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Chapter 1 Introduction

1 INTRODUCTION

Photosynthesis is the process that converts solar energy into chemical energy, and enables life
on earth. A number of organisms are able to perform photosynthesis, including many types of
bacteria. The most advanced photosynthetic bacteria are the cyanobacteria that use light energy
to oxidize water and to build up organic compounds from atmospheric CO,. The production of
oxygen by cyanobacteria revolutionized life on earth, enabling the existence of aerobic
organisms. In plants, that appeared later during evolution, photosynthesis is carried out in a
specialized organelle, the chloroplast. It is generally accepted that the chloroplast originated
from an ancestral cyanobacterium that was endocytosed and lived in symbiosis with primitive
eukaryotic cells (Douglas, 1998). Reflecting their origin, chloroplasts have their own genome
and a transcription and trandation apparatus that closely resembles the one of prokaryotes.
Besides photosynthesis, the chloroplast is also involved in the synthesis of amino acids,
nucleotides, fatty acids and lipids, vitamins, hormones, and plays a mgor role in the
assimilation of sulphur and nitrogen. All these functions require an extensive exchange of
substrates with all the other compartments of the cell, reflecting the high level of functional

integration of the ancestral cyanobacterium within the plant cell.

1.1 PHOTOSYNTHETIC ELECTRON TRANSFER REACTIONS

The transfer of reducing equivalents to NADP" in order to generate NADPH, together with the
net synthesis of ATP, represents the first step of photosynthesis, in both anoxygenic
(photosynthetic bacteria) and oxygenic (green plants, algae and cyanobacteria) organisms. In
the oxygen evolving photosynthetic organisms the transfer of electrons and protons from water
to NADP" is driven by a series of redox reactions powered by light energy which is absorbed
by both photosystem | (PSI) and photosystem 1l (PSI1). The two photosystems functionally
interact via a number of redox components, including the plastoquinone pool, the cytochrome
be/f complex and plastocyanin. Moreover, under certain conditions electrons may also cycle
around PSI via the cytochrome bg/f (Hill and Bendall, 1960) (Figure 1.1).
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Figure 1.1 Scheme for electron transport in oxygen evolving photosynthetic organisms (Hill and Bendall, 1960).
M, components of the oxygen evolving complex; Z, primary electron donor to P680, the reaction center of PSII;
Phe, phaeophytin; Q., bound plastoquinone; Qs, plastoquinone able to exchange with plastoquinone (PQ) pool;
ReFeS, Rieske iron-sulphur center; cyt, cytochrome; Pc, plastocyanin; P700, reaction center of PSI; Ag, A1, Ay,
primary and secondary electron acceptors of PSl; FeSa g, bound iron-sulphur centers A and B; Fd, soluble
ferredoxin; FNR, ferredoxin-NADP™ oxidoreductase; NADP', oxidised nicotinamide adenine dinucleotide
phosphate.

The PSII complex acts as a water- plastoquinone oxidoreductase (Renger and Govindjee, 1985).
The primary photochemical reaction that generates the necessary redox potential to oxidise
water and reduce plastoquinone occurs in the PSlI reaction center, named P680 (Joliot and
Kok, 1975). When photoexcited, the reaction center chlorophyll dimer P680 reduces a bound
quinone, Qu, via a rapid oxidoreduction of a phaeophytin molecule. The electron of Q is
transferred to a plastoquinone molecule, named Qg. This quinone, unlike Qa, is atwo electrons
acceptor, and when fully reduced, it is converted to plastoquinol (PQH>) by the addition of two
protons and no longer binds to the PSII reaction center.

The PSI complex functions as a plastocyanin-ferredoxin oxidoreductase. Within PSI, light
induced charge separation occurs between the reaction center chlorophyll dimer P700 and the
primary chlorophyll A acceptor, designated as Ao (Rutherford and Heathcote, 1985).
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Subsequently, the electrons flow to the secondary electron acceptors. the phylloquinone
molecule named A; and the (4Fe-4S) center named Ap. After reducing the terminal electron
acceptors FeSa and FeSg the electrons are transferred from PSI to NADP' by the soluble
electron carrier ferredoxin (Fd) and the FA/NADP" oxidoreductase (FNR). The oxidised PSI
reaction center (P700") is subsequently re-reduced by plastocyanin (Gross, 1993).

The electron flow from PSII to PSI is catalysed by the cytochrome bg/f complex that functions
as a plastoquinol-plastocyanin oxidoreductase. This complex contains a two-heme cytochrome
b, one heme cytochrome f and one high potentia Fe,-S, Rieske center (Bendall, 1982; Joliot
and Joliot, 1986). Once a plastoquinol molecule is associated with the complex an electron is
transferred to the Rieske center which then reduces the cytochrome f and finally an oxidised
plastocyanin molecule. The second electron can be passed either to the re-oxidised Rieske
center or donated to the cytochrome bg according to the Qcycle scheme of Mitchell (see
Bendall, 1982). As a net result of the entire process, two molecules of water are split, two
molecules of NADPH synthesised and a pH gradient, used by the plastid ATPase to synthesise
ATP, isbuilt up.

1.2 POLYPEPTIDE COMPOSITION OF THYLAKOID MEM BRANES

The electron transport chain complexes are anbedded in the thylakoid membranes: a lipid
matrix separating an internal agueous phase, the so-called thylakoid lumen, from the stroma
(Figure 1.2). The thylakoid membranes of higher plants are not structurally homogenous, but
consist of two main domains. the grana, which are stacks of thylakoids, and the stroma
lamellae, which are unstacked thylakoids (Anderson, 1986). The two domains differ in protein
composition and biochemical properties (Albertson, 1995). The grana are enriched in PSlI
polypeptides thet bind chlorophyll and carotenoid molecules, responsible for the absorption of
light energy and for photo-oxidation of the P680 reaction center. In particular, the chlorophyll
dimer P680, together with the phaeophytin and the Q. and Qs quinones, is associated to the
integral membrane proteins designated as D1 and D2 (Figure 1.3). These two proteins with
CP47, CPA3, the cytochrome bssg and additional small integral proteins form the core complex
of PSII (Hankamer et al., 2001).
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Figure 1.2 Ultrastructure of Arabidopsis thaliana thylakoid membranes. The chloroplast envelopeisnot visible.

A multi-subunit aggregate, designated as the major light harvesting complex of PSII (LHCII),
surrounds the core complex and acts as the antenna of PSII (Li et al., 1986). The water-splitting
process is performed by a multimeric aggregate of extrinsic proteins, named oxygenevolving
complex (OEC) that interacts directly with the D1-D2 dimer (Ghanotakis and Y ocum, 1990;
Nield et a., 2002).

The stroma lamellae and the suface exposed grana membranes are enriched in PSI and ATPase
complexes, so that NADPH and ATP can be immediately released into the stroma. Similarly to
PSII, the PSI complex consists of an inner core partially surrounded by layers of light
harvesting polypeptides, the LHCI, which binds much less chlorophyll than LHCII (about 25%)
(Boekema et al., 2001; Scheller et al., 2001). The inner coreisformed by extrinsic and integral
membrane subunits, called PsaA to PsaO (Figure 1.3). PsaA and PsaB are integral membrane
subunits and bind the P700 reaction center as well as the primary and secondary electron
acceptors. PsaC, together with PsaD and Psak, forms the stromal ridge of PSI and is involved
in the electron transfer to ferredoxin (Naver et al., 1995; Varotto et a, 2000). At the oxidising
side of PSI the PsaN and PsaF subunits play an essential role in the docking of plastocyanin,
allowing the electron flow to P700 (Haldrup et al., 1999; Haldrup et al., 2000). The association
of LHCI to the inner core of PSl is mediated by PsaK and PsaG (Jensen et al., 2000; Jensen et
a., 2002). The role of PsaH has been recently investigated and it appears to be involved in the
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stability of PSI and in the electron transport (Naver et a., 1999). The stable association of PsaH
to PSl is strictly dependent on the presence of Psal. (Lunde et a., 2000). Moreover, PsaH plays
amajor role in photosynthetic state transitions (Lunde et a., 2000). The functions of the Psal,
PsaJ and PsaO subunits are not known, yet.

The cytochrome bg/f complex is the only electron carrier exhibiting a uniform distribution
between the grana and the stroma lamellae domains. The complex consists of four major
polypeptides (Figure 1.3), including the cyt f, the cyt bs the Rieske protein and a 17 kDa
polypeptide designated as subunit IV (Hauska et al., 1992; Pierre et a., 1995).

NADPH
NADP

STROMA

v
LUMEN 4 o 7
PSII Cyt be/f PSI ATP-Synthase

Figure 1.3 Schematic view of the thylakoid membrane complexes. PSII, photosystem Il; Cyt bg /f, cytochrome bg/f;
PSI, photosystem |. The formation of a proton (H") gradient aross the thylakoid membrane, essential for the
formation of ATP by the ATP-synthase complex, is aso shown. Nuclear encoded subunits are depicted in black,
whereas the plastome encoded subunits are depicted in grey.
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1.3CHLOROPHYLL FLUORESCENCE PARAMETERS

The light energy utilised in photosynthesis is mainly absorbed by the chlorophyll molecules of
the antenna complexes, which switch then to highly unstable electron-excited states. Part of the
energy associated with the excited states is then used for the oxidation of the reaction centers
and converted in photochemical energy, while the rest is released as fluorescence and heat
(Sauer, 1975). The three different de-excitation pathways are competitive processes. the higher
the fluorescence yield, the lower is the photochemical and heat conversion of light energy. Due
to that, the intensity of the fluorescence emission is a valuable parameter to estimate the
efficiency of photosynthesis (Clayton, 1980). To quantify chlorophyll fluorescence, the Pulse
Amplitude Modulation (PAM) fluorometer system has been developed (Schreiber et al., 1986).
The system is able to measure the minima fluorescence of a dark adapted leaf (Fo) by
ilumination with light, designated as measuring light, whose intensity is so low that no photo-
oxidation of the reaction centers takes place (Figure 1.4). After irradiating the dark-adapted |eaf
with a light saturating pulse the maximal fluorescence (Fm) is monitored (Krause and Weis,
1991). This fluorescence is maxima as the duration of the pulse is not long enough to alow
electron transport (photochemical quenching of chlorophyll fluorescence) or heat dissipation
(non-photochemical quenching of chlorophyll fluorescence). Therefore the difference between
Fm and Fo (Fv) reflects the theoretical photosynthetic capacity of a leaf.

The minima fluorescence of light-adapted leaves, recorded after a short period of dark
adaptation, is called Fo’, the fluorescence emitted under light irradiation is termed transient
fluorescence (Ft) and the maximal fluorescence, which is recorded after a light saturating pulse,
is designated as Fm". While the Fo” and Ft values are always higher than the Fo value, due to
the presence of a portion of oxidised reaction centers in light adapted leaves, the Fm™ value is
reduced in comparison to the Fm value as a consequence of the activation of the heat
dissipation pathway. Therefore, the difference between Fm™ and Ft indicates the effective
photosynthetic capacity of aleaf.
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Figure 1.4 Fluorescence parameters measured by the Pulse Amplitude Modulation fluorometer system (PAM).
Meas. light, measuring light; Fo, minima fluorescence of a dark-adapted leaf; Fm, maximal fluorescence of a
dark-adapted leaf; Fv, variable fluorescence; sat. pulse, light saturating pulse; Ft, transient fluorescence of alight
adapted leaf; Fm', maximal fluorescence of alight adapted leaf.

1.4 PHOTO-PROTECTIVE MECHANISMS: THE PHOTOSYNTHETIC STATE
TRANSITIONS

The efficient absorption of photons by the light harvesting complexes (LHCs) of PSI and PSII
Is essentia for photosynthesis. However, high light intensities can be harmful for plants due to
saturation of the electron transport chain and consequent formation of active oxygen species
(Powles, 1984; Demmig- Adams and Adams, 1992). To minimize photo-oxidative damages and
optimize photosynthetic yield, plants have developed severa regulatory mechanisms (Niyogi,
1999), including thermal energy dissipation (Horton et al., 1996), changes in photosystem
stoichiometry (Walters and Horton, 1994; Pfannschmidt et al., 1999), and reorganization of
LHCII distribution, better known as “photosynthetic state transitions’ (Bennett, 1991; Allen,
1992a; Allen, 1992b; Allen and Forsberg, 2001). State transitions serve to balance the energy
distribution between the two photosystems, and involve the reversible association of a mobile
pool of LHCII with either PSII (state 1) or PSI (state 2) (Figure 1.5). During the transition from
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state 1 to 2, induced by light (blue light) that preferentially excites PSII, a fraction of LHCII,
designated as mobile pool of LHCII, becomes phosphorylated. The phosphorylated LHCII is
able to diffuse from the PSlI-containing grana to the PSI-rich stroma lamellae (Barber, 1986)
and to attach to PSl (Samson and Bruce, 1995; Lunde et al., 2000). When PSl is preferentially
excited (far-red light), LHCII is de-phosphorylated and re-attaches to PSII (state 2 ® 1
transition). The mobile LHCII pool is phosphorylated by a thylakoid-bound protein kinase
(Snyders and Kohorn, 1999; Snyders and Kohorn, 2001). When PSII activity exceeds that of
PSI, the plastoquinone pool becomes reduced and by interacting with the cytochrome bg/f
activates the LHCII kinase (Gal et al., 1997; Vener et a., 1997; Vener et al., 1998; Zito et d.,
1999; Wollmann, 2001). Dephosphorylation is catalyzed by a thylakoid-bound phosphatase
which has a low activity (Silverstein et a., 1993; Elich et al., 1997) and is regulated by an
immunophilin-like protein (Fulgos et al., 1998).

STATE 1

N

PSII-LHCII +

PSl + LHCI +

Pi ~— ) L

-

Phospho-LHCII
phosphatase

+ PSI-LHCII
STATE 2

Figure 1.5 Scheme of photosynthetic state transitions. PSII-LHCII, photosystem Il associated with the light
harvesting complex; PSII, photosystem |1 without the LHCII mobile pool; RLHCII, mobile pool of LHCII
phosphorylated; PSI, photosystem |; PSI-LHCII, photosystem | associated with part of the light harvesting
complex of photosystem I1.
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1.5FUNCTIONAL GENOMICS

During the last decade Arabidopsis thaliana has become the model organism for the study of
the biology of flowering plants. That was due to its short generation time, small size and large
number of offspring. Moreover, its relatively small nuclear genome makes Arabidopsis
thaliana an ideal organism for genome analysis (Meinke et al., 1998). Due to that, an
international collaboration (the Arabidopsis Genome |nitiative, AGI) for sequencing the
Arabidopsis genome was established in 1996. At the end of 2000 the complete genome
sequence of A. thaliana was reported, being the first completely sequenced plant genome and
providing a novel tool for the comparison of conserved processes in eukaryotes and the
identification of both plant specific genes and genes important for crop improvement (Lin et al.,
1999; Mayer et al., 1999; Salanoubat et al., 2000; Tabata et al., 2000; Theologis et al., 2000).
The analysis of the Arabidopsis genome resulted in the identification of 25 498 genes encoding
proteins from 11 601 families (The Arabidopsis Genome Initiative, 2000). The functions of
69% of the genes were classified according to sequence similarity to proteins of known
functions in al organisms. About 30% of the predicted gene products could not be assigned to
functional categories and were classified as unknown proteins. Moreover, the information
derived from sequencing and analysis of the genome significantly simplifies the identification
of genes responsible of the altered phenotypes found within the mutagenised Arabidopsis
populations, thus alowing the attribution of functions to genes. In fact, the isolation of
Arabidopsis mutants via forward and reverse genetics has become the strategy of choice to

investigate the biological processes of higher plants.

1.5.1 Forward and Reverse Genetics

The forward genetics approach to investigate photosynthesis is based on the isolation of
photosynthetic mutants by using one of the severa screening strategies available, such as:
ateration in pigment composition of leaves, reduction of CO, uptake, resistance to
photodynamic inhibitors of photosynthesis and alteration in chlorophyll fluorescence yield
(Sommerville, 1986).

During the last 5 years, the screening method based on altered fluorescence emission has

received the widest attention. This strategy is based on the evidence that any limitation of
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electron transport at or beyond the primary acceptor of PSII will increase the level of
fluorescence emission (Bennoun and Levine, 1967).

In 1996, Meurer et al. reported the isolation of 34 recessive photosynthetic mutants of the high-
chlorophyll-fluorescence (cf) phenotype by screening 7700 M, progenies of ethyl methane
sulfonate (EMYS) treated seeds of Arabidopsis thaliana. Most of the homozygous recessive
plants were found to be seedling-lethal and with reduced chlorophyll content. On the basis of
the chlorophyll fluorescence analyses and P700 absorbance changes, the hcf mutants were
classified in different groups, including mutants with not functional PSI or PSII, and mutants
with defective intersystemic electron transfer (Meurer et al., 1996).

Mutants of Arabidopsis thaliana that cannot dissipate excess absorbed light energy were
identified by Niyogi et al. (1998). 30 000 Arabidopsis M, seeds mutagenised by EMS or fast
neutron bombardment were screened by using a chlorophyll fluorescence video-imaging
system. 13 independent mutants with defects in non-photochemical quenching of chlorophyll
fluorescence (NPQ) were identified, including mutants defective in the xanthophyll cycle and
in the energy dependent component (gE) of NPQ (Niyogi et a., 1998; Li et al., 2000).

A similar screen was performed by Toshiharu Shikanai on 21 000 Arabidopsis M2 seeds
resulting in the identification of 37 mutants. According to the chlorophyll fluorescence
emission, mutants were classified in three groups, including plants with defective PSII, plants
with atered NPQ, and plants affected in both PSl and PSI1 (Shikanai et al., 1999).
Photosynthetic mutants can be also identified by reverse genetics. This strategy involves the
isolation of mutant plants knocked out in genes assumed to play roles in photosynthesis. This
approach was made possible due to the existence of large collections of T-DNA and transposon
transformants of Arabidopsis (Wisman et al., 1998; Parinov et al., 1999; Speulman et al., 1999;
Parinov and Sundaresan, 2000). In particular, an Arabidopsis knockout facility has recently
been established at the University of Wisconsin to provide access for the screening of 60 480
T-DNA lines (Krisan et al., 1999). The screen is based on PCR reactions primed by
oligonucleotides that are complementary to the genes of interest and to the insertional mutagen.
Additionally, the realisation of arrays of spotted flanking regions, at the Max-Planck-Institute
for Plant Breeding Research in Cologne, has further smplified the screen, allowing the large-
scale identification of transposon insertional mutants by simple hybridisation procedures
(Steiner-Lange et a., 2001). In paralel, identification of about 75 000 stable insertion

10
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positions, by sequencing and analysis of T-DNA flanking regions, has been also performed and
the data are available at the Salk Institute database (http://signal .salk.edu/cgi- bin/tdnaexpress).

