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Photosystem II (PSII), the enzyme responsible for photosynthetic oxygen evolution, is a rapidly turned over membrane

protein complex. However, the factors that regulate biogenesis of PSII are poorly defined. Previous proteomic analysis of

the PSII preparations from the cyanobacterium Synechocystis sp PCC 6803 detected a novel protein, Psb29 (Sll1414),

homologs of which are found in all cyanobacteria and vascular plants with sequenced genomes. Deletion of psb29 in

Synechocystis 6803 results in slower growth rates under high light intensities, increased light sensitivity, and lower PSII

efficiency, without affecting the PSII core electron transfer activities. A T-DNA insertion line in the PSB29 gene in

Arabidopsis thaliana displays a phenotype similar to that of the Synechocystis mutant. This plant mutant grows slowly and

exhibits variegated leaves, and its PSII activity is light sensitive. Low temperature fluorescence emission spectroscopy of

both cyanobacterial and plant mutants shows an increase in the proportion of uncoupled proximal antennae in PSII as

a function of increasing growth light intensities. The similar phenotypes observed in both plant and cyanobacterial mutants

demonstrate that the function of Psb29 has been conserved throughout the evolution of oxygenic photosynthetic organisms

and suggest a role for the Psb29 protein in the biogenesis of PSII.

INTRODUCTION

All oxygenic photosynthetic organisms, from cyanobacteria to

vascular plants, rely on the activity of the photosystem II (PSII)

pigment protein complex to transfer electrons from water to

plastoquinones, a process that is driven by solar energy (Ruth-

erford, 1989). Prior to the evolution of PSII, bacterial photosyn-

thesis utilized reduced sulfide compounds as electron donors in

photosynthetic processes. The evolution of oxygen evolving

cyanobacteria;3 billion years ago transformed the atmosphere

and chemical composition of the planet by causing O2 levels to

increase (Blankenship and Hartman, 1998). Later, endosymbio-

sis of a cyanobacterium into a eukaryotic cell led to the evolution

of eukaryotic algae and vascular plants (Yoon et al., 2002).

A number of recent structural studies have provided a detailed

picture of the ;640-kD PSII dimer complex (Rutherford and

Boussac, 2004). Electron transport in PSII is initiated by an

assembly of chlorophylls located at the center of the PSII mono-

mer, termed P680. Electrons are transferred from P680 through

a succession of cofactors to the QB plastoquinone binding site.

P680
þ is rereduced through the action of the water-splitting ap-

paratus on the luminal side of PSII, which contains four man-

ganese ionsandone calcium ion ascatalytic cofactors (Rutherford

and Boussac, 2004). These cofactors, together with the proteins

that ligate them and participate in electron transfer reactions,

define the core of the PSII reaction center. In addition, PSII con-

tains aproximal chlorophyll-containing antennasystemcomposed

of the CP43 and CP47 proteins. The proximal antenna system

participates in light harvesting and in excitation energy transfer

fromdistal antennacomponents to the reactioncenter core (Ferreira

et al., 2004). The distal antenna complexes, phycobilisomes in cya-

nobacteria, and light-harvesting complex II (LHCII) in plants extend

the spectral range and efficiency of PSII (Grossman et al., 1995).

Structural studies have provided a detailed but static de-

scription of PSII. In parallel, the study of the dynamic features of

the photosynthetic apparatus has revealed a number of mech-

anisms that participate in the modulation of PSII activity. Among

these are processes involved in the fine-tuning of light harvest-

ing through LHCII phosphorylation and carotenoid deepoxida-

tion (Keren and Ohad, 1998), long-term adaptations to changes

in light intensity and quality by synthesis and degradation

of specific antenna components (Grossman et al., 1995), and

mechanisms that protect against light damage by rapid turnover

of the PSII reaction center core protein D1 (Keren and Ohad,

1998). The extent to which PSII regulatory processes take place

suggests the involvement of a large number of modifying

enzymes and regulatory pathways. The identities of only a few

of these proteins have been revealed in a number of recent

studies. Among these are the Stt7 kinase that regulates the

antenna system (Depege et al., 2003), the PsbS protein that is

involved in the quenching of excitation energy (Li et al., 2002),

Alb3.1p that is involved in the assembly of PSII (Ossenbuhl et al.,

2004), and the DegP2 and FtsH proteases that are responsible

for the degradation of the D1 protein as a part of a repair cycle

(Adam and Ostersetzer, 2001).
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In order to extend our knowledge of the protein subunits

involved in the biogenesis and regulation of PSII, we have

embarked on a proteomic study of an isolated His-tagged PSII

preparation from the cyanobacterium Synechocystis sp PCC

6803 (Bricker et al., 1998). The isolated PSII preparation con-

tained all of the confirmed PSII subunits as well as a number of

novel proteins (Kashino et al., 2002). Among these were two

proteins homologous to the PSII oxygen-evolving enhancer

proteins, PsbP and PsbQ, which were previously considered to

be present only in chloroplasts. Analysis of disruption mutants in

both proteins has verified their functions in enhancing oxygen

evolution in cyanobacteria, much like their vascular plant coun-

terparts (Thornton et al., 2004).

