b^f complex. It is
therefore possible that the expression of factor 11 plays a role in this phenomenom.

It is clear that factor 11 is involved in the expression of the chloroplast gene p et A.
However, it is possible that the chloroplast exerts some level of control over the
expression of factor 11. This would probably occur via a signal transduction pathway,
whereby the synthesis of several chloroplast gene products may result in the upregulation of factor 11.

Consequently this would increase pet A expression, and

thereby the whole cytochrome b^f complex. In a simple model it could be expected
that cytochrome f regulates its own expression through factor 11. Therefore, in p et A
deletion mutants (Kuras and Wollman, 1994) expression of factor 11 should be
enhanced. A test to determine whether such control exists would be to compare factor
11 transcripts in wildtype and such pet A deletion mutants.
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None of the genes encoding cytochrome b / subunits, or those involved in PSI and PSn
biogenesis appears to be affected by the M 011 mutation.

Therefore, factor 11 is

specifically involved in the expression of the p et A gene and the pet A transcript must
contain unique sequences that interact directly or indirectly with factor 11.

Molecular

analysis could be carried out to identify these specific sequences. Experiments based
on chimeric constructs, whereby the 5' or 3' regions of the pet A gene are replaced with
those of another chloroplast gene, should identify the location of such sequences. By
creating various UTR deletions and site directed mutants it should be possible to
identify the sequence element involved.

The above experiments should give great insight into how factor 11 interacts with the
p e t A transcript.

However, further experiments should be carried out to determine

whether factor 11 interacts with the p et A transcript directly, or indirectly, as part of
a signal transduction pathway. However, it is anticipated that the full factor 11 coding
sequence should give insight into its mode of action. If ACV5 is part of the factor 11
coding sequence then its identified nucleic acid binding homologies point to factor 11
acting directly on the petA transcript.

Further evidence could be obtained by UV

cross-linking experiments whereby proteins binding to the pet A transcript could be
investigated using gel-shift assays. The use of factor 11 antibodies could then be used
to confirm whether any pet A transcript-specific binding proteins were factor 11.

In

addition, if antibodies were raised to factor 11, immuno-localisation experiments could
be used to determine the presence of factor 11 within the chloroplast.

If factor 11 is targeted to the chloroplast, then it may be possible to introduce a
factor 11 cDNA chloroplast expression vector construct into the chloroplast genome of
M o l l . This could be expected to complement the nuclear mutation. If this is so, sitedirected mutagenesis techniques would enable putative RNA binding regions to be
identified within factor 11.

The results presented in this thesis in relation to the characterisation of MO 11 mutation
has led to the gene affected to be identified. The above discussion indicates how the
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isolation of the factor 11 gene could give much futher insight into a possible
mechanism of how nuclear encoded factors influence chloroplast gene expression. If
further examples of these factors were identified then a detailed model o f the
interaction of the nuclear and chloroplast genomes could start to be fofinulated. This
thesis also reports on the attempt to isolate the gene affected in another cytochrome bgf
mutant, M O37.

M utant M 037 and Insertional Mutagenesis.
Chapter 5 reports on the two different strategies employed to attempt to isolate the
nuclear gene affected in M 037. This mutant was found to be affected at the level of
p e t^ mRNA stability and that the disrupted nuclear encoded factor is involved in the
stabilisation of the petB transcript (Gumpel et a l.,1995).

However, in contrast to

M o l l , in which none of the other photosynthetic subunits appeared to be affected by
the mutation, M O37 was also seen to have a reduced level of the PSI complex. It is
therefore possible that the nuclear encoded fm/zj-acting factor affected in M 0 3 7 is not
specific for the petB transcript, but may also affect the biogenesis of the PSI complex.
In order to characterise the molecular mechanism and mode of action of the M 0 3 7
trans-diQimg factor, attempts were made to clone the nuclear gene.

Initially, it was presumed that isolation of the affected nuclear gene in M 037 would
be a straight forward procedure. This was primarily due to the simple integration of
a single copy of the transforming ARG7 marker into the M 037 genome, in contrast to
multiple copies seen in other M 0 mutants.

However, repeated attempts failed to

isolate a complementing genomic clone. In addition, the isolated genomic fragments
from each side of the insertion were seen to hybridise to different genomic clones.
Therefore, it was apparent that deletion and rearrangement events of the genomic DNA
were associated with the marker insertion in M 037. Such events have been described
previously when using several different markers

for insertional mutagenesis

procedures and are discussed in detail in Chapter 5.

It appears that the simplest

strategy to overcome the problems of deletions is the use of genomic libraries
containing larger inserts, such as Y AGs and BACs.
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A Chbmydomonas YAC library

has recently been constructed and characterised (Infante et al., 1995). The library
contains 7500 clones with the insert sizes ranging from 100-200 kb. It is yet to be
determined whether the use of linear marker DNA will have any affect on the deletion
events.

Other problems associated with the cloning of the affected genes in the other
cytochrome b^f mutants created by Gumpel et al. (1995) include complex marker
integration patterns and the presence of 'untagged' nuclear disruptions.
consequences of these phenomena are discussed in Chapter 5.

The

Clearly, the use of

linear markers that contain little repetitive DNA reduces pre-insertional recombination
events that are thought to lead to complex marker integration patterns. The events that
caused the untagged mutants are not clear, although it is possible that this problem is
also associated with the use of circular markers. Fragmentation of the circular marker
on insertion into the genome has been shown to occur, suggesting that rogue plasmid
fragments could be causing the 'untagged' nuclear mutation. Although the evidence
is limited, it is thought that linear DNA integrates simply into the genome, with less
fragmentation as the break in the marker has already been created (Gumpel and Purton,
1994).

In addition, pre-insertional homologous recombination events should be

eliminated, resulting in single copy integration events. These observations should be
taken into account when designing future insertional mutagenesis markers for
Chlamydomonas reinhardtii.

Such a marker should be small, contain very little

repetitive DNA and linearised prior to transformation.

The markers available have been discussed in Chapter 1. Of these, the Ble marker
appears to be the prospective insertional mutagen of choice for C. reinhardtii. This
marker is both small (1.4kb), contains no repetitive DNA and enables direct selection.
Problems with low transformation rates have been overcome by the insertion of RBC Sl
introns into the Ble coding region. In addition, the truncation of the 5 ' region of the
RBC Sl promoter appears to enhance expression of the Ble protein (Lumbreras, UCL,
unpublished data).

However, cloning of introns into the Ble gene has meant that

marker rescue is no longer possible, although plasmid rescue is still feasible.
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An

alternative form of selection for transformants could possibly be obtained by the
insertion of a bacterial selectable marker into one of the introns within the Ble gene.
The use of the Ble marker should eliminate several of the problems encountered with
the ARG7 marker. However, it remains to be seen whether the Ble marker insertion
will also be associated with large genomic deletions.
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