11
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1.6 AIM OF THE THESIS
This thesis was aimed to uncover the functions of genes involved at different levels in the
process of photosynthesis. Although the photosynthetic process has been extensively studied

and the major enzymatic complexes identified, many aspects remain to be e ucidated:

The functions of a number of components of the photosynthetic apparatus are still unclear
(see Chapter 1.2).

Only few complexes involved in the import of proteins to the chloroplast and in sorting to
the chloroplast compartments are known (Robinson et a., 2001).

The specific signals exchanged between the nucleus and the chloroplast to co-ordinate gene
expression and to accumulate the various subunits in the amount required for their proper
assembly are only partially understood (Bauer et al., 2001).

The understanding of the molecular mechanisms and the roles of the so-caled

photoprotective mechanisms are not fully clarified (Niyogi, 1999).

Nowadays, these and many other processes, difficult to dissect in a systematic manner by
physiological studies, can be efficiently addressed by using the genetic tools provided by the
collections of Arabidopsis mutants and the information derived from the analysis of
Arabidopsis genome sequence.

The forward genetics approach has been used in this study by isolating a set of photosynthetic
Arabidopsis mutants. The affected genes were identified and the phenotypes extensively

characterised at physiological and molecular level in order to attribute functions to genes.
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2MATERIALSAND METHODS

2.1 THE T-DNA AND EN-MUTAGENISED A. thaliana POPULATIONS

The T-DNA mutagenised Arabidopsis thaliana population (ecotype Col-0), generated by
Bernd Reiss (Max-Planck-Ingtitute for Plant Breeding Research), is made up of 5 500 lines,
containing random insertions of the 5.8 Kb T-DNA AC106.

The En-mutagenised Arabidopsis thaliana popul ation (ecotype Col-0) comprises 8 000 lines
carrying in total 48 000 insertions of the autonomous maize transposable element En/Spm
(Wisman et al., 1998).

2.2 PLANT PROPAGATION AND GROWTH MEASUREMENTS

Seeds of Arabidopsis thaliana lines were sown in plastic trays with Minitray soil (Gebr.
Patzer GmbH & co. KG, Sinntal-Jossa, Germany) and incubated for 3d at 2-5°C in the dark
to break dormancy. Plants were grown in a greenhouse under the following conditions: day
period of 16h with 20°C and PFD of 80 mmol photons mi? s*; night period of 8h with 15°C.
Fertilisation with “Osmocote plus’ (15% N, 11% P, Os, 13% KO, 2% MgO; Scotts
Deutschland GmbH, Nordhorn, Germany) was performed according to the manufacturer’s
instructions. Plant growth was measured by using an integrated digital video image analysis
system (Abington Partners, Bath, UK) as reported in Leister etal. (1999).

2.3 AUTOMATIC SCREENING FOR PHOTOSYNTHETIC MUTANTS OF A.
thaliana

The screening for mutants with atered effective quantum yield of PSII [F, = (Fm'-Ft)/Fm’
= DF/Fm’, (Genty et al., 1989)] was performed by using an automatic pulse amplitude
modulation fluorometer system (J. Kolbowski, D-97422 Schweinfurt, Germany). A
Computerized Numerical Control (CNC) router [Controller C116-4 and flat-bed machine
FB1 (1100x750); ISEL automation, Eiterfeld, Germany] was combined with a Pulse
Amplitude Modulation (PAM) fluorometer (one-channel version of Phyto-PAM, Walz,
Effeltrich; Schreiber et al. 1986). Ft was measured under photosynthetic active radiation
(PAR) of 80 nmol m? s and 500-ms pulses of white saturating light (3 000 mmol m? s?)

were used to determine Fm’and the ratio = DF/Fm” The sensor, which provides excitation

13
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and measurement of fluorescence, was modified to be movable and be positioned within
plant tray dimensions by an automatic steering device. The automatic PAM fluorometer
system measured F; of A. thaliana plants one after the other in a predefined pattern,
whereby individual leaves were identified automatically (auto-focus mode) by their optimal
Ft (100 < F; <250). The auto- focus mode comprised a pre-defined pattern used by the sensor
to identify leaves for optimal measurement (center ? al 4 corners ? center). The sensor
was positioned at a distance of less than 2 cm from leaves measured to avoid cross-
illumination. 1 536 plants grown in trays (128 lines with 12 individuals) were screened per
week.

2.41SOLATION OF T-DNA AND En-TRANSPOSON FLANKING REGIONS

2.4.1 Adapter sequences and primers (5°-3 orientation)

The regions flanking AC106 T-DNA insertions were isolated by using the following
adapters and primers. APL1632 (LR32 + APL16), APL1732 (LR32 + APL17), LR32
(ACTCGATTCTCAACCCGAAAGTATAGATCCCA), APL16 (P-TATGGGATCACATT
AA-NHy), APL17 (P-CGTGGGATCACATTAA-NH,), LR26 (ACTCGATTCTCAACCCG
AAAGTATAG). Left border of AC106 T-DNA: T9750as (ATAATAACGCTGCGGACAT
CTACATTTT) ad T9697as (CTCTTTCTTTTTCTCCATATTGACCAT); right border:
T4496s (CAGGGTACCCGGGGATCAGATTGTC) and T4554s (GATCAGATTGTCGTT
TCCCGCCTTCAGTTT). The regions flanking the En transposable element were isolated
by using the following primers: right border, En8130s (GAGCGTCGGTCCCCACACTTC
TATAC) and En8153s (TACGAATAAGAGCGTCCATTTTAGAGTG), left border,
En230as (AGAAGCACGACGGCTGTAGAATAGGA) and En82as (ACCCACACTTTTA
CTTCGATTAAGAGTGT). The adapters were identical to the ones used for the isolation of
the T-DNA flanking regions.

2.4.2 Amplification of insertion mutagenised sites (AIMYS)

Sequences flanking the left border and the right border of both the AC106 T-DNA and the
En-transposon were isolated by PCR amplification of restricted and adapter-ligated plant
DNA, similar to the procedure described in Frey et al. (1998). 100 ng of Arabidopsis DNA,
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isolated according to Liu et a. (1995), were digested with Csp6l (Hin6l) and ligated
overnight at 16°C to 12.5 pmol of adapter APL1632 (APL1732). 4 m of the ligation were
used in alinear PCR either with primer T9697as (En230as) for the T-DNA (En-transposon)
left border or with primer T4554s (En8130s) for the T-DNA (En-transposon) right border.
Subsequently, a 1-m aliquot of the linear PCR was used as template for an exponential PCR
with the nested primer T9750as (En82as) for the T-DNA (En-transposon) left border, or the
nested primer T4496s (En8153s) for the FDNA (En-transposon) right border and LR26.
Amplifications were performed with the Advantageo 2 PCR kit (Clontech) and the
following cycling conditions: initial denaturation for 2 min at 94 °C, followed by 30 cycles
of 30 s denaturation at 94°C, 1 min annealing at 64°C and 1 min 30 s elongation at 73°C.
Products of exponential PCR were separated by electrophoresis on 4% (w/v)
polyacrylamide gels, bands visualized by silver staining and candidate bands were excised
(Sanguinetti et al., 1994). PCR products were eluted in 50 mM KCI, 10 mM Tris-HCI
pH9.0, 0.1% TritontX 100, reamplified and directly sequenced, after gel purification, using
an ABI prism 377 sequencer.

2.5 SEQUENCE ANALYSIS

Sequence data were analysed with the Wisconsin Package Version 10.0, Genetics Computer
Group, Madison, Wisconsin (GCG) (Devereux et a., 1984) and amino acid sequences were
aligned using the CLUSTAL-W program, (version 1.7) (Thompson et al., 1994). To infer a
phylogenetic tree, protein sequences were aligned by CLUSTAL-W, bootstrapped and then
subjected to parsimony and distance-matrix (observed differences and neighbour joining)
analyses (PAUP, V4b5 for Unix; Swofford, 2000). Chloroplast import sequence predictions
were done using the TargetP program (version 1.0;
http: //www.cbs.dtu.dk/services/TargetP/#submission; Emanuelsson et a., 2000). For the

protein and nucleotide sequence comparison, the databases a the NCBI

(http://www.nchi.nim.nih.gov) and MIPS (http://mips.gsf.de) were employed.
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26 ANALYSESOF NUCLEIC ACIDS

2.6.1 cDNA single strand synthesis
cDNA single strand synthesis, with oligo(dT)12-18 primers, was performed according to
“Superscript™  First-Strand  Synthesis System  for RT-PCR”  (GibcoBRL®, Life

Technologies).

2.6.2 Southern analysis

Southern analyses were performed according to Sambrook et al. (1998). Genomic DNA was
digested with Sful for 6 h at 37°C, and a probe complementary to the left border of the
AC106 T-DNA was used for hybridization. The following primers were used to amplify the
probe: T-DNAs (ATTGAAACACGGTGCATCTGATCGGA) T-DNAas (TTCAAATAGA
GGACCTAACAGAACTCG).

2.6.3 Northern analysis

Total plant RNA was extracted from fresh tissue using the TRIzol method (Invitrogen ™,
life technologies). Northern analyses were performed under stringent conditions, according
to Sambrook et al. (1998). Probes complementary to nuclear and chloroplast genes were
used for the hybridizations. Table 2.1 lists the genes anayzed and the primers used ©
amplify the probes. All the probes were cDNA fragments labeled with [*?P]. Signals were
quantified by using a phosphoimager (Storm 860; Molecular Dynamics) and the program
IMAGE QUANT for Macintosh (version 1.2; Molecular Dynamics).

16



Chapter 2 Materials and Methods

Gene name Sense primer (5°-3) Anti-sense primer (5-3")
Prpl11 agaaacagtctccgcttctc aatggtcgtgcagttcaggt
AtMAK3 cttaccggtacttcgtctac gotctcatactcttgttggg
atpA gacagacagaccggtaaaac asacatctcctgactgggtc
atpB ttaggtcctgtcgatacteg acccaataaggcggatacct
psbA tgcatccgttgatgeatgge tcggccaaaataaccgtgag
psbB caattaggtggtctatgggc ggttagcggtgaccattgaa
psbC gttcttgatccaatgtggag ttccggttagtccataaggg
psbD tagctttagctggtegtgac gasaggcacctacacctaac
psbE ctatagtcattgggtcctcc cagaatcgattcectacgag
rbcL cgttggagagaccgtttctt Ccaaagcccaaagttgactcc
psaA tgggctaaacccggtcattt ggaaccaaccagcasaaagC
psaB gtattgctaccgcacatgac ccacgaaactcttggtttce
APT1 tcccagaatcgctaagatty cctttcecttaagctetg

Table 2.1 Primers used to generate cDNA probes are listed

2.6.4 Analysis of mMRNAs associated with polysomes

Polysomes were isolated as described by Barkan (1998). 200 mg of leaf tissue were ground
to a fine powder in liquid nitrogen, mortar and pestle. Subsequently, the microsomal
membranes were solubilized with 1% Triton X100 and 0.5% sodium deoxycholate. The
solubilized material was layered onto 15 to 55% step sucrose gradients and centrifuged in a
Beckman L7-55 ultracentrifuge (Kontron TST 60.4 rotor) at 45 000 rpm for 65 min at 4 °C.
The sucrose gradients were fractionated in at least ten fractions and the mRNAs associated

with polysomes were then purified by using extraction with phenol/chloroform/isoamyl
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alcohol (25:24:1) followed by precipitation at room temperature with 95% ethanol. All

samples were then subjected to Northern analyses as described in chapter 2.6.3.

2.7 COMPLEMENTATION OF ARABIDOPSISMUTANTS

2.7.1 Agrobacteriumstrain

The Agrobacterium strain GV3101 was used for Arabidopsis transformation. The strain has
a C58C1 chromosomal background marked by a rifampicin resistance mutation, and carries
PMPI0RK, a helper Ti plasmid encoding virulence functions for T-DNA transfer from
Agrobacteriumto plant cells (Koncz et al., 1990).

2.7.2 Agrobacterium binary vectors

The binary expression vector pPCV 702 was used to perform the complementation test with
cDNA sequences. The vector carries the cauliflower mosaic virus 35S promoter, a b-
lactamase gene providing ampicillin and carbenicillin resistance for selection in E.coli and
Agrobacterium, and a kanamycin resistance gene as plant selectable marker (Koncz et al.,
1990). The expression vector pP001-V'S was used to perform the complementation test with
genomic sequences. The vector carries a b-lactamase gene providing ampicillin and
carbenicillin resistance and a pat gene (phosphoinocitrin-N-acetyltransferase) conferring
resistance to the BASTA herbicide (generated by Bernd Reiss, Max-Planck-Institute for
Plant Breeding Research).

2.7.3 Agrobacterium-mediated transformation of A. thaliana

Arabidopsis mutant plants were transformed as reported (Clough and Bent, 1998).
Flowering plants were dipped for 15 s in an Agrobacterium suspension containing 5%
sucrose and the surfactant Silwet L-77 (0.0005%). After dipping, plants were transferred to
a growth-chamber with high humidity conditions for two days and then to the greenhouse
until seeds were harvested.
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2.8 COMPLEMENTATION OF mak3-1 YEAST STRAIN

The Saccharomyces cerevisiae strain 2323 (MATa, ura3, leu2, his3, aro7, mak3-1) carrying
a mutation in the MAK3 gene (Tercero et a., 1992) was transformed with the empty pH7
vector (LEUZ2, replication origins for yeast and E.coli, ADH1 promoter and terminator
sequences), with pH7 carrying the Arabidopsis MAK3 gene (AtMAK3) and with the pJC11B
vector carrying the yeast wild-type MAK3 gene (pRS316 URA3 CEN with 5.2 Kb MAK3
insert). To test whether AtMAKS could complement the strain 2323, the cytoplasm of that
strain was mixed with the cytoplasm of strain 3167 MATa, karl-1, argl, leul, thrl)
carrying the vira dsRNAs, L-A-HN and M;. The cytoduction (cytoplasmic mxing) was
performed as reported in Ridley et a. (1984). Cytoductants were tested for the killer
phenotype as described in Ridley et al. (1984).

29 TWO-HYBRID ANALYSIS
The yeast two hybrid assays were performed by using two different yeast strains supplied by
Clontech:
Y190 (Harper et al., 1993): MATa, ura3-52, his3-200, ade2-101, lys2-801, trp1-901,
leu3-112, gal 4D, gal 80D, cyh' 2, LYS2:GALlyasHIS3rata-HIS3, MEL1,
URAS:: GAL1- mersx3)-GAL Ltata-LacZ
AH109 (James et al., 1996): MATa, ura3-52, his3-200, ade2-101, lys2-801, trp1-901,
leu3-112, gal 4D, gal 80D, LYS2::GALlyasGALlrata-HIS3, MEL1 GAL2yps
GAL27atA-ADE2, URA3::MEL1yas MEL Ia1a-LacZ
The pAS2-1 vector (Harper et a., 1993) carrying the GAL4 DNA binding domain was used
to express the baits and pGAD424 (Bartel et al., 1993) and pGADT7 (Harper et a., 1993),
carrying the GAL4 activation domain were used to express the preys. Y east transformation

was performed following a lithium acetate procedure as described by Gietz et a. (1992).
2.10 BIOCHEMICAL ANALYSES
2.10.1 Thylakoid membrane preparation

Leaves from 4 week-old plants were harvested in the middle of the day period and
thylakoids were prepared from mesophyll chloroplasts as described in Bass et al. (1985).
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Thylakoid membrane amount was calculated according to the total chlorophyll content as
described in Porra et a. (1989).

2.10.2 Native and 2D PAGE

The GREEN NATIVE PAGE was performed by fractionating thylakoid membrane samples
on polyacrylamide gradient gels (4-12% acrylamide) according to Peter and Thornber
(1991) using lithium dodecy! sulphate (LDS) instead of lauryl b-D imminopropionidate in
the upper eectrophoresis buffer. The BLUE NATIVE PAGE was performed according to
Schégger (1994). In particular, a’5-12% acrylamide gradient was used for the separating gel
and 4% acrylamide for the stacking gel. Both native PAGEs were run at 4°C. Fractionation
in the second dimension was in denaturing SDS-PA gradient (10-16% acrylamide) gels as
described by Schagger and von Jagow (1987). The 2D gel was stained either with silver
sats or Comassie Brilliant Blue R 250 as described in Sambrook et al. (1989).
Densitometric analyses of protein gels after Comassie staining were performed by using the
Lumi Analyst 3.0 (Boehringer-Mannheim).

2.10.3 Immunoblot analysis

For immunaoblot analyses, thylakoid proteins separated by denaturing 1D or 2D PAGE
(Schéagger and von Jagow, 1987) were transferred to Immobilon-P membranes (Millipore)
and incubated with antibodies specific for individual subunits of PSI (PsaA/B, C, D, E, F -
G, H, L, N, LHCI), PSII (D1, CP43, CP47, D2, Cytb-559, OEC, LHCII), Cyt bé/f (PetD,
Cyt f), ATPase (a- and b-subunit) and RUBISCO (RbcS and RbcL). Phosphorylated
threonine residues were identified using a phosphothreonine-specific antibody raised in
rabbits (Zymed Laboratories Inc). Signals were detected using the Enhanced
Chemiluminescence Western-Blotting Kit (Amersham).