Among the proteins found in isolated PSII complexes are

a number of proteins that did not show significant homology to

any other protein with known function (Kashino et al., 2002).

Following the nomenclature for PSII proteins, these proteins

were referred to as Psb27 through Psb30 (Kashino et al., 2002).

These novel proteins were found in all of the PSII preparations

analyzed in that study, but their concentrations were substoi-

chiometric. Therefore, while the function of these proteins might

be related to PSII activity, it remains possible that they were

contaminants present in the isolated PSII preparation. In this

work, we have examined one of these proteins, Psb29, using

disruption mutants in psb29 genes in Synechocystis 6803 and in

the vascular plant Arabidopsis thaliana. The results presented in

this article demonstrate that disruption of these genes in both

model organisms results in impairment of PSII function under

high light intensities, confirming a conserved role for Psb29

proteins in PSII biogenesis.

RESULTS

Bioinformatic Analysis of Psb29 Proteins Reveals

Well-Conserved Homologs in Many

Photosynthetic Organisms

The sll1414 gene in Synechocystis 6803 encodes the Psb29

protein that shows a high degree of similarity to the Arabidopsis

At2g20890 protein (see supplemental data for sequence align-

ments). The Psb29 protein in Arabidopsis contains a predicted

chloroplast transit peptide at its N terminus (Figure 1A). Thylakoid

lumen targeting sequences were not detected in the Psb29

protein from either organism. Both proteins are predicted to be

soluble with no extensive hydrophobic stretches. The cyanobac-

terial Psb29, identified as a component of the purified PSII

preparation, could be removed from PSII by treatment with high

salt concentrations (Kashino et al., 2002). These data suggest that

Psb29 is a peripheral subunit bound to the stromal side of PSII.

Consistentwith our analysis, two recent publications identified the

Arabidopsis At2g20890 protein as a thylakoid-associated protein

in plastids (Peltier et al., 2004; Wang et al., 2004).

Searching genome databases for homologs of the Synecho-

cystis 6803 Psb29 protein yielded no significant matches to any

protein with awell-characterized function (E value cutoff of 10�6).

Nevertheless, Psb29 homologs are found in all cyanobacteria

with a fully sequenced genome. These include the Gloeobacter

violaceus PCC 7421 species, which does not have a differenti-

ated thylakoid membrane system and is considered to be

a member of an early branching lineage (Nakamura et al.,

2003). Psb29 proteins have been conserved throughout evolu-

tion and are present in all vascular plant species for which

genome data are available, as well as in the green alga Chlamy-

domonas reinhardtii. Based on the alignment of Psb29 se-

quences (see supplemental data online), a phylogenetic tree

was constructed (Figure 1B). A sequence found in the Parame-

cium bursaria chlorella virus-1 was used as an outgroup. While

the sequence of this viral protein shows similarities to other

Psb29 proteins, it lacks the putative targeting sequence that

would allow it to function in the Chlorella chloroplast. As

expected, cyanobacterial sequences and plant sequences

branched into separate clades.

Disruption Mutants in the psb29 Genes in Synechocystis

6803 and Arabidopsis

To study the function of the Psb29 proteins, we examined

targeted disruption mutants in Synechocystis 6803 and Arabi-

dopsis (Figure 2). In Synechocystis 6803, an antibiotic resistance

cassette was introduced into the BamHI site in the sll1414

(psb29) gene via double homologous recombination (Figure 2A).

PCR was used to validate the insertion site and the segregation

of themutant (Figure 2B). Thewild-type bandwas not detected in

the Dpsb29 strain. The 1.2-kb band observed in the mutant

sample corresponds to the added size of the insert.

In Arabidopsis, a T-DNA insertion line was identified in the

At2g20890 gene (Salk_094925, Figure 2C). We tested for a ho-

mozygous line using the LBc1 and 20890-III primers. As an

internal PCR control, the single copy At1g63020 gene encoding

the RNA polymerase IIA large subunit was amplified, giving rise

to the 0.7-kb band observed in both lanes (Figure 2D). A 0.25-kb

band originating from the LBc1 and 20890-III primers was

observed only in the M2-6 mutant lane. PCR amplification with

the 20890-I and -II primers gave rise to a 0.3-kb fragment that

was observed only in the wild-type sample. Insertion of the

T-DNA fragment in the M2-6 mutant increased the distance

between primers I and II by ;5 kb and prevented amplification

by PCR under our experimental conditions.

Dpsb29Cells Display Slower Growth Rates and Lower PSII

Activity under High Light Intensities

The architecture of Synechocystis wild-type and Dpsb29 cells

was studied using transmission electron microscopy (Figure 3).

Thylakoid membrane ultrastructure in wild-type andmutant cells

appears similar. The growth rate of Dpsb29 cells, however, did

differ from that of wild-type cells (Figure 4A). Under normal growth

light intensities (55 mmol photonsm�2 s�1), mutant cultures grew

slower than wild-type cultures. Similar results were observed for

cultures grown under high light intensities (90 mmol photons m�2

s�1). Only when grown under 5 mmol photons m�2 s�1 did wild-

type andmutant cultures exhibit similar, albeit slow, growth rates.

