


















control cells (Figure 6G). The reduced sigmoidicity of the induc-

tion curve in VIPP1-RNAi strains also indicated that cooperativity

between PSII centers was lower in VIPP1-RNAi cells compared

with control cells. Thermoluminescencemeasurements revealed

a reduced maximum temperature of the Q-band in VIPP1-RNAi

cells compared with control cells, a phenotype observed in cells

grown on either ammonium or nitrate as nitrogen source (Table

2). Following a saturating single turnover flash at low tempera-

ture, a thermoluminescence band, named Q-band, is detected

upon heating in the region of 8 to 128C. This luminescence arises

from the recombination of the charge pairs S2QA
2, with S2 being

an oxidation state of the Mn cluster and QA
2 the semireduced

primary quinone acceptor in PSII (Rutherford et al., 1982). The

downshift of the maximum temperature of the Q-band in VIPP1-

RNAi cells reflects a lowering of the midpoint potential of the

redox couple QA/QA
2 (Krieger-Liszkay and Rutherford, 1998). A

lower midpoint potential of QA was shown to increase the yield of
1O2 generation in the light (Fufezan et al., 2007) and therefore

might represent the mechanism underlying high light sensitivity

of VIPP1-RNAi cells.

We conclude that thylakoid swelling in ammonium-grown,

high light–exposed VIPP1-RNAi cells is not caused by a higher

pmf but rather by a disturbance of thylakoid membrane organi-

zation. The defect causing this disturbance also might be

Figure 6. VIPP1-RNAi Strains Are Affected in Some Photosynthesis Parameters.

(A) Thylakoid membrane energization. Control (Con) and VIPP1-RNAi strains #2-7, #2-19, #3-30, #4-19, and #4-49 were grown in TAP-NO3 or TAP-NH4

medium and kept in low light (LL) of ;30 mE m�2 s�1 or exposed to high light (HL) of ;1000 mE m�2 s�1 for 3 h. Maximum thylakoid membrane

energization was then determined by measuring the ECS in saturating light. Shown is the average of eight and six measurements on the control strain,

and of 12 and 10 measurements on VIPP1-RNAi strains grown on NO3 and NH4, respectively. Error bars represent SE. Chl, chlorophyll.

(B) ATP synthase activity. The activity of the ATP synthase was inferred from the decay kinetic of the ECS signal during a short dark interval using the

same cells as described in (A).

(C) Maximum quantum efficiency of PSII. FV/FM was measured after 5 min of far-red illumination, followed by 10 min of dark adaptation of the cell

suspension using control and VIPP1-RNAi strains #4, #9, #40, #53, #72, #111, and #129 grown in low light. Shown is the average of four and two

measurements on the control strain, and of 13 and 10 measurements on VIPP1-RNAi strains. Error bars represent SE.

(D) Chlorophyll a/b ratios. Chlorophyll was extracted with 80% acetone from the same cells as described in (C), and the chlorophyll concentration was

determined spectrophotometrically. Asterisks indicate the significance of the difference to untreated controls grown on nitrate and ammonium as

nitrogen source, respectively (t test, P value # 0.05).

(E) Cytochrome f reduction kinetics. Control and VIPP1-RNAi strains #4, #9, and #72 were grown in TAP-NH4 medium. Cytochrome f reduction was

initiated by switching off saturating red light at time point zero. The fully reduced state of cytochrome f in the dark was normalized to zero and the fully

oxidized state to one. Kinetics were recorded four times for each strain. Averages for the control and all three VIPP1-RNAi strains are shown.

(F) Cytochrome f oxidation kinetics. Control and VIPP1-RNAi strains #27, #29, and #30 were grown in TAP-NH4 medium. Cytochrome f oxidation was

initiated by switching on a saturating red light pulse at time point zero. Six replicates of the control strain and two each for the VIPP1-RNAi strains were

recorded and averages plotted. Again, the fully reduced state of cytochrome f in the dark was normalized to zero and the fully oxidized state to one.

(G) Fluorescence induction kinetics. Control and VIPP1-RNAi strains #27, #29, und #30 were grown in TAP-NH4 medium. Dark-adapted cells trapped in

state 1 were supplemented with DCMU, and fluorescence was induced by switching on the light. Six replicates of the control strain and two each for the

VIPP1-RNAi strains were recorded and averages plotted. The F0 values were normalized to zero and the FM values to one.
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responsible for reduced PSII maximum quantum efficiency,

lowered midpoint potential of the QA/QA
2 redox couple, reduced

PSII cooperativity, and increased antenna cross section in

VIPP1-RNAi strains.

PSII in VIPP1-RNAi Strains Is Sensitive to Heat Shock

If VIPP1-RNAi strains indeed have a defect in thylakoid mem-

brane organization, we can expect phenotypes to also be in-

duced by treatments that do not involve high light intensities but

similarly represent a threat to thylakoid membrane integrity. Heat

shock at 40 to 428C, combined with low light intensities that are

harmless for PSII at 258C, was demonstrated previously to result

in loss of PSII activity in C. reinhardtii (Schuster et al., 1988). This

finding was explained by cross-linking of the D1 protein with

other proteins, presumably induced by the overproduction of

radicals by heat-stressed, illuminated PSII.