2.10.4 In vivo translation assay

Young leaves of 4 week-old wild-type and mutant plants were harvested and vacuunm
infiltrated with 50 m of reaction medium [(1 mM KH,PO4, pH 6.3; 0.1 % (w/v) Tween 20;
50 nCi [*®S]methionine (specific activity >1000 Ci/mmol; Amersham Buchler,

Braunschweig, Germany); with or without 20 mg/ml cycloheximide] for 5 s. After vacuum
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infiltration, leaves were illuminated (120 mmol photons m? s?) for a variable time (10, 20
and 30 min) at 25°C, washed twice with 500 m of wash buffer (20 mM N&COs, 10 mM
DTT), disrupted by grinding in the presence of 60 nml of 100 mM Na&CO3; buffer, and
clarified by centrifugation (4°C; 15 min at 15 000 rpm, Sigma 2MK, Christ, Osterode,
Germany). 50-m aiquots of the supernatant, as well as of the resuspended pellet, were
collected, and the incorporated radioactivity was quantified as described in Mans and
Novelli (1961). Proteins were fractionated either by SDS-PAGE or by BLUE NATIVE
PAGE in the first dimension and SDS-PAGE in the second dimension and transferred to
ImmobilonP membranes (Millipore). Radioactive signals were detected by using Fuji Bio
imaging plates (Fuji Bio imaging analyser, BAS 2000 software package, TINA software
package v2.08 beta).

2.10.5 LHCII phosphorylation analysis

The LHCII phosphorylation level was analysed both in vivo and in vitro. For both kinds of
analyses, thylakoids from 4 week-old plants were prepared as described in Haldrup et al.
(1999) in the presence of the phosphatase inhibitor NaF (10 mM). For determination of
LHCII phosphorylation levels in vivo, leaves were adapted to the dark for 16 h, then allowed
to take up [**P]phosphate for 30 min and subsequently exposed to irradiation favouring
phosphorylation (80 nmol photons m? s, 2 h) or dephosphorylation (800 mmol photons mi?
s, 2 h). Identical amounts of thylakoid proteins (8 ng) were separated by SDS-PAGE and
incorporation of radioactivity was detected by phosphoimager (Storm 860, Molecular
Dynamics).

For the in vitro assay, thylakoids were isolated from dark-adapted leaves and incubated with
10 nCi [g-**P]-ATP under reducing conditions (0.5 mM NADPH, 5 nM ferredoxin from
barley, 200 MM ATP and 10 mM NaF) for up to 30 min in the dark (Steinback et a., 1982).

Separation and detection of thylakoid proteins were performed as described for the in vivo

assay.
2.10.6 Pigment composition analysis

Pigment analysis was carried out by reversed-phase HPLC as described in Féarber et al.

(1997). For pigment extraction, leaf discs were frozen in liquid nitrogen and disrupted by
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grinding in a mortar in presence of acetone. After a short centrifugation, pigment extracts
were filtered through a 0.2 um membrane filter and either used directly for HPLC analysis
or stored for up to 2 days at -20°C.

2.11 BIOPHYSICAL ANALYSES

2.11.1 Chlorophyll fluor escence measur ements

In vivo Chl-a fluorescence of single leaves was measured using the PAM 101/103 (Walz,
Effeltrich, Germany) as described in Varotto et al., (2000). Pulses (800-ms) of white light
(6000 nmol photons m? s') were used to determine the maximum fluorescence (Fm) and
the ratio (FmFo)/Fm= Fv/Fm. A 15-min illumination with actinic light at a rate of 80 nmol
photons m? st was used to drive electron transport between the two photosystems before
measuring the effective quantum yield of PSII (F ;). In addition, the fluorescence quenching
parameters P (photochemica quenching) = (Fm'-Ft)/(Fm’-Fo’), and gN (non
photochemical quenching) = 1 - (Fm’-Fo")/(FmFo) were recorded (Schreiber, 1986).

Also state transitions were measured with the pulse amplitude modulation 101-103
fluorometer. After 30 min of dark incubation, the maximum fluorescence (Fm) of leaves
was measured by using a saturating light pulse (0.8 s, 6000 nmol photons m? s1). Leaves
were subsequently illuminated for 20 min with blue light (80 nmol photons m? s?) from a
Schott KL-1500 lamp equipped with a Walz BG39 filter. The maximum fluorescence
(Fm2), in state 2, was then measured. Next, state 1 was induced by switching to far-red light
(Walz 102-FR), and Fm1 was recorded 20 min later. T was calculated according to the
equation: gT= (Fm1-Fm2)/Fm2 (Jensen et a., 2000). The relative fluorescence changes of
PSII (F;) were measured as reported in Lunde et a. (2000).

Emission and excitation spectra of state 1- or state 2-adapted |eaves were recorded by using
a Spex-Fluorolog spectrometer as described in Holzwarth et al. (1978). All spectra were
corrected for wavelength-dependent changes in detector sensitivity. After illumination for
30 minutes with state I or state 2favoring light as above, 'diluted leaf particles were
prepared by dilution of frozen leaf powder with cooled quartz particles as described in Wels
(1985). Leaf materia corresponding to about 25 pg of Chl was frozen in liquid N, and

ground in amortar in presence of 0.5 ml frozen water. The frozen powder (permanently kept
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in liquid N;) was homogeneoudly diluted with 3 ml of pre-cooled quartz particles and an
aliquot of this sample (containing leaf particles at a concentration of about 4 pg Chl mi ™)

was used for fluorescence measurements.

2.11.2 Electron transport measurements

Thylakoids were prepared from leaves of 4 week-old plants as described in Casazza et al.
(2001). Electron transport from H,O to NADP* was measured in a dual-wavelength
spectrophotometer (ZWS-11, Sigma, Munich, Germany) as the increase of absorbance at 340
nm minus 390 nm. Saturating actinic light (150 nmol photons m? s') was used to induce
the electron flow. The reaction mixture contained 10 M ferredoxin, 0.5 mM ADP, 2.5 mM
orthophosphate, 0.5 mM NADP" and 10-20 mi of thylakoid suspension (corresponding to a
final Chl concentration of 10 ng mi't), and was adjusted to a total volume of 1 ml with a
buffer containing 0.1 M sorbitol, 5 mM MgCh, 10 mM NaCl, 20 mM KCI, 30 mM
Tricine/NaOH (pH 8.0) and 0.5% (w/v) fatty acids-free BSA. For experiments in which
PSI1 was inhibited, the reaction mixture contained, in addition, 5 mM ascorbic acid. After 2
min of illumination, DCMU and TMPD were added to a fina concentration of 1 nM and
250 M, respectively. For measurements of ATP synthesis, the reaction mixture contained,
in addition, 4 mM glucose and 4 units of hexokinase. After illumination, 5 units of glucose-
6-P dehydrogenase were added and the amount of ATP formed during illumination was
calculated as the increase in absorbance due to the further reduction of NADP™ in the dark
(Forti and Elli, 1995). ATP formation was measured in the presence or absence of the

adenylate kinase inhibitor, P1,Ps-di (adenosine-5) pentaphosphate.

2.12 ELECTRON MICROSCOPY
Electron microscopy was performed as described in Haldrup et a. (2000). Leaves of 4

week-old plants were used and thin sections were examined with a Zeiss EM 10 microscope.

2.13INTRACELLULAR PROTEIN LOCALIZATION

The red fluorescence protein (RFP) from reef corals was used as reporter to determine the
intracellular localization of AtMAKS3 (Jach et al., 2001). The RFP gene was part of a plant
expression vector carrying the 35S promoter of cauliflower mosaic virus with doubled
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enhancer (pGJ1425). AtMAK3 gene was fused 5 of RFP gene, and this construct was used
to transfect protoplasts. Mesophyll protoplasts were isolated from 6 week-old Nicotiana
tabacum Petit Havanna SR1 (Maliga et a., 1975) plants according o the protocol of
Negrutiu et al. (1987). For transient gene expression assays, 3.3 x 10° freshly isolated SR1
mesophyll protoplasts were transfected with 10 ng of plasmid DNA by PEG- mediated DNA
uptake (Walden et al., 1994). Protoplasts were cultured for two days at 26 °C in dark
conditions and in the presence of auxin (5 mM) and cytokinin (1 nM). The transfected
protoplasts were analyzed by using the Zeiss Axiophoto fluorescence microscope equipped
with a filter set purchased from AF Anaysentechnik, Tubingen, Germany. Pictures were
taken using a video image system mounted on the microscope, consisting of a Hitachi CCD

video camera operated by the DISKUS software package.
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3 FORWARD GENETICS

The functional dissection of photosynthesis can be carried out by isolating mutants with
altered photosynthetic performances. This chapter describes the device used for the

screening as well as the specific phenotypes of the photosynthetic mutants isolated.

3.1 MUTANT SCREEN

The photosynthetic mutants were isolated on the basis of their altered fluorescence yield
values ;) with respect to WT plants. In particular, it was amed to pick up mutants
carrying relatively small aterations in photosynthetic performance. As device, an automatic
Pulse Amplitude Modulation fluorometer system (PAM) was used (Figure 3.1 and Materias
and Methods: chapter 2.3). The instrument was able to measure the F of 54 Arabidopsis
plants in about 20 min. The accuracy and reproducibility of F |, measurement was tested by
analyzing 24 wild-type plants; an average value of 0.77 with a standard deviation of 0.01
was found. The screening was performed on 4 week-old plants derived from an En- and a T-
DNA mutagenised Arabidopsis thaliana population (see Materials and Methods. chapter
2.1). In particular, 1093 lines of the En-population and 1152 lines of the T-DNA population
were screened. 18 photosynthesis affected mutants (pam) were identified, of which 6 were

derived from the En-population and 12 from the T-DNA tagged popul ation.

Figure 3.1 The automatic device used in the
screening of pam mutants.

25



Chapter 3 mutant screen

3.2MUTANT PHENOTYPES

In al of the isolated mutant lines the photosynthetic phenotype segregated as recessive trait.
With the exception of pam10 and pam13, all mutants showed a drastic reduction in growth
rate and a delay in flowering time. Moreover, nearly al of them had pale green or yellow
cotyledons and leaves, except pam10 and pamll that showed a wild-type pigmentation of
leaves. The F |, values ranged between 0.40 and 0.70. Only pam20 showed a F; vaue
significantly lower than 0.40 (Table 3.1).

Mutant name Fn Phenotype Population
(leaf colour/dimension)
pam8 0.60 pale green/small En
pam9 0.43 pale green/small En
paml10 0.65 WT/WT En
pamll 0.51 WT/small En
pam12 0.60 yellow/small En
paml13 0.64 pale green/'WT En
paml4 0.61 pae green/small T-DNA
pam15 0.53 yellow/small T-DNA
paml16 0.64 pale green/small T-DNA
paml7 0.66 pale green/small T-DNA
pam19 0.62 yellow/small T-DNA
pam20 0.33 yellow/small T-DNA
pam21 0.60 pale green/small T-DNA
pam22 0.64 yellow/small T-DNA
pam23 0.54 yellow/small T-DNA
pam24 0.51 yellow/small T-DNA
pam26 0.49 yellow/small T-DNA
pam27 0.67 yellow/small T-DNA

Table3.1 Characteristics of pam mutants
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3.3IDENTIFICATION OF AFFECTED GENESIN pam MUTANTS

The identification of the En and T-DNA insertion sites was performed using a PCR-based
approach (see Materials and Methods: chapter 2.4). For the -DNA mutants, this analysis
was carried out in the generation of plants which was used for screening, since a maximum
of 2 insertions were observed per line. Contrarily, additional outcrossing and selfing steps
had to be performed for the En lines before proceeding with the isolation of the insertion
flanking regions, since they contained between 6 and 11 transposon copies. The isolation of
the insertion flanking regions was performed by usng DNA from 10 mutants of each
segregating line. After displaying the PCR products on polyacrylamide gels, only the bands
present in all the 10 mutants were eluted from the gel, reamplified and sequenced.
Subsequently, specific primers complementary to insertion flanking regions were designed
and combined with En or T-DNA primers for segregation analyses. Of the 13 knockout
genes isolated, 5 segregated with the correspondent photosynthetic phenotype (Table 3.2).
Among the 5 genes responsible to alter photosynthesis, 4 encoded proteins with a
chloroplast transit peptide. The pam8 phenotype was caused by an En-insertion in the psaE1l
gene that encodes the E subunit of PSI. An aldlic mutant, named psael-1, was isolated
previously by Varotto et al. (2000). paml4 had a T-DNA insertion in the Prplll gene
encoding the subunit L11 of chloroplast ribosomes. The third mutant, pam15, was due to a
T-DNA insertion in a gene responsible to encode a chloroplast prolyl tRNA synthetase.
pam20 was disrupted in the gene that encodes the chloroplast heme oxygenase 1. Also in
this case an allelic mutant was identified previoudly (Davis et a., 1999; Muramoto et al.,
1999). pam21, contains a T-DNA insertion in a gene that codes for a cytosolic protein, a N-
acetyltransferase.

For 6 mutants no Arabidopsis genomic region flanking the T-DNA or En elements could be
obtained, indicating a large frequency of concatemeric insertions within the two

mutagenised popul ations.
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mutant Knockout gene
accession number description

pam3 At4928750 PsaE subunit

At5g47850 receptor kinase like protein

pamd At3g21560 UDP-glycosiltransferase

paml10 No knockout gene isolated
pamll At4933820 1-4-beta-xylan endohydrolase
paml12 At3g54990 apetala? like protein
iz A0 piiepoor
paml4 At1932990 50S ribosomal protein L11
pamil5 At50952520 prolyl tRNA synthetase
paml6 At5g25590 putative protein
paml7 At5g39370 glycoprotein S8
pam19 No knockout gene isolated
pam20 At2926670 heme oxygenase 1
pam21 At20g38130 N-acetyltransferase
pam22 No knockout gene isolated
pam23 No knockout gene isolated
pam24 At2915620 nitrite reductase
pam26 No knockout gene isolated
pam27 No knockout gene isolated

Table 3.2 Genes disrupted by insertions of En or T-DNA elements. Genes causing
photosynthesis altered phenotypes are underlined
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DISCUSSION
An automated PAM fluorometer was employed to isolate mutants defective for F ;. The

system was able to measure the fluorescence yield of single plantsin arelatively short time,
alowing the analysis of thousands of plants per week. Among 2 245 insertionaly
mutagenised lines screened, 18 F; mutants were identified with a frequency of
approximately one per 125 lines. This frequency is considerably different with respect to
those obtained with other photosynthetic mutant screens. For instance, Niyogi et al. (1998)
screened 30 000 chemically and physicaly mutagenised lines and isolated 13 mutants
affected in non-photochemical quenching of chlorophyll fluorescence at a frequency of
approximately one in 2000. The low frequency of mutants recovered has to be attributed to
the fact that defects in non-photochemical quenching are more rare than F |, defects. A
similar screen for npg mutants was performed by Shikanai et al. (1999) on 21 000
chemically mutagenised lines, and 37 mutants were isolated at a frequency of approximately
one in 500. In this case, mutants with dlightly altered F |, were also considered, increasing
the frequency of mutants recovered. Additionally, Meurer et al. (1996) carried out a screen
on 7 700 chemically mutagenised M, seeds looking for high chlorophyll fluorescence (hcf)
mutants. 238 hcf mutants at a frequency of approximately 1/30 were isolated. The markedly
high number of mutants obtained using this approach was due to the fact that most defects
in thylakoid development and thylakoid electron transport can cause a hcf phenotype.
Moreover, the screen was performed on 10 days old plants, thus allowing the identification
of seedling letha mutants.

Most of the 18 F ;; mutants isolated in this thesis showed a reduction in plant size, an altered
pigmentation of leaves and a delay in flowering time. These features were in common with
few of the mutants isolated by Meurer and most of the mutants classified into group 3 in the
Shikanai screen. However, the extent of overlap between the four systems of screening can
not be defined due to the lack of reciprocal classification.

The use of tagged populations En-transposon or T-DNA) in the F |, screen instead of
chemically or physicaly mutagenised populations allowed fast and systematic gene
isolation. Nevertheless, some difficulties were encountered. In particular, En-transposon
lines had a large number of insertions as well as a large number of footprints, caused by

former transposition events, that made it very difficult to isolate the disrupted genes causing
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the photosynthetic phenotypes. Indeed, only one out of six genes isolated within the En
mutarts segregated with the corresponding photosynthetic phenotype. On the contrary, the
T-DNA mutagenised population had a reduced number of insertions and no footprints,
increasing the probability to identify the knockout gene responsible for the photosynthetic
phenotype. In fact, 4 of the 7 knockout genes isolated from the -DNA mutants segregated
with the photosynthetic phenotypes. However, clustering of several copies of FDNA, as
well as rearrangements and deletions mainly in the right border, often preverted the
isolation of genomic DNA flanking the insertions. Indeed, for 5 of the 12 T-DNA mutants
analyzed no genomic DNA flanking sequence could be isolated. This frequency is much
higher than in the En mutants where only in one case out of six no genomic DNA flanking
region was identified.

The F;; mutant frequency in the T-DNA population was double with respect to the one of
the En-population (one mutant every 100 lines versus one mutant every 200 lines). Thiswas
rather unexpected, since the average number of insertions in En-lines (from 6 to 11) was
much higher compared to the one of T-DNA lines (maximum 2 insertions). A possible
explanation for this apparent contradiction is that the extrapolated 48 000 insertions present
in the 8 000 En-lines may not evenly cover the Arabidopsis genome. This would decrease
the effective number of insertions per genome. Additionally, the En-tagged lines were
generated following a single seed descendent strategy for more than 12 generations
(Wisman et al., 1998). This procedure may result in a selection against less-vital mutants,
leading to a decreased representation of mutations causing severe phenotypes. As a matter
of fact, alower fraction of abino-lethal mutants were present within the En-population with
respect to the T-DNA population.

In total 5 knockout genes causing photosynthetic phenotypes were isolated. Two of them
encoding a plastid prolyl tRNA synthetase and the plastid ribosomal protein L11 seem to
play a role in the chloroplast trandation machinery. The psaEl gene is involved in the
thylakoid electron transport (Varotto et al., 2000). The heme oxygenase 1 is responsible of
the biosynthesis of heme groups of phytochromes (Davis et a., 1999; Muramoto et a.,
1999). The N-acetyltransferase was the only identified protein not imported into the
chloroplast, therefore the reasons of its involvement in photosynthesis are difficult to
predict.
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4 CHARACTERIZATION OF THE prpl11-1 MUTANT

Screening of the T-DNA mutagenised Arabidopsis thaliana population resulted in the
isolation of the photosynthesis affected mutant 14 (paml14). The T-DNA was inserted into
the Prpl1l gene that encodes the protein L11 of the multimeric plastid 50S ribosome
subunit. Recently, the identification of the complete set of proteins that make up the
chloroplast ribosome in higher plants has been accomplished (Y amaguchi and Subramanian,
2000; Yamaguchi et a., 2000). In particular, it has been shown that the 50S subunit of
chloroplast ribosome from spinach contains 33 proteins of which 25, including the L11
subunit, are nucleus-encoded and are imported into the chloroplast via an N-terminal transit
peptide. Studies on E. coli mutants deficient in the L11 ribosomal protein indicated a role
for L11 in the elongation or termination step of trandation process (Sander, 1983; Tate et
a., 1983; Ryan et d., 1991). This chapter describes the characterisation of the first

Arabidopsis mutant deficient in a chloroplast ribosome subunit.