As a test for PSII activity under these growth conditions, we

measured the fluorescence induction rates of cultures after 5

d of growth (Figure 4B). Analysis of the induction traces took into

account two parameters: Fm, the maximal value of PSII fluores-

cence when electron transfer is blocked by the inhibitor DCMU,
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and F0, the contribution of photochemically inactive chlorophylls.

The ratio of (Fm � F0)/Fm ¼ Fv/Fm is a measure of PSII activity

(Maxwell and Johnson, 2000). As evident from Figure 4B, Fv/Fm
values of Dpsb29 cells grown under normal growth light con-

ditions were lower due to higher F0 values. The time course of

fluorescence rise in the presence of DCMU was similar in both

cases. The differences between Fv/Fm values of wild-type and

Dpsb29 cells was even more pronounced in cultures grown

under high light intensities but could be rescued by growth under

low light intensities (Figure 4C).While the photosynthetic com-

petence of mutant cells is reduced in high light intensities, the

relative content of the reaction center D1 and the proximal

antenna CP47 proteins in mutant cultures are not significantly

different than wild-type cultures (Figure 4D).

Figure 1. Bioinformatic Analysis of Psb29 Family Proteins.

(A) A schematic diagram presenting domains in the structure of Psb29 proteins in Synechocystis and Arabidopsis. Chloroplast target sequence

prediction was performed using the TargetP program.

(B) Extended majority rule consensus tree. Bootstrap values are indicated at branching points. The two proteins studied in this article are marked with

asterisks. The sequence alignment data on which the phylogenetic tree is based can be found in the supplemental data online.
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Electron Transfer Activities in PSII Reaction Center Cores

Are Not Impaired in Dpsb29 Cells

Reduced PSII activity can result from impaired electron transfer

reactions in the PSII reaction center core or from the contribution

of uncoupled antenna chlorophylls. In order to explore the first

possibility, we tested the fluorescence decay kinetics of wild-

type and Dpsb29 cells (Figure 5A). While F0 values measured

in the mutant cultures were higher than in wild-type cultures (in

accordance with the continuous light kinetic measurements in

Figure 4B), the decay rates were similar in both strains. In the

absence of DCMU, fluorescence decays through a mixture of

forward electron transfer to plastoquinones and backward

electron transfer through charge recombination. In the presence

of DCMU, forward electron transfer reactions are blocked, and

fluorescence decays solely through back-reactions (van Best

and Duysens, 1975). In both cases, the rates of fluorescence

decay are similar for wild-type and mutant cells. Correlation

coefficients between pairs of wild-type andmutant decay curves

were >0.93 for �DCMU curves and >0.98 for þDCMU curves

(n ¼ 2).

In addition, we measured the oxygen evolution capacity of

wild-type and mutant cultures using both continuous light and

periodic flashes for excitation. Vmax values for steady state

oxygen evolution from wild-type and Dpsb29 cultures were

364 6 45 and 365 6 24 mmol O2 mg chlorophyll�1 h�1,

respectively (n ¼ 3). Km values were slightly higher in Dpsb29

than in wild-type cultures (wild type, 2376 47; Dpsb29, 3056

28 mmol photons m�2 s�1). In flash-induced oxygen evolution

measurements (Joliot, 1972), both wild-type and mutant

cultures display virtually identical period 4 oscillation patterns

(Figure 5B). Taken together, these three assays indicate that

PSII electron transfer activities are not perturbed in theDpsb29

cells.

Figure 2. Construction of Mutant Strains.

(A) Construction of the cyanobacterial Dpsb29 mutant. The diagram

shows the site of the insertion and the positions of the PCR primers.

(B) PCR analysis of the segregation of the Dpsb29 mutant, using the

same set of primers.

(C) Illustration of the genomic region of the At2g20890 gene. Gray boxes

represent the 59 and 39 untranslated regions, and white boxes represent

the coding sequence. The SALK_094925 line contains a T-DNA insert

(not drawn to scale) in the first exon of the gene.

(D) PCR analysis of the segregation of the Arabidopsis M2-6 mutant.

Primer sets used for the analysis are in slanted script above the gel.

Figure 3. Membrane Architecture of Synechocystis 6803 Wild-Type and

Dpsb29 Mutant Cells.

Transmission electron micrographs of wild-type (A) and mutant (B) cells

grown on solid media under 55 mmol photons m�2 s�1. PM, plasma

membrane; TM, thylakoid membrane. Bars ¼ 200 nm.
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Figure 4. Growth Rates and Photosynthetic Competence of Wild-Type and Dpsb29 Mutant Cultures of Synechocystis 6803.

(A) Growth of wild-type and mutant cultures were monitored by measuring absorption at 730 nm under three light intensities, indicated in bottom right

corner of each set of traces. Error bars represent SD based on mean values of three replicate cultures.

(B) Fluorescence induction profile of wild-type and mutant cultures grown under normal growth light conditions. The time points for F0 and Fm are

marked by arrows.