4.1 pam14 PHENOTY PE

pam14 showed pale green cotyledons and leaves together with a significant reduction in size
(Figure 4.1a). Analysis of the growth behavior, by using nortinvasive image anaysis
(Leister et al., 1999), indicated a reduction by up to 75% of the growth rate of mutant plants
relative to wild-type (Figure 4.1b). Moreover, the mutant plants showed an alteration in the
photosynthetic performances due to a reduced fluorescence yield ;) (Table 4.1). Other
chlorophyll fluorescence parameters resulted to be atered in mutant plants, too. In
particular, Fo, the minimal chlorophyll a (Chl a) fluorescence of dark-adapted leaves,
showed an increase of about 24% in mutant plants, whereas the mutant Fm, the maximal
Chl a fluorescence, was 20% lower than in wild-type plants. The ratio Fv/Fm appeared
significantly reduced in the mutant, implying a defect in energy transfer within PSII.
Furthermore, the high level of nonphotochemica quenching (NPQ) and the strong decrease
inF; even at low light intensities (Figure 4.2) indicated a severely impaired light utilization

and increased photoinhibition in mutant plants.
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Figure 4.1 Phenotype of WT and paml4 plants. a) 4
week-old plants grown under greenhouse conditions.
b) Growth kinetics of pam14 compared to WT plants.
Leaf area was measured in the period from 4 to 24
days after germination. Bars indicate standard
deviation.

Table 4.1 Spectroscopic analysis of WT and paml4
plants. The values represent the average of 20
independent measurements. Standard deviations were
below 2%

Figure 4.2 Effective quantum yield of PSII in the
paml14 mutant and WT plants illuminated at different
light intensities. The value of F, was determined in
the range of 1-1039 (mol photons m? sec?
photosynthetically active radiation). 5 WT and 5
paml4 plants were incubated for 30 min in the dark
prior to measurements. F; was recorded after
irradiating for 15 min with light of the appropriate
intensity. Barsindicate standard deviations
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4.2 CLONING OF THE PAM14 LOCUS

Southern analysis on 4 different pools of mutant plants (10 plants per each pool) using the
5-end of the AC106 T-DNA as a probe revealed the presence of one T-DNA copy (Figure
4.33). After isolating DNA from 10 mutant plants, amplification of insertion mutagenised
sites (see Materia and Methods: chapter 2.4) was carried out. A DNA fragment flanking the
left border of the T-DNA was isolated, and its sequence was found to be identical to that of
the nuclear Prpl11 gene of A. thaliana (At1g32990). Prpl1l is located on chromosome 1
near the marker locus mi423a. By performing BLAST searches a second copy of the gene
was identified on chromosome 5 (At5g51610); this copy lacked aimost the entire second
exon and it was named Prpl11-like. The T-DNA insertion was present in al mutant plants
(Figure 4.3b) and placed in the second exon of Prpl11, at position +419 bp relative to the
first ATG codon (Figure 4.3c).

Figure 4.3 T-DNA insertion site. @) Southern
(@) ™ -EF“ o L analysis performed with DNA extracted from 4
= = Q= qF different pools of mutant leaves. After
digestion with Sul and blotting, the filter was

hybridized with a probe matching the left
- - e border of T-DNA. b) The presence of T-DNA
insertion in WT and mutant plants was

monitored by PCR. In row # 1 primers specific
for the gene, one matching upstream and the
) WT pand4 other one downstream the TDNA insertion,
were used for the amplification. In row # 2 ¢
primer specific for the left border of T-DNA
and a primer matching upstream the T-DNA
insertion were used for the amplification. All
the mutants were homozygous for the T-DNA
insertion while the WT plants were either
heterozygous for the T-DNA insertion or
without any insertion. ¢) The Prplll geneis
disrupted by the insertion of the 5.8 Kb AC106

) LE= ACIi06 —EBE in the second exon. The T-DNA insertion is
not drawn to scale. Upper case letters indicate

s plant DNA sequences flanking the T-DNA and

exon l=— 2 {3 [ 4 lower case letters represent the border

T .'!_=‘U _4.‘“_ .j.;: 4.5::, ..'.:'\.EI 1jiu| l_ﬁ.g seguences of AC106. Amino acid reg-dues,

encoded by the region of Prplll shown, are
et O e . . SRS r Rt et n i asel Ty indicated in bold upper case letters below the
F € K D T W A first nucleotide of each codon.
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Prpl11 encodes the plastid ribosomal protein PRPL11, a component of the 50S subunit of
chloroplast ribosomes (Yamaguchi and Subramanian, 2000). PRPL11 of Arabidopsis
contains 222 amino acid residues and shares significant sequence homology with other plant
and prokaryotic L11 proteins (Figure 4.4). Proline residues necessary for the binding of the
ribosome-specific antibiotic micrococcin in Bacillus megaterium (Porse et al., 1999) and
lysine residues that are post-trandationally e-N-trimetylated in spinach (Y amaguchi and
Subramanian, 2000) were strictly conserved in all L11 proteins considered in Figure 4.4. In
both Arabidopsis and spinach PRPL11 proteins, along N-terminal sequence rich in serine,
threonine and proline is present that has no counterpart in prokaryotic L11 proteins. The
amino acid composition of these N-terminal sequences corresponds to that of a chloroplast
transit peptide (von Heljne et a., 1989; Bruce, 2000). Furthermore, import into chloroplasts
has been experimentally demonstrated for spinach PRPL11 (Smooker et al., 1991).
Computer-aided identification of chloroplast transit peptides (Emanuelsson et a., 2000)
predicted that cleavage by the signal peptidase occurs at positions 60, 57 and 64 in the two
PRPL11 of Arabidopsis and the one of spinach, respectively (Figure 4.4).

A thaliana (gi:6910575) sss STL NSKL GSPIL ETERFLTVI 60
A thaliana (gi:15242133) KTNLS osFIL SSTERSLTVI 57
spinach  (gi:21313) QPLNAAPS SP LSSNPRYSEGFL NSKIFLERFSTSHRR 60

A thaliana (gi:6910575) A--
A thaliana (gi:15242133) AGA APSKL €
spi nach (gi:21313) LSl
Synech. (gi:1652498) -----------
B.subtlis (gi:2632369) -----------
E. coli (gi:2367334) -----------

A thaliana (gi:6910575) Ag-
A thaliana (gi:15242133) --------------- eSFTFI LKTPFﬁSELLLKAAG\/ﬁKGSK KVG
spi nach (gi:21313) 3 'VI PVEI TVFBDKSFTFI LKTPPASVLLLKAS(EEKGSK EKV
A thaliana (gi:15242133)

Synech. (gi: 1652498)
B.subtlis (gi:2632369)
E. coli (gi:2367334) EK
EPRKFAVEL 222
AGTAENMA DI DPPI EP 4 <V L 182
spi nach (gi:21313) F 224
Synech. (gi:1652498) 1 TKLPDLNANBI BNAMNI | [EGTARNMG VS 141
B.subtlis (gi:2632369) RHEX(ZSENAADYEARNYRY/HepARSYelVl=D------------ 141
E. coli (gi:2367334) LRAAY TGADREAMT RN EC R Y e V| =D- - - - - - - - - - - - 142

A thaliana (gi:6910575)

Figure 4.4 Comparison of RPL11 protein sequences from higher plants and prokaryotes. The amino acid
segquence of the Arabidopsis PRPL11 protein (Gl: 6910575) was compared with that of PRPL11-like
from Arabidopsis (Gl: 15242133), with PRPL 11 from spinach (GI: 21313; Smooker et al., 1991) and with
RPL11 protein sequences from Synechocystis (Gl: 1652498), Bacillus subtilis (Gl: 2632369) and E. coli
(GI: 2367334). The Nterminal chloroplast transit peptide is highlighted in Italics. Black boxes indicate
strictly conserved amino acids; shaded boxes closely related amino acids. The symbol “+” refersto amino
acid residues involved in the binding of the antibiotic micrococcin; circles highlight lysine residues that
are modified by e-N-trimethylation in spinach.
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4.3 COMPLEMENTATION OF pami4

In order to verify that the pam14 phenotype was caused by the T-DNA insertion into Prpl1l
gene, mutant plants were transformed with the Prpl11 cDNA fused to the 35S promoter of
cauliflower mosaic virus via A. tumefaciens (see Materials and Methods: chapter 2.7). In al
18 transformants obtained, the wild-type phenotype was fully restored. In particular, the
growth rate, the pigment composition (Figure 4.5a) and the fluorescence yield of PSII (F )
did not differ from wild-type plants. Furthermore, all the transformants showed a large
amount of Prpl1l1 mRNA (Figure 4.5b). Because the PAM14 locus corresponds to the
Prpl11 gene, we have assigned the symbol Prplll to the locus and renamed the paml4
mutant prpl11-1.

Figure 4.5 Complementation test. a) 4 week-
old WT plant and T1 generation of mutant
plants transformed with Prpl11-cDNA fused to
the 35S promoter. b) Northern analysis of WT
and T1 plants. The filter was hybridized with a
probe complementary to Prpl11 transcript.

{a) WT T1-pamii

® WT T1-pami 4

4.4 LEVELS OF TRANSCRIPTS AND POLYSOME ACCUMULATION IN prpl11-1
PLASTIDS

Northern analysis using a full-length Prpl1l probe reveaded that the T-DNA insertion
drastically destabilised the Prpl11 transcripts (Figure 4.6a). Moreover, due to the marked
DNA sequence similarity to the Prpl11-like gene, the complete absence of Prpl11l mRNA
indicated that the Prpll1l-like gene is not expressed. This evidence was supported by RT-
PCR anaysis, where specific primers for the Prpl11-like gene were used (Figure 4.6b), and
no amplification product could be obtained either in wild-type or prpl11-1 plants.
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The effect of the prpl11-1 mutation on plastid transcripts was studied, too (Figure 4.6¢). The
levels of the psbA transcript, which encodes the D1 protein, in wild-type and mutant plants
were identical. The total amount of psbB transcript, encoding the CP47 protein, was also
unchanged in the mutant, although accumulation of large transcripts could be detected in
mutant plastids. The abundance of transcripts of the psbD/C operon, which codes for D2
and CP43, was actualy higher in the mutant than in wild-type plants, whereas the level of
psbE transcripts encoding Cyt-b559 was reduced. Amounts of the rbcL mRNA, an indicator

for the accumulation of polysomes (Barkan, 1993), were nearly identical in mutant and

wild-type plants.

(a) WT prplll-1

kb
™ <14
APTI -—14 L5

M 1 2 3 4

Figure 4.6 mRNA expression. The numbers at the right indicate RNA sizes that were estimated by co-
electrophoresis with denatured EcoRI/HindlIll fragments of lambda DNA. &) Northern analysis of the Prpl1l
transcript in mutant and WT plants. 30 ng samples of total RNA were analysed using as probe a full-length
Prpl11 cDNA. To control for RNA loading, the blot was re-probed with a cDNA fragment derived from the
APT1 gene, which is expressed at a low level in al tissues of Arabidopsis (Moffat et al., 1994). b) RT-PCR
analysis. WT (1; 3) and mutant (2; 4) single strand cDNA pools were amplified with primers specific for
Prpl11 gene (1; 2) and for Prpl11-like gene (3; 4). ¢) Transcripts of the genes psbA, psbB, psbC-psbD, psbE
and rbcL were detected by re-probing the filter shown in (@) with the appropriate gene-specific probes.
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In order to verify whether the absence of L11 subunit could affect the abundance of
chloroplast ribosomes, the level of ribosoma RNAs was monitored by agarose
electrophoresis (Figure 4.7a). The levels of the 1.6- and 1.15-kb plastid rRNAS were not
dtered in prplll-1 plants, suggesting that overall amounts of plastid ribosomes were not
affected. Polysome formation on the psbA, psbE and rbcL transcripts was assessed by
sucrose density-gradient fractionation (Figure 4.7b) on the basis that transcripts associated
with polysomes have higher sedimentation rates than monosomes or free mRNA. The
proportion of polysomes-associated to unassociated transcripts allows to estimate the
efficiency of trandation initiation and elongation (Barkan, 1993). No significant differences
in sedimentation between wild-type and mutant plants were detected for psbA and psbE,
whilst for rbcL dlightly fewer transcripts were associated with large polysomes in the
mutant. These findings indicate that the PRPL11 protein is dispensable for polysome
assembly, but at least for rbcl transcripts, it is necessary for efficient trandation initiation
Altered trandlation elongation would tend to result in the accumulation of large polysomes
(Klaff and Gruissem, 1991; Brutnell et al., 1999).

() W'T prplii-i
kb
- 3.2
<-1.85
- 1.6
- 1.15
sedimentation > sedimentation »
pshbA - ———— D T — —
psbE T — _— N —
rbel e —— - | — D . w—

Figure 4.7 Amount of rRNAs and polysome accumulation in chloroplasts. a8) Abundance of rRNAs. 21y of
total RNA from WT and mutant plants were denatured and run on a native 1 x MOPS gel. Cytoplasmic rRNA
corresponds to the 3.2- and 1.85-kb species, whilst organelle rRNA corresponds to the 1.6- and 1.15-kb forms.
b) Association of chloroplast mMRNA with polysomes. Total extracts from 4 week-old WT and prpl11-1 plants
were fractionated on sucrose gradients. Ten fractions of equal volume were collected from the top to the
bottom of the sucrose gradients. An equal proportion of the RNA purified from each fraction was analysed by
gel-blot hybridisation. Transcripts of psbA, psbE and rbcL were detected with cDNA -specific probes.
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45 AMOUNTS OF PROTEIN COMPONENTS OF THE PHOTOSYNTHETIC
APPARATUS ARE SIGNIHCANTLY ALTERED IN prpl11-1 PLANTS

Thylakoids from greenhouse-grown wild-type and mutant plants were isolated and
subjected to two dimensional PAGE. Individual subunits were identified by immunoblot
analyses using antibodies specific for subunits of PSI, PSII and ATPase, which are
components of the photosynthetic apparatus (Figure 4.8a). Densitometric analyses of protein
gels after Coomassie staining indicated a decrease in the levels of PSI subunits in mutant
thylakoids by 52.5% relative to wild-type (Figure 4.8a and Table 4.2), while the plastome-
encoded polypeptides detected which form the core complex of PSII (D1, D2, CP43, and
CP47) were reduced by 67.6%. A similar decrease (65.9%) was observed for the a- and b-
subunits of the ATPase complex, whereas the nucleus-encoded peptides of LHCII were
reduced by only 29.6% in prpl11-1. The reduction of the level of the PSII core complex,
detected by two-dimensional PAGE, was confirmed by Western analyses after denaturing
PAGE. The amounts of both CP47 and the a-subunit of Cyt b-559 showed the same
reduction in mutant plants as found before for the entire PSII core by 2D PAGE. In addition,
reduced accumulation of Cyt f was observed (Figure 4.8b and Table 4.2).

a WwT prplil-1 b S & oA
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Figure 4.8 Protein composition of thylakoid membranes. a) Thylakoid membranes corresponding to 30 ng of
chlorophyll fromthe wild-type and the prpl11-1 were fractionated first by electrophoresis on a non-denaturing
Green-PAGE, and then on a denaturing SDS-PAGE. Positions of wild-type thylakoid proteins, previously
identified by Western analyses with appropriate antibodies, are indicated: 1, a- and b- subunits of the ATPase
complex; 2, D1-D2 dimer; 3, CP47; 4, CP43; 5, oxygen evolving complex (OEC); 6, LHCII monomer; 7,
LHCII trimer; 8, PsaD; 9, PsaF; 10, PsaC; 11, PsaH. With the exception of LHCII the amounts of all thylakoid
proteins detected are significantly reduced in mutant plants. The alterations observed are quantified in Table
4.2. b) Samples of thylakoid membranes equivalent to 15 ng of chlorophyll were loaded in lanes WT and
prpl11-1. Decreasing amounts of WT thylakoid membranes (11.25, 7.5, 3.75ng of chlorophyll) were loaded in
the lanes marked 0.75x, 0.5x, 0.25x WT. Three replicate filters were probed with antibodies raised against Cyt
b-559, Cyt f and CP47.
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Relativelevel in

WT prpl1l-1  prpi11-1[in %]
PS| 1.22 0.85 47.5
PSII core 1.85 0.88 32.4
ATPase (a +b) 0.68 0.34 34.1
LHCII 2.16 2.23 70.4
Cytf 1.7 1.05 42.1
CP47 2.01 1.03 34.9
Cyt b-559 0.96 0.45 31.9
Chl atb 671.0 457.5 68.2

Table 4.2 Analyses of thylakoid protein levels and total chlorophyll content (in nmol Chl a+b per
gram of fresh leaf weight) in WT and prpl11-1 mutant plants. Values for proteins are average
optical densities (OD) measured from three independent 2D protein gel analyses (see Figure 4.8a)
or, in the case of Cyt f, CP47 and Cyt b-559, three independent Western analyses (see Figure
4.8b). Standard deviations were in the range below 5%. The relative values for prplll-1 were
normalised with respect to the total chlorophyll content per gram of fresh leaf weight.

4.6 THE ABSENCE OF FRPL11 AFFECTS THE RATE OF PROTEIN SYNTHESIS
IN PLASTIDS

Proteins encoded by the plastid genome, such as D1, D2, CP43, CP47, Cyt b-559, Cyt f and
the a- and b-subunits of the ATPase complex, were significantly reduced in amount in
mutant plants, suggesting that protein synthesis may be impaired in the plastids of the
mutant. In prokaryotes a mgjor role has been proposed for RPL11 in the elongation step of
trandation (Stark and Cundliffe, 1979; Stark et a., 1980; Ryan et al., 1991, Rodnina et al.,
1999). In C. reinhardtii, McElwain et a. (1993) proposed the same role for the L23 protein,
which is immunologically related to the prokaryotic L11 protein. In order to test for a
similar function of PRPL11 in Arabidopsis, we monitored the rate of incorporation of
[**S]methionine into plastid proteins in mutant and wild-type leaves. Young leaves of wild-
type and prpl11-1 plants were incubated with F°S]methionine in presence of light and
inhibitors of cytoplasmic protein synthesis. Subsequently, organelles were disrupted to
obtain the soluble protein fraction for SDS-PAGE analyses (Figure 4.9a). In three
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independent experiments, the amount of the large subunit of Rubisco labelled in mutant
plants was decreased on average by 65% with respect to that in wild-type plants (Figure
4.9b). This reduction in the rate of trandation of rbcL RNA results in significantly reduced
accumulation of the large subunit of Rubisco, as shown by Western analysis (Figure 4.9c).
Furthermore, amounts of the nucleus-encoded small subunit of Rubisco were also decreased
(Figure 4.9¢), indicating that the level of the large subunit regulates the abundance of the
small subunit. The converse has been demonstrated in tobacco, where a reduction in the
abundance of the small subunit resulted in a decrease in trandation of the large subunit
(Rodermel et a., 1996).
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Figure 4.9 In vivo synthesis of soluble organelle proteins in primary leaves of 4 week-old mutant and wild-
type plants. The results of one of three independent experiments are shown. a) [*°S|methionine was applied
during the light period. Proteins were isolated from WT and mutant |eaves, separated by SDS-PAGE, €electro-
blotted onto a nylon membrane and analysed by fluorography. Lower amounts of WT proteins were loaded in
the lanes marked 0.75x, 0.5x and 0.25x WT. The most intensely labelled band corresponds to the large subunit
of Rubisco. b) Quantification (optical densities) of signals for the large subunit of Rubisco observed in (a).
Bars indicate standard deviation. ¢) Immunoblot analysis of proteins from the prplll-1 and WT plants.
Samples of chloroplast proteins equivalent to 5 ng of chlorophyll were loaded in lanes WT and prpl11-1.
Decreasing amounts of WT thylakoid membranes (2.5, 1 and 0.5 ng of chlorophyll) were loaded in the lanes

marked 0.5x, 0.2x, 0.1x WT. Replicate filters were probed with antibodies raised against the large and small
subunit of Rubisco.
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DISCUSSION

The prpl11-1 mutation is due to a T-DNA insertion in the second exon of the Prpl11 gene.
Expression of Prpl11 RNA could not be detected in the mutant, and transformation of the
mutant plants with Prpl11 cDNA placed under the control of the 35S promoter resulted in
restoration of the wild-type phenotype. The Prplll gene is present in two copies in
Arabidopsis genome, but only one of them is transcribed. Thus, the prpl11-1 mutation
completely eliminates one of the chloroplast ribosomal proteins of Arabidopsis, the first
such knockout mutation to be described in this species and the second in a higher plant (in
addition to hcf60 of maize; Schultes et al., 2000). The PRPL11 protein of Arabidopsis
shows high sequence similarity to other L11 proteins from higher plants and prokaryotes,
apart from the chloroplast transit peptides, which are present only in the plant proteins. Key
amino acids that are important for antibiotic binding and post-translational modification of
L11 are conserved in Arabidopsis PRPL11.

L11 proteins have been extensively characterised in prokaryotes. They are located in the
50S subunit of the ribosome and interact with the 23S rRNA (Littlechild et al., 1977).
Cross-linking experiments in E. coli suggest that RPL11 interacts with RPL7, RPL12,
RPL2, RPL4 and RPL14 (Expert-Bezangon et al., 1976; Kenny et a., 1979). An electron
density map of the large 50S ribosoma subunit of Haloarcula marismortui, a 5.0 A
resolution, places the RPL11 protein in the “ GTPase-associated site” (Ban et al., 1999). This
site also includes the proteins RPL6, RPL11, RPL 14, the RPL7/RPL12 stalk, and the 1055
and 1080 nucleotide region of the 23SrRNA. Ryan et al. (1991) proposed a model in which
RPL11 facilitates conformational changes in the 23S rRNA backbone in E. caoli.
Furthermore, RPL11 has been implicated in the EF-G dependent hydrolysis of GTP during
polypeptide elongation in E. coli and B. megaterium (Schrier and Méller, 1975; Stark and
Cundliffe, 1979; Rodnina et al., 1999). Nonetheless, prokaryotic mutants lacking L11 are
viable and exhibit no severe phenotypes except for an increased generation time and
decreased rates of in vitro protein synthesis (Stark and Cundliffe, 1979). McElwain et al.
(1993) reported on a C. reinhardtii mutant which is defective in the plastid ribosomal
protein L23 which is homologous to the E. coli RPL11. Absence of L23 confers thiostrepton
resistance, and causes a drop in growth rate and a significant reduction (more than 80%) in

the rate of in vitro protein synthesis. Thus, while the absence of RPL11 does not result in
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lethality in prokaryotes or algae, it is nonetheless necessary for the correct function of

ribosomes (Stark and Cundliffe, 1979; McElwain et d., 1993).

In maize, HCF60 encodes protein 17 of the small subunit of the chloroplast ribosome. Lack
of PRPS17 causes a seedling-lethal and chlorophyll-deficient phenotype in which plastid
rRNA pools are depleted (Schultes et al., 2000). Similar observations were made for the
chloroplast trandation mutants hcf7, cpsl and cps2 of maize (Barkan, 1993); the genes
responsible have not yet been cloned. These mutants accumulate plastome transcripts to

wild-type levels, while amounts of the corresponding thylakoid proteins are reduced.
Interestingly, al the maize mutants cited, including hcf60, show a decrease in the
accumulation of the rbcL transcript. Barkan (1993) demonstrated the existence of a strict
correlation between a decrease in rbcL mRNA accumulation and a decrease in polysome
Size, suggesting that the rbcL transcript is destabilised as a consequence of a decrease in its
ability to associate with ribosomes.

In Arabidopsis, the absence of PRPL11 causes a complex phenotype: plants are pale green,
and show a drastic decrease in growth rate and photosynthetic efficiency. Furthermore, due
to adecrease in the levels of PSI, PSII core proteins, LHCII, Cyt f, thea- and b- subunits of
the ATPase complex, and both subunits of Rubisco, the mutants show a reduced capacity

for light utilisation and an increase in photosensitivity. In contrast, transcript levels of the
psbD/C operon actually increase suggesting an increased stability of these transcripts in

mutant plarts. No dteration in the abundance of rbclL, psbA and psbB transcripts is
detectable in the prpl11-1 mutant. Only the psbE transcript level was reduced in prpl11-1
plastids, possibly due to feedback mechanisms that act to regulate the level of PSII within
the thylakoid membrane (Morais et a., 1998).

Taken together, the data indicate that the primary defect in the prplll-1 mutant is a
reduction in the efficiency of protein synthesis by plastid ribosomes. To test this hypothesis
we examined the effects of absence of PRPL11 on the abundance of ribosomes, on the
association of specific transcripts with polysomes and on the rate of trandation in the
chloroplast. Amounts of chloroplast rRNA are not altered in mutant plastids, indicating that
PRPL11 plays no role in the stability of plastid ribosomes. Polysome assembly assays,

performed using psbA and psbE transcripts, show no significant differences between mutant

and wild-type ribosomes. These data are in accordance with the observation that the amount

4?2
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of rbcL mRNA, which is an indicator for chloroplast ribosome content and polysome
accumulation (Barkan, 1993), is unchanged in mutant plants. However, a dlightly increased
portion of rbcL MRNA seems to be associated with small polysomes suggesting that lack of
PRPL11 can also affect trandation initiation. In vivo tranglation assays show a decrease of
about 65% in the efficiency of synthesis of the large subunit of Rubisco, demonstrating that
trandation efficiency in prpl11-1 plastids is severely affected. The reduction in trandation
rate observed in the in vivo trandation assays is associated with a significant reduction in the
abundance of the large and the small subunit of Rubisco.

In summary, the available data suggest that neither depletion of the content of chloroplast
ribosomes nor a decrease in polysome accumulation is responsible for the drop in
trandational efficiency in prpl1l-1 cells. The most likely explanation for the mutant
phenotype is that, in the absence of PRPL11, ribosomal activity itself is mpaired, as a
consequence of the loss of conformational stabilisation of the GTPase-associated site in the
large subunit, as has been proposed for E. coli mutants that lack L11 (Ryan et al., 1991,
Rodninaet a., 1999).
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S BIOCHEMICAL AND PHYSIOLOGICAL
CHARACTERIZATION OF THE psael-1 MUTANT

By screening the En-transposon mutagenised Arabidopsis thaliana population, Claudio
Varotto isolated the psael-1 mutant, alelic to the pam8 mutant isolated in this thesis. The
mutation was caused by the insertion of the En transposon element into one of the two
Arabidopsis genes (psaEl) that encode the subunit E of photosystem | (Varotto et a., 2000).
As a consequence of the mutation, the amounts of the E, C and D subunits of PSI were
significantly reduced and the photosynthetic performance was decreased. Further analyses
of the psael-1 mutant have been performed in this study and the almost complete inhibition

of photosynthetic state transitions in the mutant is described in this chapter.

5.1 LEVELS OF PsaH AND PsaL ARE DECREASED IN psael-1

The knockout of psaE1l destabilizes the stromal ridge of PSI, resulting in a decrease in the
levels of Psak, C and D subunits (Varotto et al., 2000). The residual PsaE protein present in
psael-1 is the product of psaE2, which is transcribed three times less abundantly than
psaEl. PsaF, which is necessary for energy transfer from LHCI to PSlI (Haldrup et 4.,
2000), is not affected by the mutation (Varotto et a., 2000).

Further consequences of the mutation were studied by using antibodies directed against
other thylakoid proteins (Figure 5.1) and examining leaf pigment composition by HPLC
(Table 5.1). The abundance of LHCs, the PSI reaction center (PsaA and PsaB), and the
overall chloroplast pigment content was not altered, indicating that the general
stoichiometry of antennae and photosystems was not changed in psael-1 plants. The mutant
contained significantly more antheraxanthin than wild-type plants, suggesting an altered
activity of xanthophylls cycle enzymes. PetD levels were similar in mutant and wild-type
plants, implying that the psael-1 mutation does not influence cyt be/f. Levels of PsaN,
which is involved in the interaction between plastocyanin and PSl (Haldrup et al., 1999),
and of PsaG were unchanged in psael-1 plants. In contrast, levels of PsaH and Psal were
decreased to 60% and 15% of wild-type values, respectively (Figure 5.1). Since PsaH was
reported as the docking site for LHCII during state 2 (Lunde et a., 2000), that raised the
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guestion whether the psael-1 plants showed an ateration in the photosynthetic state

transition process.
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Figure 5.1 Immunoblot analysis of thylakoid
membranes. 5 ng of WT and psael-1 thylakoid
proteins were loaded in lanes WT and psael-1,
and decreasing amounts of WT thylakoid
membranes in lanes 0.75x, 0.5x and 0.25x WT.
Replicate filters were immunolabelled with
antibodies raised against PsaA/B, H, L, G, N,
PetD, LHCI and LHCII.

Table 5.1 Pigment composition of WT and
psael-1 leaves. Leaf pigments from 3 plants
for each genotype grown under low-light
conditions (80 pmol photons m? s™) were
extracted with acetone. Extracts were analyzed
by HPLC as described by Farber et al. (1997).
Pigment concentrations are given in mmol per
mol Chl (a+b). Mean values (+ SD) are shown.
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52 IN psael-1 STATE TRANSITIONS ARE IMPAIRED AND THE PSII
ANTENNAE ARE REDUCED IN SIZE

State transitions in wild-type and mutant plants were followed by measuring maximum PSI|
fluorescence signals in state 1 (Fml) and state 2 (Fm2), after irradiating plants at
wavelengths that target PSII and PSl, respectively, and normalizing these values to the
maximum PSI| fluorescence of dark-adapted leaves (Fm). In the wild-type, Fm1/Fm and
Fm2/Fm differed significantly (0.87 £ 0.03 versus 0.77 = 0.01), while in the psael-1 mutant
both values were essentialy the same (0.82 = 0.03 versus 0.81 £ 0.03). This corresponds to
areduction of 85% in T in the mutant (WT: 0.13 + 0.01, psael-1: 0.02 + 0.01), indicating a
severe impairment in the redistribution of excitation energy between the photosystems.
When instead of gT, the relative fluorescence change of PSII, F; (Lunde et al., 2000), was
monitored to measure state transitions, a similar decrease was found in mutant plants (F,
[WT]: 0.94 £ 0.01, F[psael-1]: 0.14 + 0.01).

77 K fluorescence emission and excitation spectra of frozen leaf material were recorded to
study in more detail the energy distribution in both genotypes (Figure 5.2). To overcome the
well known distortion of the spectra by re-absorption of emitted light due to the high optical
density within leaves, we used the so-called 'diluted leaf particles method as described by
Welis (1985). Prior to measurements, leaves of wild-type and mutant plants were irradiated
for 30 min at state 1- or state 2-favoring wavelengths. Excitation spectra of PSII (recorded
at 685 nm) of state :adapted leaves differed significantly in the two genotypes (Figure
5.2a): the Chl b-related peak (480 nm) was markedly decreased in psael-1 plants revealing
that energy transfer from Chl b to PSII, as well as the size of the functional PSII antenna
(Bassi et al., 1993), was reduced. This difference in the Chl b-related peak for the two types
of plants was decreased in state 2-adapted leaves (Figure 5.2b) due to the migration of the
mobile pool of LHCII from PSII to PSI in wild-type plants. A marked difference, however,
in the Chl b-related peak for the two genotypes persists even under the state 2favoring
conditions, indicating perturbations in the PSII antenna of mutant plants. The permanent
reduction in the size of functiona PSII antenna in psael-1 plants was confirmed by
fluorescence emission analyses. emission spectra of both state 1- and state 2-adapted mutant
leaves (Figures 5.2c and 5.2d, respectively) showed a reduction in the PSlI-related peak
(685 nm). Moreover, a 1 nm blue-shift in the emission spectra of both state 1- and state 2-
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adapted psael-1 leaves indicate that the interaction between PSI-antenna and the PSl-core is
affected by the mutation (Jensen et a., 2000).

Attachment of LHCII to PSI during state 2 should increase the size of the functional antenna
of PSI. In fact, excitation spectra of PSI (recorded at 730 nm; Figures 5.2e and 5.2f) alowed
to recognize state transitions as indicated by a difference in the Chl b-related peak (480 nm)
only in wild-type plants (0.798 versus 0.812 relative fluorescence intensity in state 1- versus

state 2-adapted plants), but not in mutant plants (0.792 versus 0.784 relative fluorescence).

State-1 Llight adapted State-2 Light adapted

T T T 7T 7 v Fr T 1T T I T T T T T I roTTd T T FF T T T T T T T Tr T rFrr I T T T7
1o k (a) P K by 4 10
o & s, '

0.6 =

04 =

=

b

I

l ¢ | o b 4 031
LS -

I N

c o o

[ = -

=T el W 5
H - ’ ) - -
= o2 bl owsven e vl e NN 1 I IR T I R BT RY R i | 02
g.f 30 100 A0 ABD 520 SG0 350 AQD 440 AB0D 320 SG0
= T T T T [T T T T T T T T T T
% Lo (c) 4 F () o 10
= I ] o WT 1
—_ Q.8 (= E -p.vng'.-.\"-_." | = 0.8
=y - = AT sodinons gesere - J E -
= § | - |
= s |- # f ‘&x ar & Y ] oe
= ' h #f 4 k th o -
TR B # 4 F Ry B - o4
e ! L
=] - alll i : 1
- I N . 1 5a
0 i Y T 1 [ ]
1 0 - ] E Q
5 ' !
"_-\'_n'l‘ 0 F Ll i T T N 1 i i 0z
'aﬁ 540 3100 720 i hri L e ] S8 720 Tl SO0
§ ........ o T " I e T o o o = T 1
& T 1 € @ ] °
0.8 = -l - = 0.8
o6 1 F - o4
04 - - 04
02 = - | - oz
o b -mﬂw T ? m“""— I Q
_Ol A a2 a 4L 4 A s o x A& _a o . i & & L L o o A& o 2 o A o & 2 A . 3 2 14 - | ﬂ:
A0 A0 A AR 520 Sl 360 400 440 A80 520 S

wavelength [nin]

Figure 5.2 Excitation and emission spectra of PSIl and PSI. 77 K fluorescence spectra were determined for
plants adapted to state 1 (a, ¢, €) and state 2 (b, d, f). Excitation spectrawere recorded at emission wavelengths
specific for PSII (685 nm; a, b) or PSI (730 nm; e, f) and normalized to the maximum at 435 nm. Emission
spectra(c, d) were recorded using an excitation wavelength of 480 nm, which is preferentially absorbed by Chl
b, and normalized to the maximum emission around 732 nm. Spectra for WT plants (open circles), mutant
plants (filled circles) and the respective difference (WT minus mutant: triangles) are shown.
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53A PSI-LHCII AGGREGATE ISPRESENT IN psael-1 THYLAKOIDS

In order to investigate more in detail the spectroscopic differences mentioned above,
thylakoid membranes from wild-type and mutant plants grown under low-light conditions
(state 2favoring conditions) were isolated and subjected to anaysis by native GREEN-
PAGE to separate pigment-protein complexes (Figure 5.3a). The banding patterns obtained
with the two genotypes differed in the relative intensity of the band corresponding to PSI.
Strikingly, a high-molecular-weight band of about 400 kDa was present only in mutant
thylakoids. This “400-kDa’ band was detected under low-light conditions (80 nmol photons
m? s1), and in lower amounts in plants kept in the dark or exposed to high levels of light
(800 mmol photons m? st) (Figure 5.3b).