(C) Fv/Fm values as a function of growth light intensity. Open bars, wild type; hatched bars, mutant. Values were measured after 5 d of growth (n ¼ 3).

(D) Immunoblot analysis of the relative content of D1 and CP47 proteins in total membrane extracts from wild-type and Dpsb29 cultures grown under

low light (LL) or high light (HL) conditions for 3 d. Samples were loaded on an equal chlorophyll basis.
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Dpsb29 Cells Exhibit a Light-Dependent Increase in

Uncoupled Proximal Antenna Fluorescence

The excitonic connection between antenna pigments and re-

action center cores was examined in a series of 77K fluores-

cence emission spectral measurements (Figure 6). These

measurements probe coupling of antenna complexes to photo-

system cores. The peak of phycobilisome light-harvesting an-

tenna absorption is at 620 nm. We selected to set the excitation

wavelength to 600 6 1 nm to minimize the contribution from

chlorophylls, the absorption peak of which is in the 670 to 680 nm

Figure 5. PSII Activity of Synechocystis 6803 Wild-Type and Dpsb29 Cells Grown under Normal Growth Light.

(A) Fluorescence decay rates in the presence or absence of 2mMDCMU following a single high intensity light flash (indicated by an arrow). Half times for

fluorescence decay were 0.0126 0.0002 s and 0.0126 0.001 s in the absence of DCMU and 1.116 0.13 s and 1.136 0.08 s in the presence of DCMU

for wild-type and Dpsb29 cultures, respectively (n ¼ 2).

(B) Oxygen flash yield pattern measured on a Joliot-type electrode. The oxygen flash yield signals were normalized to the average of the signals. Error

bars represent SD based on three replicate measurements.
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range. The fluorescence emission spectra presented in Figure 6

contains a number of features. The three peaks centered around

656 nm originate from phycobilisomes. The peak at 684 nm

contains contributions from the phycobilisome linker pigment

and from the PSII proximal antenna system. The two antenna

systems cannot be spectrally resolved in the 77K fluorescence

spectra. The peaks at 695 and 720 nm originate from the PSII-

P680 and PSI-P700 reaction center core chlorophylls, respectively

(Hall and Rao, 1995). When grown under low light intensities

(5 mmol photons m�2 s�1), the fluorescence spectrum of Dpsb29

cells was virtually identical to that of the wild type. Growth under

normal light conditions (55 mmol photons m�2 s�1) induced

a number of changes in the contribution of the different fluo-

rescing species to the spectrum. However, only for PSII antenna

fluorescence at 684 nm could a differential increase in themutant

as comparedwith thewild type be observed (Figure 6, top panel).

The disproportional increase in 684-nm fluorescence in the

mutant was more pronounced under high growth light intensities

(90 mmol photons m�2 s�1). A similar differential increase in the

fluorescence intensity at 684 nm was observed with excitation

of chlorophylls at 420 nm instead of phycobilisomes at 600 nm

(Figure 6, bottom panel). The gradual increase in 684-nm

fluorescence as a function of light intensity was inversely pro-

portional to the decrease in Fv/Fm values.

To ensure that this phenotype is a direct result of the insertion

into the psb29 open reading frame, we complemented Dpsb29

cells with wild-type psb29 DNA and exposed them to high light

intensities (Figure 7). Complemented cultures exhibited a lower

684-nm peak than control noncomplemented cultures. The loss

of the 77K fluorescence phenotype coincided with the loss of the

ability to grow on gentamycin (Gm)-containing media (Figure 7,

inset). These results demonstrate a selective pressure against

the gentamycin resistance (Gmr) insertion mutation in the psb29

gene under high light conditions.

PSII Activity Is Light Sensitive in Both Cyanobacteria

and Plant Psb29 Mutants

The reduced PSII activity observed in mutant cells (Figure 4) and

the selective pressure against the Gmr insertion into the psb29

gene (Figure 7) at high light intensities indicate an increased

sensitivity of PSII to light stress in the mutant. Reduced PSII

activity under high light conditions could be the cause of the

overall slower growth rate. To verify this, we challenged cultures

grown under normal growth light intensities with high light

intensities (Figure 8A). Over a range of high light intensities,

mutant cultures lost a larger fraction of the initial Fv/Fm value than

wild-type cultures.

A parallel study was conducted on Arabidopsis plants. As in

the cyanobacterial Dpsb29mutant, PSII activity in the Arabidop-

sis M2-6 mutant plants exhibited higher light sensitivity. M2-6

plants lost a larger fraction of Fv/Fm values with increasing light

intensities as comparedwithColumbia-1wild-type plants (Figure

8B). Furthermore, M2-6 plants grew much slower than wild-type

plants (Figure 8C). The mutant plants were variegated, contain-

ing large areas lacking chlorophyll. Recently, Wang and co-

workers have analyzed the same insertion line and have reported

a similar phenotype for mutant plants under normal growth light

Figure 6. 77K Fluorescence Spectra of Synechocystis 6803 Wild-Type

and Dpsb29 Cultures as Functions of Growth Light Intensity.

Excitation wavelength was set at 600 6 1 nm (top) or 420 6 10 (bottom).

Vertical broken lines mark the emission maxima from phycobilisomes at

656 nm, the phycobilisome linker and PSII proximal antenna at 684 nm,

PSII reaction center at 695 nm, and PSI reaction center at 720 nm. The

curves are baseline shifted for clarity. The numbers on the right side of

the curves indicate growth light intensity in mmol photons m�2 s�1.

Curves were normalized to the fluorescence intensity at 750 nm.
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conditions (Wang et al., 2004). Interestingly, we were able to

rescue the variegated phenotype under low growth light in-

tensities. Under such conditions both wild-type and mutant

plants grew at a comparable, albeit slow, rate and exhibit green

nonvariegated leaves (Figure 8C).

PSII Antenna Quenching and Electron Transfer Reactions

Downstream of PSII Are Not Effected in M2-6 Plants

While M2-6 plants exhibit a dramatic growth phenotype, Fv/Fm
values originating from the green part of the leaves grown under

normal growth light intensities were not significantly different

from the values measured in wild-type leaves (wild type 0.8 6

0.01; M2-6, 0.79 6 0.01; n ¼ 3). Increasing the growth light

intensity from 50 to 220 mmol photons m�2 s�1 resulted in an

increase in the F0 values and, hence, a decrease in the Fv/Fm
values (Figure 9A).

The photosynthetic apparatus can adapt to varying light

intensities by modulating the fraction of excitation energy that

is utilized for photosynthesis (photochemical quenching) or lost

as heat (nonphotochemical quenching). A number of PSII mu-

tants with reduced variable fluorescence values have been found

to be defective in nonphotochemical quenching (NPQ) (Shikanai

et al., 1999). These processes reduce the effective antenna size

in response to high light intensities. We measured the time

course of the Fm’ fluorescence quenching response of wild-type

and M2-6 plants following exposure to high light (Figure 9A).

Calculating the extent of NPQ from a series of such experiments

did not reveal any significant difference between wild-type and

M2-6 plants (Figure 9B). Furthermore, once the plants were

returned to darkness, no difference in the rate of NPQ relaxation

could be observed. Calculations of the photochemical quench-

ing parameter, qL (Kramer et al., 2004), indicated that the rates

of photosynthetic reactions downstream of PSII were not

Figure 7. Complementation of Dpsb29 Eliminates the 77K Fluorescence Phenotype.

Complemented and noncomplemented control Dpsb29 cells were grown under high light intensities. After 8 d of high light growth, the 77K fluorescence

spectra of complemented and control cells were measured. Aliquots from the cultures were subcultured into media containing Gm. Growth on BG11-

Gm was measured as OD730 after an additional 3 d of growth (inset). The experiment was repeated twice with similar results.
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Figure 8. Light Sensitivity of Synechocystis and Arabidopsis Wild-Type and Mutant Strains.

(A) Light sensitivity of Synechocystis 6803 wild-type and Dpsb29 cultures measured as the ratio of Fv/Fm values after treatment with high light intensities

for 20 min followed by 7 min dark adaptation to Fv/Fm values before the treatment. Fm values were determined by a single high intensity light flash.

Starting Fv/Fm values were in the range of 0.356 0.003 and 0.296 0.03 for wild-type and Dpsb29 cells, respectively. Error bars represent SD based on

mean values of two replicate cultures.

(B) Light sensitivity of Arabidopsis wild-type and M2-6 plants calculated as the residual Fv/Fm value after exposure to high light intensities for 15 min,

followed by 7min dark adaptation. Starting Fv/Fm values were in the range of 0.86 0.01 and 0.796 0.02 for wild-type andM2-6 plants, respectively. The

experiment was performed under five different light intensities using different wild-type andM2-6 plants for each light treatment. The data between 1500

to 4000 mmol photons m�2 s�1 were fitted by linear regression, resulting in slope coefficients of�4.3E-56 3.7E-6 for the wild type and �8.9E-5 6 7.4E-6

for M2-6 plants. These values are significantly different at P < 0.01 based on a two-sample, two-tailed Student’s t test.

(C) Growth of wild-type Columbia-I and M2-6 mutant plants under normal (NL; 50 mmol photons m�2 s�1) or low (LL; 10 mmol photons m�2 s�1) growth

light conditions.
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Figure 9. Fluorescence Quenching in Wild-Type and M2-6 Plants Grown under High Light Conditions.

(A) Pulse-amplitude modulated fluorescence traces from wild-type and M2-6 mutants transiently exposed to 500 mmol photons m�2 s�1 actinic light. F0
values were measured before the actinic light treatment. The gray bar indicates the period of exposure to actinic light, and the arrows indicate

supersaturating light pulses for Fm and Fm’ measurements. Wild-type Fv/Fm values were 0.74 6 0.02, and M2-6 values were 0.56 6 0.03 (n ¼ 3).