The separated native pigment-protein complexes were subjected to a second fractionation by
denaturing PAGE (Figure 5.4a). After silver staining, the 400-kDa complex was found to be
resolved into several proteins. All its constituent polypeptides, with the exception of an
abundant 27-kDa protein, were aso present in the 300-kDa PSI. However, in the PSI
complex obtained from psael-1 plants the relative abundance of polypeptides found in the
300-kDa PSI complex was less than in the wild-type, suggesting that this complex was less
stable. In fact, in preparations of mutant thylakoids a larger proportion of the PSI
polypeptides migrated as monomers. Immunaoblot analyses confirmed the presence of
severa PSl subunits in the 400-kDa complex. The 27-kDa protein was identified as LHCI|I
(Figure 5.4b), and immuno-labelling of a replicate blot with a phosphothreonine-specific
antibody demonstrated that the LHCII contained in the 400-kDa complex was
phosphorylated (Figure 5.4c). The spectroscopical data, together with the protein gel and
immunoblot analyses, support the conclusion that in psael-1 plants a fraction of LHCII is

permanently dissociated from PSI1 and linked to PS.
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Figure 5.3 Native gel analyses. a) Thylakoid
membranes were prepared in the middle of the
day from WT and psael-1 plants grown under
low-light conditions (80 mmol photons n¥ s,
state 2-favoring conditions). Samples from
leaves pooled from ten plants were analyzed by
LDS-PAGE and bands were assigned to protein-
pigment complexes according to Santini et al.
(1994) (PsSI, photosystem I; LHCII-T, LHCII
trimers; LHCII-M, LHCII monomers). The
molecular weight of the mutant-specific band,
indicated by an asterisk, was caculated by
extrapolation  (semi-logarithmic  regression
analysis) from the other data points. b) Thylakoid
complexes from plants adapted to different light
conditions and fractionated as in (a). Only the
upper two bands are shown. D, plants after 2 h
dark adaptation (state 1-favoring conditions); LL,
plants propagated at 80 mmol photons nf s*
(state 2-favoring conditions); HL, plants adapted
to high light intensity (2 h of 800 nmmol photons
m? s, state 1-favoring conditions).
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Figure 54 2D SDS-PAGE and
immunoblot analyses a) Analysis of the
400-kDa complex by 2D  ge
electrophoresis. The position of the
abundant 27-kDa peptide [LHCII, see (b)]
is indicated by an arrow, while PS
proteins in the wild-type lane are
encircled by a dotted black line. b)
Western analysis of the 2D gel shown in
(a) using an LHCII-specific antibody. The
signal derived from the 27-kDa peptide
contained in the 400-kDa complex is
indicated. c) A similar filter to that shown
in (b)) was probed with a
phosphothreonine-specific antibody. The
signal derived from the LHCII contained
in the 400-kDa complex is indicated.
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54 THE LEVEL OF PHOSPHORYLATED LHCII IS INCREASED IN THE
MUTANT

The phosphorylation of part of LHCII, the so-called ‘mobile pool’, is an essential requisite
for the photosynthetic transition from state-1 to state-2. In order to investigate this aspect,
the reversible phosphorylation of LHCII was studied in vivo in wild-type and psael-1 leaves
incubated with [>*P]orthophosphate after being kept in darkness for 16 h and then exposed
to different light conditions (Figure 5.5a). Low-light treatment caused a significant increase
in the phosphorylation of LHCII in mutant leaves with respect to wild-type. Subsequent
exposure to hightintensity light reduced the amount of phosphorylated LHCII in both
genotypes, but to a lesser extent in psael-1 plants. When phosphorylated LHCIl was
monitored using a phosphothreonine-specific antibody, significantly increased levels were
detected in mutant plants (Figure 5.5b). Even after prolonged dark adaptation, mutant plants
had very high levels of phosphorylated LHCII, while wild-type LHCII was not
phosphorylated to any significant extent. In the wild-type, illumination with high-intensity
light reduced the total amount of phosphorylated LHCII to a minimum. In the mutant, the
same trestment decreased the high phosphorylation level only marginaly, indicating that in
the mutant a large fraction of the LHCII is not accessible to dephosphorylation. The
abnormal levels of phosphorylation found for psael-1 LHCII were not seen in other
thylakoid proteins that phosphorylate in a light-dependent manner, such as CP43, D1, D2
and PSII-H.

In vitro phosphorylation of LHCII under reducing conditions (Steinback et al., 1982) was
monitored in the presence of a phosphatase inhibitor in thylakoids from wild-type and
mutant plants (Figure 5.5¢). This measures the rate of LHCII phosphorylation under
conditions of saturating electron transport, when the LHCII kinase should be maximally
activated via the plastogquinol-cyt bg/f mechanism. In mutant thylakoids, the low
incorporation of [**P]phosphate reflects the constitutively phosphorylated state of LHCII.
Under non-reducing conditions, identical (low) amounts of in vitro phosphorylated LHCII

were found in both genotypes.
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Figure 5.5 LHCII-phosphorylation in WT and mutant plants. a) In vivo phosphorylation of LHCII. Leaves
were incubated with [**Porthophosphate, exposed to low-light (LL) and subsequently to high light (HL) (5,
10, 20 and 120 min LL or 30, 60 and 120 min HL). Identical amounts of thylakoid proteins (8 ng) were
fractionated by SDS-PAGE and signals were detected by phosphoimager analysis (Molecular Dynamics).
Intensities were normalized to the maximum signal obtained (120 min LL = 100%). White and black bars
symbolize WT and psael-1 values, respectively. b) Phosphorylated LHCII detected by immunoblot analysis.
Leaves were treated and thylakoid proteins fractionated by SDS-PAGE as in (). Phosphorylated LHCII was
detected by using a phosphothreonine antibody (Zymed) and signals were monitored by chemiluminescence
(Amersham). c) In vitro phosphorylation of LHCII. To monitor the levels of de novo phosphorylation,
thylakoids from dark-adapted leaves were incubated with [>*P]-ATP in the presence of the phosphatase
inhibitor NaF under reducing conditions for 0, 5, 15 and 30 min in the dark. Fractionation of thylakoid proteins
was done as in (a) and (b) and the levels of [**P] incorporation were recorded by phosphoimager analysis
(Molecular Dynamics).

The high basal level of phosphorylated LHCII evident in psael-1 plants raised the question
whether the activity of thylakoid-bound LHCII kinase was increased, or the thylakoid-
bound phosphatase activity reduced. The activity of the two enzymes was deduced from the
haf-life of maximum phosphorylation [ty2(phos)] and dephosphorylation [ti.(de-phos)]
caculated from Figures 5.5a and 5.5b. Based on [**P]-labelling in vivo, wild-type and
psael-1 did not differ significantly (Table 5.2). When phosphorylated LHCII, detected by
Western analysis, was used as the basis for calculating ty2(phos) and ty»(de-phos), wild-type
plants had, for both parameters, nearly the same values as found in vivo. In mutant plants,
however, phosphorylation and de-phosphorylation were drastically altered (Table 5.2),
indicating again that a large fraction of LHCII was inaccessible to dephosphorylation.
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Parameter WT psael-1
o ty2(phos) 11 9
in-vivo assay
ty/2(de-phos) 15 13.5
: ty2(ph 12.5 15
Western analysis v2(phos)
t1/2(de-phos) 15 >120

Table 5.2 Half times of phosphorylation and de-phosphorylation of LHCII in
WT and psael-1. Haf-times (min) of phosphorylation [ti,(phos)] and
dephosphorylation [ti,(de-phos)] were derived both from values detected by
phosphoimager in the in vivo assay (see Figure 5.5a) and from Western analysis
evaluated by chemi-luminescence (see Figure 5.5b). t;/2(phos) is the time needed
to reach half-maximal values during low-light-induced phosphorylation (from
t=0 to t=120 [LL]). ty;»(de-phos) is the time needed to reduce phosphorylation to
half-maximal values during the high-light-induced decrease in phosphorylation
(from t=120 [LL] to t=120 [HL]). Both, ty»(phos) and ty,(de-phos) were
calculated by using GraFit5 (Erithacus software).

55 ELECTRON TRANSPORT THROUGH PSI ISALTERED IN psael-1 MUTANT
THYLAKOIDS

In mutant plants, the increased level of LHCII phosphorylation under low light conditions
could be caused by the drastically reduction of the amount of subunit E, involved in the
electron transport (Varotto et al., 2000). In order to elucidate that aspect, the electron flow
through the thylakoid membranes has been investigated.

Linear electron flow from water to NADP® was measured under saturating light in
thylakoids from wild-type and psael-1 leaves. ldentica amounts of NADPH were
synthesized in both genotypes (Table 5.3), even when ferredoxin concentrations were varied
(Figure 5.64). This indicates that in mutant, as in wild-type plants (Haehnel, 1976), under
saturating levels of light, the reduction of cyt be/f, but not the function of PSI, represents the
rate-limiting step for linear electron flow. The addition of DCMU blocks photosynthetic
electron transfer from PSII to PSl, allowing measurement of the electron flow through PSI
in the presence of TMPD as electron donor for plastocyanin. Under these conditions, a
decrease of 35% in NADPH production was observed in mutant leaves (Table 5.3). This
difference increased to about 45% when ferredoxin concentrations were near saturation
(Figure 5.6b)
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The ATP/NADPH ratio was measured in the presence of an inhibitor of the adenylate kinase
(Burlacu-Miron et a., 1998). No significant difference between mutant and wild-type
thylakoids was detected (Table 5.3), indicating that cyclic electron flow was not increased in
the mutant. Interestingly, the ATP/INADPH ratio in psael-1 thylakoids was higher in the
absence of the inhibitor, implying an increase in adenylate kinase activity in the mutant.

Parameter Experimental conditions WT psael-1
nMMOINADPH * (mgChl) *” h'
% of WT
from H,O to NADP" 53+ 1 54+ 1 101.9
(saturating light, -DCMU, -TMPD)
Electron flow from TMPD to NADP 102+ 7 66+ 4 64.7
(saturating light, +DCMU,
+TMPD)
- PpsA 0.91+ 0.003 >2.00 >220
ATPINADPH ratio + PpsA 0.91+0.002 0.91+0.05 100

Table 5.3 Measurements of photosynthetic electron flow in WT and psael-1 thylakoids. NADPH synthesisin
thylakoids was measured spectrophotometrically under saturating actinic light (150 nmol photons mi? s*) and
conditions favoring either electron transport from water to NADP' or electron flow from the artificial electron
donor TMPD via plastocyanin (PC) to NADP' in the presence of DCMU (which inhibits electron flow from
PSII). The ATP synthesis was indirectly measured in presence or absence of the adenylate kinase inhibitor
‘P,Ps-di (adenosine-5) pentaphosphate’ (PpsA) by the increase of absorbance resulting from the enzymatic
reactions involving glucose, hexokinase and glucose-6-P dehydrogenase at the expense of ATP (see Materials
and Methods: chapter 2.11.2).

R . : . Figure 5.6 NADPH-synthesis in WT and mutant
w0 () - e plants. &) Production of NADPH was determined
spectrophotometrically as the increase of
] absorbance at 340 nm minus 390 nm in 3 WT and
] 3 psael-1 plants for a range of ferredoxin
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56 THE THYLAKOID ULTRA-STRUCTURE IS ALTERED IN psael-1
CHLOROPLASTS

It has been reported that the formation of the appressed regions in thylakoid membranes is
most probably due to non-phosphorylated LHCII attached to PSI1 (Allen, 1992b; Allen and
Forsberg, 2001). In order to investigate whether the permanent phosphorylation, as well as
the permanent detachment of a fraction of LHCII from PSII in mutant leaves, could perturb
the thylakoid ultra-structure, electron microscopy analyses were performed (Figure 5.7).
Indeed, the analyses revealed a significant decrease in the number of membrane layersin the
grana stacks of state 1-adapted mutant plants (9 £+ 2) with respect to the number observed in
wild-type plarts (15 £ 2.5), supporting previous finding in maize (Valon et al., 1991).

Figure 5.7 Ultrastructure of WT (a)
and psael-1 (b) thylakoids. To
quantify the difference between WT
and psael-1, fifty thylakoid sections
obtained from dark-adapted plants of
each genotype were considered. The
average number of discs per grana
stack is decreased in the mutant (9 £
2) with respect to wild-type (15 +
2.5). Magnification is 32 000; bar =
1mm
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DISCUSSION

The inactivation of the psaEl gene results in the almost complete suppression of state
transitions. Moreover, in the mutant, the antenna size of PSII is permarently reduced, as
indicated by PSII excitation and emission spectra analysis, and LHCII exists in a stable
complex with PSI. Holo-complexes of LHCI and PSI can be isolated from wild-type
chloroplasts, but the existence of a PSI-LHCII complex was established only on the basis of
indirect evidence (Scheller et al., 2001). The high-molecular-mass complex present in
psael-1 thylakoids represents a PSI-LHCII aggregate, as evidenced by the following
observations. (i) Denaturing gel analysis reveds, in addition to PSI polypeptides, the
presence of an abundant polypeptide with a molecular weight identical to LHCII in the
complex. (ii) Western analysis demonstrates that this extra complex contains PS| proteins
and LHCII. (iii) The molecular weight of the complex is compatible with that of a 1:1
aggregate of PS|I and LHCII trimers. (iv) The aggregate is abundant in thylakoids isolated
from plants grown under conditions that favor phosphorylation of LHCII. (v) The LHCII
attached to PSl is phosphorylated, as expected (Allen, 1992a). Although the PSII antenna
size in mutant plants is reduced to an amost identical extent under state 1- and state 2
favoring conditions, the abundance of the 400-kDa PSI-LHCII aggregate is markedly higher
under low light conditions (state 2-favoring), suggesting a crucial role of light intensity on
the stability of the aggregate.

Most probably, the LHCII binds to a domain of mutant PS| that differs from its normal
docking site on wild-type PSI. Indeed, the PSI from mutant thylakoids showed a decrease in
the abundance of PsalL and PsaH subunits. In particular, the decreased level of PsaH, the
proposed attachment site for LHCII (Lunde et al., 2000), together with the destabilization of
the stromal ridge (PsaC, D and E; Varotto et al., 2000) could generate a more stable, and (as
indicated by PSI excitation spectra) probably nonfunctional, attachment site for LHCII.
The phosphorylation of LHCII, akey step in state transitions, was characterized in detail. In
mutant plants, the level of phosphorylated LHCII increases dramatically. Under conditions
of low light this could be attributable to an over-reduction of the plastoquinone pool and of
cyt be/f, as indicated by the altered 1-gP value (WT: 0.06; psael-1: 0.26; Varotto et al.,
2000), while the activities of LHCII kinase and phosphatase were not altered. In addition,
the decrease in phosphorylation during treatment with high-intensity light proves that the
ferredoxin/thioredoxin-mediated down-regulation of LHCII-kinase activity is functional in
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the mutant. High levels of phosphorylated LHCII were detected even under conditions of
minimal kinase activity (16 h dark or 2 h high-intensity light). Moreover, under reducing
conditions and in the presence of a phosphatase inhibitor, only 50% of the mutant LHCI|
was accessible to de novo phosphorylation, the rest presumably being already
phosphorylated. Taken together, the data on LHCII phosphorylation suggest the existence of
a large pool of LHCII, probably the fraction attached to PSI, that is inaccessible to
dephosphorylation in mutant thylakoids.

Electron microscopy revealed a decrease in the number of membrane layers in the grana
stacks of state 1-adapted mutant thylakoids. This is in agreement with the model of Allen
(1992b; Allen and Forsberg, 2001), which suggests that the formation of stacked domainsin
thylakoid membranes is due to the tendency of nonphosphorylated LHCII to aggregate,
thereby forming large, connected, antenna. In psael-1 thylakoids, the high level of
phosphorylated LHCII alone could be responsible for the destacking of the appressed
regions. In maize and Chlamydomonas reinhardtii, destacking is associated with the
redistribution of cyt bg/f into the PSI-enriched stromal lamellae, a condition that stimulates
cyclic electron flow (Vallonet al., 1991; Wollmann, 2001). In psael-1, cyclic electron flow
is, however, not increased. Interestingly, in the absence of an inhibitor of adenylate kinase,
the ATP/NADPH ratio is significantly higher in the mutant, implying that adenylate kinase
activity in psael-1 is higher than in wild-type. In mutant plants, high levels of
photoinhibition have been observed (Varotto et a., 2000), possibly leading to additional
PSII damage, which would require a higher rate of ATP synthesis for its repair.

In summary, evidences for the presence of two populations of PSI in the mutant plants have
been shown. The 300-kDa fraction contains a wild-type-like PSI, which, although deficient
for one of the two forms of Psak, is most probably still capable of supporting state
trangitions, including the reversible association of LHCII, to some extent. The 400-kDa PSI
fraction, on the other hand, has a significantly different subunit stoichiometry. This results
(1) in the abnormal stability of the novel aggregate, (ii) in the constitutively phosphorylated
state of LHCII, and (iii) in the depletion of LHCII from the PSII antenna. Together with the
noted modification of the membrane layers in the grana stacks of thylakoids, all biochemical
and physiological alterations described for mutant plants contribute to the unique imbalance

in excitation energy distribution between photosystems.



Chapter 6 atmak3-1 (pam21)

6 CHARACTERIZATION OF THE atmak3-1 MUTANT

The photosynthesis affected mutant 21 (pam21) was identified among a collection of T
DNA tagged lines onthe basis of a decrease in the effective quantum yield of photosystem
1. The T-DNA insertion was localised in At2g38130, a single-copy gene encoding for a
protein orthologous to the N-terminal acetyltransferase Mak3p of S. cerevisiae (Tercero and
Wickner, 1992). In yeast, Mak3p is associated with Mak10p and Mak31p forming a trimeric
complex designated as N-terminal acetyltransferase C (NatC) (Polevoda and Sherman,
2001). The MAKS3 gene was first identified from mak3-D strains that did not assemble or
maintain the L-A-HN, M1 dsRNA viral particles (Tercero and Wickner, 1992). This defect
was due to the incapacity of the mutant to acetylate the N-terminal of the GAG viral protein.
Yeast strains mutated in MAK10 and MAK31 genes were also identified and their
phenotypes were identical to the one of mak3-D strain, indicating that each subunit is
essential for the NatC complex functionality (Polevoda and Sherman, 2001). This chapter
reports on the detailed characterisation of pam21 phenotype.

6.1 pam21 PHENOTY PE

pam21 showed a slightly pale green phenotype together with a reduction in size (Figure
6.1a). Comparison of the growth behaviour, by using non invasive image analysis (Leister et
a., 1999), indicated a reduction of the growth rate of mutant plants of about 40% relative to
wild-type (Figure 6.1b). Additionaly, 3-4 week-old mutant plants, were affected in
photosynthetic performances as indicated by the reduction of both Fv/Fm and fluorescence
yidd (F ;) with respect to wild-type plants (Table 6.1). A slight decrease of Chl a/b ratio and
chlorophyll content could be also observed in 3-4 week-old mutant plants suggesting
aterations in thylakoid polypeptide composition. Interestingly, the atered photosynthetic
phenotype and the dlightly pale green colour of leaves disappeared in 5-6 week-old plants,
suggesting that the disrupted gene plays a major role in young developing seedlings.
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Figure 6.1 Phenotype of WT and pam21 plants. a) 4
week-old plants grown under greenhouse conditions.
b) Growth kinetics of pam21 compared to WT plants.
Leaf area was measured in the period from 5 to 20 d
after germination. Bars indicate standard deviation.