(B) Analysis of quenching parameters. The NPQ parameter ¼ (Fm � Fm’)/Fm’. The photochemical quenching parameter qL (inset) was calculated as

[(1/Fs) � (1/Fm’)/(1/Fo’ � 1/Fm’)]. Error bars represent SD based means of measurements on three plants.
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significantly different in the mutant as compared with the wild-

type plants (Figure 9B, inset). These results indicate that both

photochemical and NPQ processes take place to the same

extent in both wild-type and mutant plants.

The Increase in F0 Fluorescence Values Is Correlated

to Antenna Fluorescence in M2-6 Plants

Vascular plants, unlike cyanobacteria, utilize the LHCII chloro-

phyll a/b pigment protein antenna instead of phycobilisomes.

Therefore, in order to measure the chlorophyll fluorescence

spectra at 77K, we excited isolated membranes at the Soret

absorption band of chlorophyll at 420 6 10 nm (Figure 10). The

683-nm peak is a result of contributions from distal (light

harvesting II) and proximal antenna components. As in cyano-

bacteria, the contribution of the two antenna systems cannot

be resolved at 77K (Hall and Rao, 1995). Fluorescence peaks

from PSII-P680 and PSI-P700 are observed at 693 and 730 nm,

respectively. In plants grown under low light intensities, the

fluorescence traces were virtually identical. The 683-nm fluores-

cence peak of M2-6 plants grown under growth light intensities

was only slightly higher than that observed in wild-type plants.

The difference is much more pronounced in plants grown under

high light intensities. As in the case of the cyanobacterial mutant,

these differences correlated well with PSII activity as reported by

Fv/Fm values. No differential effect in photosystem I fluorescence

at 730 nm was observed.

DISCUSSION

The data presented in this study indicate that Psb29 proteins,

originally described as minor Synechocystis 6803 PSII copurify-

ing proteins, are indeed relevant to the function of PSII. The

absence of these proteins results in slow, light sensitive growth

(Figures 4A and 8C). Furthermore, the light sensitivity is corre-

lated specifically to PSII activity as measured by both room

temperature and 77K fluorescence (Figures 6, 8, and 10). It is

important to note that the phenotypes observed both in Syne-

chocystis 6803 and in Arabidopsis mutants are very similar,

indicating that the function of Psb29 proteins is conserved in

cyanobacteria and plants.

The source of defects in PSII activity can be in the reaction

center core that catalyzes electron transfer reactions or in the

light-harvesting antenna systems. Measurements of oxygen

evolution and room temperature fluorescence did not indicate

a problem in the reaction center core electron transfer capabil-

ities (Figures 5 and 9). In addition, PSII activity (Fv/Fm values)

in mutant plants and cyanobacteria grown under low light inten-

sities demonstrate that PSII can function normally in these

mutants. The best corollary to Fv/Fm values measured under

different growth light conditions can be found in 77K fluores-

cence spectra (Figures 6 and 10). The intensity of the peak at 683

to 684 nm is inversely correlated to the Fv/Fm values in both

cyanobacteria and plants. This peak contains contributions from

both proximal and distal antenna systems. Considering the

similar phenotypes observed in bothmutants, it would be difficult

to explain how homologous proteins affect two very different

antenna systems, phycobilisomes in cyanobacteria and LHCII in

plants. Therefore, it is more probable that the increase in the 683

to 684 nm fluorescence is related to the conserved CP43 and

CP47 proximal chlorophyll antenna system. This conclusion is

Figure 10. 77K Fluorescence Spectra of Wild-Type and M2-6 Plants

Grown under High and Normal Growth Light Intensities.

Excitation wavelength was set at 420 6 10 nm and energized both

chlorophyll a and b. Vertical broken lines mark the emission maxima from

the PSII antenna terminal chlorophyll at 683 nm, PSII reaction center at

693 nm, and PSI at 730 nm. The curves are baseline shifted for clarity.

The numbers on the right-hand side of the curves indicate growth light

intensity in mmol photons m�2 s�1. Curves are normalized to the

fluorescence intensity at 750 nm.

Table 1. Sequences of Primers

Primer Name Sequence

1414-F 59-TCATGCAGGGCTATCAACCC-39

1414-R 59-TTCTTCCGTTCTGCTTCGGC-39

2890-I 59-CCATCATCATCCTTCCAATGG-39

2890-II 59-GCAATGTGAAGTTCAAGAAGA-39

2890-III 59-GCTGGACAATGAGCTCCTGCA-39

LBc1 59-CGTCCGCAATGTGTTATTAAG-39

IC-F 59-CCGCATTCCTGAAAGATATCA-39

IC-R 59-CCGGAATTTGCATGGTTTACATAC-39
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supported by the observation that increased 683-nm fluores-

cence in the cyanobacterial mutant could be detected with

excitation of phycobilisomes at 600 nm or with excitation of

chlorophyll at 420 nm (Figure 6). Increase in uncoupled proximal

antenna proteins with increasing light intensities can explain the

increase in 683-nm fluorescence, the diminishing Fv/Fm values,

and the lower Km values for oxygen evolution.

Wang and coworkers have recently reported on a study of the

sameArabidopsis T-DNA insertion line studied by us (Wanget al.,

2004). They have observed the variegated phenotype and

demonstrated the chloroplast localization of the Psb29 protein.

Based on their results, they have suggested that the At2g20890

gene product be called Thf1, for its putative function in thylakoid

formation. However, thylakoid membranes are present and

functional in the green parts of the Arabidopsis mutant as well

as in the cyanobacterial mutant (Figure 3). Furthermore, thylakoid

structure appears to be normal both in the green parts of

Arabidopsis (Wang et al., 2004) and in Synechocystis 6803

Psb29mutants (Figure 3). Thylakoidmembrane formation occurs

through very different mechanisms in cyanobacteria and vascu-

lar plants (Westphal et al., 2003), making it hard to explain the

similar phenotypes observed in bothmutants. Moreover, a lesion

in themembrane formation process would result in a decrease in

the activity of all thylakoid membrane protein complexes. The

data presented here demonstrate that the problem is restricted

to PSII function. No effect on downstream components of the

photosynthetic apparatus could be observed.

Therefore, we propose that the occurrence of variegated

leaves is not due to problems in thylakoid membrane formation

but rather to light-induced damage resulting in the disintegration

of thylakoid membranes. Excitation of uncoupled antenna chloro-

phylls can generate active oxygen species that causemembrane

peroxidation (Hundal et al., 1995). In rapidly dividing young leaf

cells, the concentration of chloroplasts is relatively low (Mullet,

1988). Therefore, the effective light intensity that chloroplasts in

these cells are exposed to is higher than that which the chloro-

plasts in mature cells are exposed to, due to self shading. Under

high light conditions, light-induced oxidative stress can lead to

the loss of chloroplasts in some cells, generating the variegated

phenotype observed in the mutant. Lowering the growth light

intensity reduces the rate of photodamage and rescues the

variegated phenotype in the mutant (Figure 8B).

A number of leaf variegated mutant classes are described in

the literature. Among them are the immutants (im) and yellow

variegated (var) mutants, in which genes encoding for chloro-

plast proteins are disrupted (Sakamoto, 2003). The M2-6

variegated phenotype is similar to that observed in var plants,

rather than that observed in im plants, in which thewhite sectors

dominate the leaf (Sakamoto, 2003). Interestingly, both varmu-

tants identified in Arabidopsis plants contain disruptions in ftsH

genes (Sakamoto et al., 2003). FtsH proteases are involved in

the degradation of the D1 protein following photodamage to

PSII.

Sequence analysis of Psb29 proteins failed to reveal their

function. Since the protein is found in substoichiometric

amounts in PSII preparations (Kashino et al., 2002), its function

cannot be structural. Hence, the most probable role for these

proteins is in biosynthetic pathways that control either the

synthesis or the degradation of PSII components. Since the

relative amounts of the D1 andCP47 proteins in total membrane

preparations is not significantly altered in mutant cultures

(Figure 4C), a role in control over translation or transcription

can be ruled out. However, while the total amount of PSII pro-

teins is unchanged, the assembly state of PSII complexes in the

membranes can be. PSII assembly during biogenesis and

disintegration following photodamage occur through a number

of intermediary steps. Partially assembled intermediary com-

plexes were observed in cyanobacteria (Zak et al., 2001; Keren

et al., 2005), green algae (Adir et al., 1990), and higher plants

(van Wijk et al., 1997; Rokka et al., 2005). Accumulation of

uncoupled proximal antenna can be caused either by improper

assembly of PSII supercomplexes or by inefficient disassembly

of photodamaged PSII that results in a reduced fraction of

active reaction center cores into which the excitation energy is

transferred. Future studies will help elucidate the exact function

of this protein in the biogenesis of PSII.

METHODS

Bioinformatics Analysis

WUBLAST (http://blast.wustl.edu) was used to search the National

Center for Biotechnology Information (NCBI) nonredundant protein

database for homologous sequences using an E value cutoff of 10�10.

An additional sequence was found through searching the Chlamydo-

monas reinhardtii genome (http://www.chlamy.org/). An initial multi-

ple sequence alignment was generated using ClustalW (Thompson

et al., 1994), then edited by hand to identify three conserved regions,

totaling 165 residues in length. These three conserved regions were

concatenated together to give the final alignment used for tree

building (see supplemental data online). The PHYLIP package was

used to construct and bootstrap the phylogenetic tree (PHYLIP

[Phylogeny Inference Package] version 3.6, distributed by J. Felsen-

stein, University of Washington, Seattle, WA). The SEQBOOT program

was used to generate 1000 bootstrap alignments. Distances between

sequences were calculated using the PROTDIST program. The Fitch-

Margoliash method implemented in the FITCH program was used to

generate the bootstrap trees, for each of which the sequence order

was jumbled 100 times, with the global rearrangement option enabled.

The CONSENSE program was then used to generate the final ex-

tended majority rule consensus tree (Figure 1B). The Chlorella virus

sequence was chosen as the outgroup, as it is the most distant

member of the sequence family, is the earliest branching leaf of

a UPGMA generated tree, and may be under different evolutionary

pressures than the nonviral sequences. Subcellular localization was

predicted using the TargetP program (Emanuelsson et al., 2000).