WT pam2f

()

wrT

?-: —— pamli
Dy alter :'_-e:u:.:f:'.:llu.'-n
WT pam21 WT pam21

(3-4 week-old) (3-4 week-old) (5-6 week-old) (5-6 week-old)
Fv/Fm 0.83 + 0.004 0.73 £ 0.002 0.82+ 0.01 0.81+0.01
Fu 0.77 £ 0.004 0.66 + 0.037 0.77 £ 0.002 0.75+0.01
Chlalb 3.78 £ 0.09 3.11+0.01 3.47 +0.09 3.23+0.17
Chlatb 1.54+0.04 1.42+0.07 1.07+0.1 117+0.1

Table 6.1 Fluorescence parameters and pigment content (ng of chlorophyll per gram of fresh leaf weight) of

WT and pam2l plants at different developmental stages. Values & SD) are means of 5 independent
measurements.

6.2 THE POLYPEPTIDE COMPOSITION OF THYLAKOID MEMBRANES IS
ALTERED IN pam21

Thylakoid from greenhouse-grown wild-type and mutant plants were isolated and subjected
to two-dimensional PAGE (Figure 6.2a). Individual subunits of the photosynthetic apparatus
were resolved and assigned to PSI, PSII core, ATPase (a -, b-subunits), the oxygen evolving
complex and the magjor light harvesting complex of PSII (LHCII) as described in Pesares et
al. (1995). Densitometric analyses of the 2D protein gel after Coomassie staining showed a
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reduction of the PSII core in mutant thylakoids by 40% relative to wild-type, while the
levels of PSI subunits were reduced by 30% (Table 6.2). A large reduction in the amount of
the a- and b-subunits of ATPase could be aso observed, whereas the LHCII levels were
identical in mutant and wild-type thylakoids. The reduction in the amounts of PSII core and
PSI polypeptides, detected by two-dimensiona PAGE were confirmed by Western analyses
(Figure 6.2b). The D1 subunit of PSII core and the PsaA and PsaB subunits of PSI (CP1) in
mutant thylakoids showed a decrease of about 40% and 25%, respectively, in comparison to
wild-type values (Table 6.2).
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Figure 6.2 Protein composition of thylakoid membranes. a) Identical amount of thylakoid proteins from WT
and pam2l1 were fractionated first by electrophoresis on a non-denaturing Green-PAGE, and then on a
denaturing SDS-PAGE. Positions of WT thylakoid proteins previously identified by Western analyses with
appropriate antibodies are indicated: 1, a- and b- subunits of the ATPase complex; 2, D1-D2 dimer; 3, CP47,
4, CP43; 5, oxygen-evolving complex (OEC); 6, LHCII monomer; 7, LHCII trimer; 8, PsaD; 9, PsaF; 10,
PsaC; 11, PsaH. b) Identical amounts of thylakoid proteins were loaded in lanes WT and pam21. Decreasing
levels of WT thylakoid proteins were loaded in the lanes marked 0.8x, 0.6x, 0.4x, 0.2x WT. Three replicate
filters were probed with antibodies raised against CP1 (PsaA/B), D1 and LHCII.
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WT pam21 Relative level in pam21 [%]
PSI 1.36 0.97 71.32
PSII core 0.83 0.52 62.65
ATPase(a +b) 0.59 0.34 57.62
LHCII 2.27 2.22 97.79
CPl  (western andysis) 7.9 6.02 76.20
D1  (wesenanaysiy 324 1.99 61.41
LHCII (western analysis) 3.7 3.68 99.45

Table 6.2 Analyses of thylakoid protein levels in WT and pam2l mutant plants. Values for
proteins are average optical densities (OD) measured from three independent 2D protein gel
analyses (see figure 6.2a) or in the case of CP1, D1 and LHCII, three independent Western
analyses (see figure 6.2b). Standard deviations were in the range below 8%.

6.3 THE SYNTHESIS RATE OF D1 AND CP47 POLYPEPTIDES IS REDUCED IN
MUTANT PLASTIDS

The transcript amounts of PSII core, PSI and ATPase subunits were monitored by Northern
analyses (Figure 6.3). The level of the psbA transcript (which encodes the D1 protein) was
identical in wild-type and pam21 plants. Identical amount of mMRNA was also observed for
the psbC transcript, which codes the CP43 subunit. The total amount of psbB transcript,
encoding the CP47 protein, was aso unchanged, although accumulation of large transcripts
could be detected in mutant plastids. The transcripts of psaA and psaB genes, encoding the
A and B subunits of PSI, did not show any significant difference in the total amount
between wild-type and mutant plants. However, for the psaA transcripts a dightly increased
amount of the band at 5.2 kb and a decreased amount of the bands smaller than 2.0 kb could
be observed in mutant plants, indicating an ateration in the mRNA maturation process.
Increased amount of the atpA transcript, encoding the a -subunit of ATPase, was observed in
pam2l plants, while no significant change was observed in the amount of the atpB

transcripts, encoding the b-subunit of ATPase.
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Figure 6.3 mMRNA expression. The

WT 2 WT 2 numbers at the right indicate RNA sizgs
o Lo P that were estimated by co-electrophoresis

P | — — 1 — ahi with denatured EcoRI/Hindlll fragments
) pral | ! 41 | of lambda DNA. 30 ng of WT and pam21

] — — 4 total RNA were transferred to a
T —— 2 | R nitrocellulose filter and hybridised with
cDNA fragment probes of the fllowing
410 genes: psbA, psbB, psbC, psaA, psaB,
:' +17 - . <44 | atpA and atpB. To control for RNA

loading, the filter was re-probed with a

—— g ** | cDNA fragment derived from the APT1
L 1 Y - gene, which is expressed at alow level in
= . _ al tissues of Arabidopsis (Moffat et al.,
i 1994).
T — — 5 | .  BESE

Since no marked decrease in the amounts of plastome transcripts was doserved in mutant
plants, the possibility that the reduced levels of thylakoid polypeptides were due to a defect
in protein synthesis was tested. For this porpoise, the association of psbA, psbB, psbC and
psaA transcripts with polysomes was analysed (Figure 6.4). Total leaf lysates were
fractionated on sucrose gradients under conditions that maintain polysome integrity
(Barkan, 1998). Specific mRNAs were localised in the gradients by performing Northern
analyses with RNA purified from gradient fractions. The distribution of the pshC mMRNAs
was similar in the gradients containing mutant and wild-type samples, whereas psbB
transcripts were associated with dightly smaller particles in the mutant samples. On the
contrary, the psbA transcripts of mutant plants were more abundant in the heavier sucrose
gradient fractions in comparison to wild-type samples. The psaA transcript distribution was
similar between wild-type and mutant samples although reduced amounts of low molecular
weight mRNAs could be observed in pam21 samples, reflecting the altered transcript
maturation observed with the mRNA quantification analyses (see Figure 6.3).
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Figure 6.4 Association of chloroplast mRNAs with polysomes. Total extracts from 4 week-old WT and
pam21 plants were fractionated on sucrose gradients. 14 fractions of equal volume were collected from the top
to the bottom of the sucrose gradients. An equal proportion of the RNA purified from each fraction was
analysed by gel-blot hybridisation. Transcripts of psbA, psbB, psbC and psaA were detected with cDNA -
specific probes.

To test whether the altered polysome association with the psbA and psbB transcripts could
reduce the rate of protein synthesis, in vivo trandation assays were performed. Y oung leaves
of wild-type and pam21 plants were incubated with [**S]methionine in presence of light for
10 minutes. Subsequently, thylakoid membranes were isolated and polypeptides were
fractionated by using a Blue-Native PAGE in the first dimension and a denaturing SDS-
PAGE in the second dimersion. Accumulation of labelled D1 subunit was markedly
reduced in mutant leaves, whereas LHCII accumulated to a similar extent in wild-type and
mutant plants (Figure 6.5a-b) (Table 6.3). To assess the rate of synthesis of the other
thylakoid proteins, the labelling was performed for alonger period (30 min) (Figure 6.5¢c-d).
In this case, areduced accumulation of radiolabelled CP47 could be also observed in mutant
samples, while CP43, as well as most of the other thylakoid proteins, accumulated to wild-
type levels (Table 6.3). These results, together with the altered polysome association,
demonstrated that psbA and psbB transcripts are trandated inefficiently in pam21 plants.
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Figure 6.5 In vivo synthesis of thylakoid proteins in primary leaves of 3 week-old mutant and WT plants. The
results of one of three independent experiments are shown. 100 mg of leaves were incubated with
[*®*SImethionine for 10 (a-b) or 30 min (c-d) under illumination. Thylakoid proteins were isolated from WT and
mutant leaves, separated by Blue-Native PAGE in the first dimension and SDS-PAGE in the second
dimension, electro-blotted onto a nylon membrane and analysed by fluorography. The labelled bands
correspond to the following proteins as identified by Mass-spectrometry analyses: 1, PsaA-B; 2, ATP a-b; 3,

CP47; 4, CP43; 5, D1; 6 LHCII trimer; 7 LHCII monomer.

WT pam21 Relative level in pam21 (%)
D1 (10 min labelling) 0.72 0.31 50
LHCII  (20min labeling) 0.052 0.051 98
D1 (30 min labelling) 4.6 2.5 54
CP47 (30 min labelling) 0.4 0.23 57
CP43 (30 min labelling) 0.69 0.71 102.9
LHCIlI  (30min labdling) 2.6 2.57 98.8
PsaA-B (30 min labelling) 0.8 0.74 92.5

Table 6.3 Quantification (optical densities) of signals of the labelled proteins observed in Figure 6.5. Standard

deviation isin the range below 8%.
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6.4 THE pam21 MUTATION ISDUE TO A T-DNA INSERTION IN THE At2g38130
GENE

Southern analysis of six different pools of mutant plants (10 plants per each pool) using the
5-end of the AC106 T-DNA as a probe revealed the presence of one T-DNA copy (Figure
6.6a). The T-DNA copy co-segregated with the pam21 phenotype (Figure 6.6b). Isolation of
genomic sequences flanking both termini of the T-DNA was performed (see Materials and
Methods: chapter 2.4) and yielded in the identification of the insertion site. The FDNA
insertion was located in the third intron of the At2g38130 gene at position 1 077 bp relative
to the first ATG codon (Figure 6.6c). Northern analysis using an At2g38130 cDNA specific
probe revealed that the T-DNA insertion drastically destabilised the At2g38130 transcript
(Figure 6.6d).
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Figure 6.6 T-DNA insertion site. a) Southern analysis performed with DNA extracted from 6 different pools
of mutant leaves. After digestion with Sful and blotting, the filter was hybridised with a probe matching the
left border of T-DNA. b) The presence of T-DNA insertion in WT and mutant plants was monitored by PCR.
In row # 1 a primer specific for the left border of F'DNA and a primer matching upstream the T-DNA
insertion were used for the amplification. In row # 2 primers specific for the gene, one matching upstream and
the other one downstream the T-DNA insertion, were used for the amplification. All mutants resulted to be
homozygous for the T-DNA insertion, while the WT plants were either heterozygous for the T-DNA insertion
or without any insertion. ¢) The At2g38130 gene is disrupted by the insertion of the 5.8 Kb AC106 in the third
intron. The T-DNA insertion is not drawn to scale. Lower case letters indicate plant DNA sequence flanking
the T-DNA.. d) Northern analysis of the At2g38130 transcript in mutant and WT plants. 30 ng samples of total
RNA were analysed using as probe a fragment of At2g38130 cDNA. To control for RNA loading, the blot was
re-probed with a cDNA fragment derived from the APT1 gene, which is expressed at alow level in all tissues
of Arabidopsis (Moffat et al., 1994).
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The wild-type phenotype could be fully restored by Agrobacterium tumefaciens mediated
transformation of pam21 plants with the At2g38130 genomic DNA together with 1 Kb of
the native promoter region. In al of the transformants effective quantum yield of PSII (F ),
pigmentation and growth behaviour did not differ from wild-type plants. Moreover, in the

transformant progenies the wild-type phenotype segregated with the transgene (Figure 6.7).

T2 GENERATION WT pam21

1 week-old plants

2 week-old plants
1st BASTA treatment

3 week-old plants
2nd BASTA freatment

Figure 6.7 Complementation test. Mutant plants were transformed with At2g38130 genomic DNA together
with the native promoter ligated into the plant expression vector pP001-V S. Transgenic plants were selected
on the basis of their resistance to BASTA herbicide. Successful complementation was tested in T2 generation
by measurements of chlorophyll fluorescence and growth.

Database searches of the completely sequenced Arabidopsis genome reveaded that
At2g38130 is a single-copy gene. The predicted coding region is entirely covered by
overlapping ESTs. The encoded protein of 190 amino acid residues shares sequence
homology with two dozens of eukaryotic proteins belonging to Metazoa, Mycetozoa,
Euglenozoa and Fungi, including the yeast N-terminal acetyltransferases Ard1lp, Nat3p and
Mak3p, as well as five archaebacteria protein sequences (Figure 6.8). At2g38130 was most
homologous to a human protein (60/68%), two Drosophila proteins (60/66% and 55/62%,
respectively), Mak3p of S cerevisiae (52/62% identity/similarity), a protein of S. pombe
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(50/63%), and a C. elegans protein (48/59%) (Figure 6.9). All four domains indicative for
N-acetyltransferases (Neuwald and Landsman, 1997) are present in At2g38130. Positions at
which in S. cerevisiae point mutations abolish Mak3p function (Tercero et al., 1992) are

strictly conserved in al proteins considered in Figure 6.8.
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Figure 6.8 Phylogenetic tree of homologues of At2g38130 based on distance-matrix phylogeny calculations.
Protein Gl accession numbers are provided with the exception of the A. thaliana proteins, for which the MIPS-
code (http://mips.gsf.de/proj/thal/db/index.html) is given. The archaebacterial clade is highlighted by grey
hatching, while Gls of eukaryotic sequences are indicated by different colours or backgrounds: metazoans,
white on grey background; fungi, black on a grey background; flowering plants, white on a green background,
and mycetozoans or euglenozoans are indicated by boxes without filling. The treeis unrooted.
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Figure 6.9. Comparison of Mak3p-like sequences from eukaryotes. The amino acid sequence of the
At2g38130 protein was compared with orthologous sequences from S. cerevisiae (Mak3p), S. pombe (Gl:
7492223), D. melanogaster (Gl: 7511971; Gl: 7292084), C. elegans (Gl: 17557298), and H. sapiens(Gl:
17476873). Black boxes indicate strictly conserved amino acids; grey boxes closely related amino acids. The
symbol ‘ + refersto positions of point mutations that abolish Mak3p function (Tercero et al., 1992). Conserved
sequence stretches (motifs A to D) which are involved presumably in the binding of acetyl-CoA are indicated
according to Neuwald and Landsman, (1997).
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6.5 THE At2g38130 PROTEIN IS LOCATED IN THE CYTOSOL AND CAN
FUNCTIONALLY REPLACE Mak3p IN YEAST

The At2g38130 protein sequence did not show any recognisable transit peptide for the
import into chloroplasts or mitochondria suggesting that the protein is located in the cytosol.
In order to verify that, At2g38130 was fused with the red fluorescence protein (RFP) from
reef corals and the construct was used to transfect tobacco protoplasts (see Materias and
Methods: chapter 2.13). Cells harbouring the At2g38130-RFP fusion protein showed readily
detectable red fluorescence with a cytosolic distribution (Figure 6.10a-b), thereby
confirming the cytosolic localisation of At2g38130 protein. As a control, tobacco protoplasts
were transfected with RFP and the reporter protein could be localised in the cytosol and due
to its small size dso in the nucleus (Figure 6.10c-d).

Ar2g38230-RIFP

Figure 6.10 Fluorescence microscopy of mesophyll tobacco protoplats (SR1) transfected with the At2g38230-
RFP fusion protein (a) or with the red fluorescence protein (RFP) (c). Bright field (b-d) are presented as

references for the different optical section being viewed. Scale bar, 10 rm.
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The high sequence homology between At2g38130 protein and Mak3p from S. cerevisiae
indicated a similar function for the two proteins. In order to verify that, a yeast strain
defective for Mak3p activity (mak3-1) was transformed with the pH7 expression vector
(Edskes et a., 1999) carrying the cDNA of At2g38130 gene under control of the ADH1
promoter, and then tested for its capacity to propagate the L-A-HN, M1 dsRNA virus (see
Materials and Methods: chapter 2.8). The virus killer assay (Figure 6.11) showed that the
yeast strain, harbouring the Arabidopsis gene (mak3-1/pAtMAKS3) behaved like the wild-
type yeast strain (mak3-1/pScMAK3): killing zones (white circles) were present around the
yeast colonies, proving that the At2g38130 protein is an N-termina acetyltransferase
enzyme orthologus of yeast Mak3p. Because the PAM21 locus corresponds to the
At2g38130 gene that encodes the Arabidopsis orthologue of Mak3p, the At2g38130 protein
was called AtMAK3 and the pam21 mutant was renamed atmak3-1.

mak3-1
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mak3-1 [ pScMAK3
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Figure 6.11 Yeast complementation test. The mutant yeast strain mak3-1
was transformed with the Saccaromyces cerevisiae MAK3 gene (mak3-
1/pScMAK?3) and with the Arabidopsis orthologue of MAK3 (mak3-
1/pAtMAKS3). After cytoduction (Ridley et al., 1984), the three yeast
strains were tested for their capacity to propagate the L-A-HN M; dsRNA
virus. The mak3-1/pScMAK3 strain and the strain carrying the At2g38130
gene (Mmak3-1/pAtMAK3) were able to propagate the virus as shown by
the presence of the killing zones (white circles) surrounding the yeast
colonies

69



Chapter 6 atmak3-1 (pam21)

6.6 AIMAK3 INTERACTSWITH THE ARABIDOPSIS ORTHOLOGUE OF Mak10p
The yeast Mak3p protein forms with Mak10p and Mak31p the N-terminal acetyltransferase
C complex (NatC complex) (Polevodova and Sherman, 2001). In particular, a proteome-
wide analysis of protein-protein interactions in S. cerevisiae showed that Mak3p interacts
with Mak10p, and that Mak31p can interact with Mak10p (Uetz et al., 2000). Moreover, the
Mak3p-Mak10p-Mak31p trimeric complex was isolated by using a tandem affinity
purification method (Rigaout et a., 1999).