Hydropathy analysis was performed using the TopPred program

(Claros and von Heijne, 1994).

Construction of Disruption Mutants

A segment of the sll1414 gene was amplified by PCR using the sll1414-R

and sll1414-F primers (Figure 2A). The PCR product was cloned into

a pGEM-T vector (Promega). A Gmr cassette (Schweizer, 1993) was

cloned into theBamHI site in the sll1414 gene (Figure 2A). This vector was

used to transform Synechocystis 6803 cells and produce the Dpsb29

strain. Segregation was verified by PCR using the cloning primers (Figure

2B). Transcript levels from the adjacent sll1415 gene were not affected by

the insertion of the Gmr cassette (data not shown).
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For the complementation assay, 400-mL aliquots of Dpsb29 cells were

incubated for 1 h with 1.4 mg PCR product containing the complete

coding sequence for the sll1414 open reading frame. Synechocystis 6803

is naturally transformable and takes up DNA from the media. Aliquots

were diluted into 6 mL of BG11 media and transferred to a six-well plate

for growth under high light intensities.

In Arabidopsis thaliana, a T-DNA insertion (Alonso et al., 2003) was

identified in the At2g20890 gene in a line from the Salk Institute collection

(SALK_094925; Figure 2C). SALK_094925 plants were screened by PCR

to identify homozygous lines. One plant, M2-6, was found to be

homozygous (Figure 2D). The same Salk T-DNA insertion line has been

analyzed by Wang and coworkers with identical results (Wang et al.,

2004). Primer sequences are indicated in Table 1.

Electron Microscopy

Synechocystis 6803 cells grown on solid BG11 media were fixed

for transmission electron microscopy by high-pressure freezing (RMC

Bockler), freeze-substituted in 2% osmium/acetone, and embedded in

Epon/Araldite. Thin sections were stained with uranyl acetate and lead

citrate and viewed using a LEO 912 transmission electron microscope

(Zeiss) equipped with a CCD camera.

Culture Conditions

Synechocystis 6803 cultures were grown in BG11 mineral medium

(Thornton et al., 2004) at 308C with constant shaking. Illumination was

at 55 mmol photons m�2 s�1 unless otherwise noted. Growth curve

experiments were performed in six-well plates containing 3mL of culture.

Arabidopsis plants were grown in a climate-controlled growth chamber

at 208C and 70% relative humidity. For growth light conditions, illumina-

tion was set at 50 mmol photons m�2 s�1 under a 16-h-day/8-h-night

regime. Light intensity was lowered to 10 mmol photons m�2 s�1 by

neutral density screens. For high light conditions, 220 mmol photons m�2

s�1 and continuous illumination were used. Immunoblots of total mem-

brane preparations were isolated according to the method described by

Thornton et al. (2004).

Measurements of Photosynthetic Activities

Chlorophyll concentrations and cell densities were calculated as pre-

viously described (Keren et al., 2002). Growth curve parameters were

measured using a mQuant plate reader (Bio-Tek instruments). The 77K

fluorescence spectra were obtained using a FluoroMax-2 fluorometer

(Jobin Ivon). Fluorescence induction kinetics at room temperature were

measured using a pump and probe FL100 setup (Photon Systems) for

cyanobacteria and pulse amplitudemodulated PAM101 (Walz) for plants.

Steady state oxygen evolution was measured using a Clark-type

electrode (Yellow Springs Instruments). Measurements were performed

at 308C, and illumination was provided by a UV and heat filtered xenon

lamp. Flash-induced oxygen evolution was measured using a bare

platinum electrode setup (Artisan Scientific).

Accession Numbers

NCBI nonredundant database accession numbers for proteins discussed

in this manuscript are as follows: NP_441343.1, Synechocystis sp PCC

6803, Sll1414; ZP_00178220.2, Crocosphaera watsonii WH 8501;

ZP_00159115.1, Anabaena variabilis ATCC 29413; NP_484690.1,Nostoc

sp PCC 7120; NP_484690.1, Nostoc sp PCC 7120; ZP_00164614.1,

Synechococcus elongatus PCC 7942; ZP_00106172.1, Nostoc puncti-

forme PCC 73102; ZP_00324609.1, Trichodesmium erythraeum IMS101;

NP_681924.1, Thermosynechococcus elongatus BP-1; NP_924346.1,

Prochlorococcus marinus strain MIT 9313; gb|AAQ19850.1, Solanum

tuberosum; XP_478693.1, Oryza sativa (japonica cultivar group);

gbjAAD20906.1, Arabidopsis thaliana At2g20890; NP_897395.1, Syne-

chococcus sp WH 8102; NP_875311.1, Prochlorococcus marinus subsp

marinus strain CCMP1375; NP_892859.1, Prochlorococcus marinus

subsp pastoris strain CCMP1986; NP_048481.1, Paramecium bursaria

Chlorella virus; 166503, Chlamydomonas reinhardtii (from www.chalmy.

org database)
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