In order to investigate whether the NatC complex exists also in Arabidopsis, orthologues of
Mak10p and Mak31p were searched within the Arabidopsis protein database. The yeast
Mak10p amino acid sequence showed 35% similarity with the Arabidopsis At2g11000
protein (Figure 6.12a), an tnknown protein having a domain similar to the lipid attachment
site of prokaryotic membrane lipoproteins. The yeast Mak31p had 52% similarity with two
Arabidopsis snRNP Smtlike proteins, At3g11500 and At2g23930 sharing 99% of identity
(Figure 6.12b). The Sm-like proteins (spliceosomal-like proteins) are small nuclear
ribonucleoproteins (sSNRNP) involved in various functions including preemRNA splicing,
tRNA processing, rRNA maturation, telomeric DNA synthesis. However, the At3g11500
and At2g23930 proteins lacked a glycin or cystein at position 107, as numbered according to
the alignment of Sm domains, which is present in al the other members of the Sm protein
family (Seraphin, 1995). Moreover, Mak31p did not precipitate any of the tested RNASs
(Seraphin, 1995), indicating that Mak31p and its Arabidopsis orthologues do not belong to
the Smtlike protein family.

Subsequently, the existence of interactions among AtMAK3, At2g11000 and At3g11500
were tested by two hybrid assays (see Materials and Methods. chapter 29). The AtMAK3
fused to the GAL4 DNA binding domain was expressed in yeast together with the
At2g11000 protein fused to the GAL4 activation domain. Y east cells were able to grow very
robustly in medium lacking histidine and adenine and they became blue in the LacZ test
indicating that AtMAK3 and At2g11000 interact (Figure 6.13a). However, no interaction
could be observed between At3g11500 and At2g11000 (Figure 6.13b) and between
AtMAK3 and At3g11500 (Figure 6.13c).
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Mak10p YEAST ~  cceemmeeooo-- MEVDSI L s 46
At 2g11000 MQSVREDEDSSSPI H-DSKT NS 60
Mak10p YEAST % S- - -BlL| ELTA= FDVN - - - - VAYDPI AARAD = HRRE 98
At 2911000 TFYSI O= SGFAPVPI SSDS (8| [VDHL L IE 120
Mak10p YEAST LND{ (TESLLSSLVKGITAGSSI8TGNI L LGV/CYLTK 158
At 2g11000 VLRPER- - TSSQALL ORVI RAT! W/SDARTNEE 177
Mak10p YEAST FVQKL|[ES, LNFN NLP VI NSLIJESLQILIEAYSPDSLHLTME 218
At 2911000 EDLFT S RA( wELI=PLQSNPI 237
Mak10p YEAST KH | L V'LE LT------------ DYSTKTS[gH ENAN NG| FP S 265
At 2g11000 EESF FLHAL NCVRRPQGRGELELARK[g GY D 297
Mak10p YEAST PPKGAFSTYI QKHRSNQFHgRKI TKLPTDYSGHI LLV E ETYQFAK 325
At 2g11000 | FENEVNEI EESTT g GFDPTLNKRL KAl [ KLLHNLD 357
Mak10p YEAST FFENKLE FFI R CKFSYT® HVKEFS- - AQTRSEFE! €N 383
At 2g11000 Kl CAFSLEP | QFQKYE ARAHL{®L L (MYQDGKLY GRDTFLj! AL 417
Mak10p YEAST =8I QESSNWL YQ)CSENT €C-)RQLI LWDSL QAQFE WNCSWIYFMKLS 443
At 2g11000 B SKNHGL HTN=YI L{6LNEMS AVGEMVEQDT SRSSKNGDKSL LIHL G GLEEQ NW 476
Mak10p YEAST S GFDLDI Y[} =AYSW ETFLKDSQN Al HSI 503
At 211000 V. Lz mpiNSESiE YOMATNN! [5- - - IVKLAERARFRYLI VYN TEE 476
Mak10p YEAST KLKA RF DNENE O‘TK I N T <SLCLI EVFQFAI LKSF 563
At 2911000 DRI SUIVLFlikcgroL Aeel TVMEAABRNEGVBL[§- - - - - - - - - - - - - - - - 577
Mak10p YEAST GLI DNKNS]JPS =RL1 HNL =L PEYEEVEQUIL KDFVIEEKGAAFDI K 623
At 2g11000  -------- E NT[ENEKFI ELL =Y ESlgSKETSHARED- - - - - - - - - 620
Mak10p YEAST LERATNFI ETBYRNVVSSI NGEDNNGVLVTGIRLVQEL SREYYCK| TSKAL 683
At 2g11000 0 -------- YLRYYEYFHDA VeYAN\---------- DPD /AERN 662
Mak10p YEAST TLKK KNKD{gEY KVELVHT TE Hadl Q'I'ﬁl KQDRYK 733
At 2911000 SFEREHP- - ---------- FATAVVRRS- - - - - 695
(b)

Mak31p YEAST ----MDI L | I=CRI L VGSLWAYD 55
At 3911500 MBRSGQPP DKI ANRW\VGIL=d=CeF 60
At 2923930 MSRSGQPPI ANRWTGILzGgCex 60
Mak31p YEAST VP! LCELTANKVELVANI V 87
At 3911500 EA GRS- ------------ 79
At2923930  VIRG\EIVIEALERYGRSS- - - - - - - ----- 80

Figure 6.12 Amino acid sequence comparison of yeast Mak10p (a) and yeast Mak31p (b) with
orthologous sequences from Arabidopsis thaliana. Black boxes indicate strictly conserved amino

acids; grey boxes closely related amino acids.
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Permissive Plate Sdlective Plate LacZ test

AtMAK3
+

At2g11000

At3g11500
+

At2¢11000

AtMAK3
+
At3g11500

Figure 6.13 a) AtMAKS3 cloned into the pAS2-1 vector (bait vector) was tested for interaction with At2g11000
cloned either into pGAD424 (1 and 2) or pGADT7 (3 and 4). Colonies 5, 6, 7, 8 are controls: #5 contains
AtMAK3-pAS2-1 together with empty pGAD424; #6 contains empty pAS2-1 together with At2g1100-
pGADA424; #7 contains AIMAK3-pAS2-1 together with empty pGADT7. #8 contains empty pAS2-1 together
with At2g1100-pGADT?7. b) At3g11500 cloned into pAS2-1 vector (bait vector) was tested for interaction with
At2g11000 cloned either into pPGAD424 (1 and 2) or pGADT7 (3 and 4). Colonies 5, 6, 7, 8 are controls; #5
contains At3gl1500-pAS2-1 together with empty pGAD424; #6 contains empty pAS2-1 together with
At2g1100-pGAD424; #7 contains At3gl1500-pAS2-1 together with empty pGADT7; #8 contains empty

pAS2-1 together with At2g1100-pGADTY. c) AtMAK3 cloned into pAS2-1 vector (bait vector) was tested for
interaction with At3g11500 cloned either into pPGAD424 (1 and 2) or pGADT7 (3 and 4). Colonies 5, 6, 7, 8
are controls. #5 contains AtMAK3-pAS2-1 together with empty pGADA424; #6 contains empty pAS2-1
together with At3g11500-pGA D424; #7 contains AIMAK3-pAS2-1 together with empty pGADT7; #8 contains
empty pAS2-1 together with At3g11500-pGADT7. The AH109 yeast strain carrying reporter genesinvolved in
the biosynthesis of histidine and adenine was used to test growth on selective plates. The Y190 yeast strain
carrying the b-gal actosidase reporter gene was used in the LacZ test.
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DISCUSSION

The pam21 mutation is due to a T-DNA insertion in the third intron of the At2g38230 gene.
At2g38230 mRNA could not be detected in the mutant and complementation of pam21 with
the At2g38230 genomic DNA together with the native promoter resulted in the restoration
of the wild-type phenotype. The At2g38230 gene product is located in the cytosol as
predicted and its amino acid sequence shows high similarity to proteins of H. sapiens
Drosophila, C. elegans, S pombe and to the N-terminal acetyltransferase Mak3p of S
cerevisae. Complementation of the yeast mak3-1 strain with the At2g38230 cDNA
indicated that the At2g38230 (AtMAKS3) protein is a N-terminal acetyltransferase.

N-terminal acetyltransferases have been extensively described in yeast. In particular, S
cerevisiae contains three types of N-terminal acetyltransferases, designated as NatA, NatB
and NatC each acetylating a different set of proteins with different N-terminal regions
(Polevoda et d., 1999; Polevoda and Sherman, 2001). The NatC complex is a trimer,
formed by the association of Mak10p, Mak31p and the catalytic subunit, Mak3p (Rigaut et
a., 1999), and it is required for the N-terminal acetylation of the killer viral maor coat
protein, GAG, that has a mature Ac-Met-LewrArg-Phe terminus (Tercero and Wickner,
1992; Tercero et al., 1993). The absence of Mak3p in yeast mutant strains prevents the
assembly and propagation of L-A-HN, M; dsRNA vira particles and reduces growth on
media containing nonfermentable carbon sources, such as glycerol (Tercero et al., 1993).

In Arabidopsis, the disruption of the AtMAKS3 causes a complex phenotype: plants are
dightly pale green, the growth rate is decreased and the photosynthetic performance is
impaired. The atered phenotype is present only in young developing plants, while in 56
week-old plants photosynthesis and pigment content of leaves are identical to wild-type
plants. Analyses of thylakoid polypeptide composition showed a reduced amount of PSI,
PSII core and a- and b-subunits of ATPase, explaining the altered values of Fv/Fm and F
observed in atmak3-1 plants. In contrast, the atpA transcript amount increased in mutant
plants, while the abundance of psbA, psbC, psaB, atpB mRNASs was unaltered. The psaA
transcripts showed an increased amount of the 5.2 kb band in mutant plants together with a
reduction in the abundance of the bands smaller than 2 kb, indicating an alteration in the
MRNA maturation process. A similar alteration could be also observed in the psbB

transcripts where an increased amount of the 5.7 kb band was visible. Interestingly, the
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altered maturation of the psbB transcripts was also present in the prpl11-1 mutant affected
in the chloroplast trandation (see Chapter 4).

Taken together, the data indicate that the atered photosynthetic phenotype of atmak3-1
plants is caused by a post-transcriptional defect such as mRNA maturation, reduced protein
synthesis or increased protein degradation To clarify this aspect, in vivo tranglation assays
were performed and a drastic reduction of labelled D1 and CP47 subunits could be observed
In mutant plants while CP43 and most of the other thylakoid subunits were present at wild-
type levels. The concomitant reduction of D1 and CP47 synthesis is a well-known
phenomenon termed control by epistasy of protein synthesis (CES) (Choquet and Vallon,
2000). In particular, it has been reported that the trandation rate of CPA47 is regulated
according to the amount of D1 in order to prevent accumulation of antenna proteins not
directly associated with the PSI1 reaction center (de Vitry et a., 1989). The possibility that a
defect in D1 synthesis in atmak3-1 could reduce the synthesis of CP47 was supported by
polysome association analysis. Indeed, the psbA transcripts of mutant plants migrated in a
larger amount with the heavier polysome particles indicating a defect during the trandation
elongation. Contrarily, the psbB transcripts were associated with lighter polysome particles,
most probably due to the down-regulation of trandation initiation. Moreover, the trandation
rate of PsaA, PsaB, and a- and b-subunits of ATPase was not altered in mutant plants,
indicating that the reduced amount of these polypeptides observed by densitometric and
immunoblot analyses had to be attributed to an increased degradation. Although the defect
in D1 and CP47 protein trandation can easily explain the altered photosynthetic
performances of atmak3-1, it is more difficult to understard how the absence of a cytosolic
N-terminal acetyltransferase can affect photosynthesis. The possibility that the altered
photosynthetic phenotype observed in atmak3-1 plants is a secondary effect of a major
ateration in mitochondria has to be considered. Indeed, Tercero et al. (1993) suggested that
the reduced growth of mak3-1 yeast strain on glycerol medium had to be attributed to the
lack of N-terminal acetylation of the mitochondrial proteins kdglp (a-ketoglutarate
dehydrogenase), Fumlp (fumarate dehydratase), and Mrplp (a mitochondrial ribosomal
protein) that all contain Met-Leu-Arg-Phe termini, smilar to GAG protein. However, the
only way to explain the atered photosynthetic phenotype is to identify proteins acetylated
by AtMAK3. For this purpose, the N-terminal sequences of proteins acetylated by NatC in
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yeast could be a useful tool to identify possible targets in Arabidopsis. Additionally, the
isolation of proteins from wild-type and atmak3-1 leaves labelled with [C'*]acetate is

certainly another drategy to consider in order to identify the targets of acetylation and
therefore to clarify the role of AAIMAKS.
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SUMMARY

Photosynthesis enables life on earth by producing organic materials to the biosphere.

Although the photosynthetic process has been extensively studied, many aspects still remain
to be clarified. The isolation of photosynthetic mutants and the identification of the affected
genes are important steps to increase the knowledge of this process. In this thess,
photosynthetic mutants were isolated, based on their atered values of photosystem Ii
effective quantum yield ¢ ;). During the screening of more than 2000 insertion tagged
lines, 18 photosynthesis affected mutants (pam) have been identified, and for five of them
the disrupted genes were isolated. The corresponding genes are involved in different levels
of chloroplast functions, including chloroplast trandation (paml4/prplll-1 and
pam15/PROLYL tRNA SYNTHETASE), thylakoid electron transport (pamé/psael-1), heme
biosynthesis (pam20/hyl) and co-trandational protein modification (pam2l/atmak3-1).
Three of the mutants were characterised in detail at the molecular and physiological level.
The prpl11-1 mutant was disrupted in the gene coding for the L11 subunit of chloroplast
ribosomes. The complete absence of this protein did not affect the ribosome stability and
polysome assembly, however a drastic reduction of the chloroplast trandation rate could be
observed. The psael-1 mutant showed a marked decrease in the levels of E subunit of
photosystem | (PSl). Electron transport measurements indicated that the E subunit is
essential for the electron flow through PSI. Moreover, the almost complete absence of PsaE
drastically inhibits photosynthetic state transitions. In particular, a permanent
phosphorylation of a fraction of light harvesting complex of photosystem Il (LHCII),
together with the formation of a stable complex between phosphorylated LHCII and PSI,
was observed. In fact, this is the first time that such a complex could be isolated. atmak3-1
was the only mutant isolated in this thesis, which was affected in a protein located in the
cytosol. The disrupted gene encodes an orthologue of the S cerevisae N-terminad
acetyltransferase Mak3p, and causes a drastic reduction of the trandation rate of D1 and
CP47. Complementation analysis revealed that AtIMAK3 can functionally replace the yeast
protein. Moreover, the AtMAKS3 interacts with the Arabidopsis orthologue of the yeast
Mak10p in two hybrid experiments, implying that a yeast NatC- like complex also operates
in higher plants.
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ZUSAMMENFASSUNG

Photosynthese ermdglicht das Leben auf der Erde durch die Produktion von organischem
Material fUr die Biosphare. Obwohl der photosynthetische Prozef3 sehr genau studiert

wurde, sind noch viele Aspekte zu kléren. Die Isolierung photosynthetischer Mutanten und
die Identifizierung der betroffenen Gene ist ein entscheidender Schritt das Wissen tber die
Kenntnis dieses Prozesses zu vergrolRern. Im  Rahmen dieser Arbeit wurden
photosynthetische Mutanten, basierend aif ihren veranderten Werten fur den Quantum-
Ertrag von Photosystem |1 isoliert. Bei der Durchmusterung von mehr als 2000 Insertions-
markierten Linien (insertion-tagged lines) wurden 18 Photosynthese betroffene Mutanten
(pam) identifiziert. Fir funf von diesem wurden die unterbrochenen Gene isoliert. Die
korrespondierenden Gene sind auf verschiedenen Niveaus plastidérer Funktionen involviert,
einschliefdlich ChloroplastenTrandation (paml4/prplll-1 und paml5/PROLYL tRNA
SYNTHETASE), thylakoidarem Elektronentransport (pamd/psael-1), Ham Biosynthese
(pam20/hyl) and co-trandationaler Proteinmodifikation (pam2l/atmak3-1). Drei dieser
Mutanten wurden im Detaill auf molekularer und physiologischer Ebene untersucht. Die
prpl11-1 Mutante hat eine Insertion im Gen fur die L11-Untereinheit von Chloroplasten
Ribosomen. Das génzliche Fehlen dieses Proteins beeintréchtigt die Ribosomen Stabilitét
und das Polysomen"assembly" nicht. Es lief3 sich jedoch eine drastische Reduktion der
ChloroplastenTrandationsrate beobachten. Die psael-1 Mutanten zeigte eine deutliche
Abnahme in der Menge der E Untereinheit von Photosystem | (PSl). Messungen des
Elektronentransports zeigten, dal3 die EUntereinheit essentiell fur die Elektronenflul® durch
PSI ist. Aulerdem inhibiert die nahezu génzliche Abwesenheit von PsaE drastisch die
Transitionen des photosynthetischen Zustandes. Im Besonderen liefd sich eine permanente
Phosphorylierung einer Fraktion des "light harvesting complex" von Photosystem i
(LHCII) zusammen mit der Bildung eines stabilen Komplexes zwischen phosphoryliertem
LHCII und PSI beobachten. Tatsachlich ist dies das erste Mal, dal3 ein solcher Komplex
isoliert werden konnte. atmak3-1 ist die einzige Mutante in dieser Arbeit, die durch ein im
Cytosol lokalisiertes Protein beeintréchtigt wird. Das unterbrochene Gen kodiert ein
Orthologes der Scerevisiae N-terminalen Acetyltransferase Mak3p und verursacht eine
drastische Reduktion der Trandationsrate von D1 und CP47. Die Komplementationsanalyse
zeigte, dal3 AtMAKS3 das Hefeprotein funktionell ersetzen kann. Auferdem interagiert
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AtMAK3 in 2hybrid Experimenten mit dem Arabidopsis-Orthologen des Hefe Mak10p,
was darauf hindeutet, dal3 der Hefe NatC-ahnliche Komplex auch in hoheren Pflanzen
arbeitet.
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