To test whether PSII was more sensitive to heat stress in

VIPP1-RNAi cells compared with control cells, we shiftedmutant

and control cells from 25 to 408C at low light intensities (;5 mE

m22 s21) for 4 h and back to 258C for 2 h for recovery and

monitored PSII maximum quantum efficiency. This experiment

was done with cells grown mixotrophically on ammonium or

nitrate as nitrogen sources (Figure 7A). In control cells grown on

ammonium, variable fluorescence/maximum fluorescence (FV/

FM) declined already within the first 20 min at 408C from 0.73 to

0.68 but recovered fast and almost completely after shifting cells

back to 258C. The loss of PSII maximum quantum efficiency in

nitrate-grown control cells followed kinetics similar to those

observed for ammonium-grown control cells within the first hour

at 408C, but, surprisingly, the FV/FM value in nitrate-grown control

cells declined further to 0.58 after 4 h at 408C and did not fully

recover at 258C. In ammonium-grown VIPP1-RNAi cells heat-

shocked for 4 h, the FV/FM value dropped dramatically from 0.68

to 0.44 and at 258C recovered only to 0.47. This effect was less

drastic in nitrate-grown VIPP1-RNAi cells, in which the FV/FM
value declined from 0.69 to 0.49 after 4 h at 408C and recovered

maximally to 0.57 at 258C.
To pick up changes induced by heat shock at the ultrastruc-

tural level, we took 400 electron microscopy images of ammo-

nium-grown control and VIPP1-RNAi strains prior to and after a

60-min heat shock at 408C. Interestingly, the fraction of VIPP1-

RNAi cells containing swollen thylakoids increased from 9%

under nonstress conditions to 21% after heat shock (Table 1).

Heat stress hardly affected levels of thylakoid membrane com-

plex subunits, no matter on which nitrogen source cells were

grown (Figure 7B; see Supplemental Figure 11A online). While in

control and VIPP1-RNAi strains levels of the VIPP2 protein were

strongly induced by high light, they did not further increase

during heat stress (cf. Figures 1F and 7B). Also, in contrast with

the high light treatments, the HSP70B and HSP90C chaperones

appeared to be normally induced by heat stress in VIPP1-RNAi

strains grown on either nitrogen source (Figure 7B; see Supple-

mental Figure 11Aonline). In control cells grownon ammoniumor

nitrate, heat stress led to a slight and transient increase in levels

of the LHCSR3 protein. By contrast, we observed no increase in

LHCSR3 levels in VIPP1-RNAi strains after 60 min at 408C but a

strong decline of LHCSR3 after 180 min of heat stress. Also, the

induction of the LHCSR3 gene by heat shockwas reduced inVIPP1-

RNAi strains (Figure 7C; see Supplemental Figure 11B online).

In summary, the dramatic effect of heat stress combined with

very low light intensities on PSII maximum quantum efficiency in

VIPP1-RNAi strains further supports the notion that VIPP1 de-

pletion affects the structural organization of thylakoid membrane

protein complexes. Again, this defect appears to have a sec-

ondary effect on retrograde signaling triggering the induction of

the LHCSR3 gene by heat stress.

Quantitative Proteomics Reveals Reduced Levels of

Thylakoid Membrane Core Complexes but Increased LHCII

Levels in VIPP1-RNAi Cells

The conclusion that thylakoidmembranes inVIPP1-RNAi/amiRNA

strains must harbor structural defects prompted us to get a more

quantitative picture of alterations in the abundance of thylakoid

membrane protein complexes. The method of choice for this is

shotgun proteomics using 15N metabolic labeling, by which a

much higher quantification accuracy can be achieved than with

quantitative immunoblotting (Mühlhaus et al., 2011). Using this

technique, we compared the accumulation of the main protein

complexes of the thylakoid membranes in control and VIPP1-

RNAi strains that were grown on 15NO3 and 14NO3 as nitrogen

sources, respectively (cells were grown on nitrate to avoid the

pleiotropic effects caused by thylakoid swelling in cells grown on

ammonium). Cells were kept under nonstress conditions or were

exposed to 1-h high light (2000 mE m21 s21) and heat stress

(408C) treatments. For comparison, we also quantified the rela-

tive abundances of protein complexes involved in the mitochon-

drial respiratory chain. For each of the measured complexes,

average values determined for multiple subunits are shown

(see Supplemental Data Set 1 online for details). As shown in

Figure 8A, thylakoid membranes from unstressed VIPP1-RNAi

cells contained 30% more LHCII, but;20% less PSII, PSI, and

cytochrome b6f complex, and 14% less ATP synthase than

control cells, while levels of LHCI were unchanged. High light

and heat stress led to a 5 to 15%decline in levels of LHCs and to

less reduced levels of PSI (5 to 9%) and ATP synthase (8%) in

VIPP1-RNAi cells compared with stressed control cells, while

levels of PSII and cytochrome b6f complex remained unchanged.

Interestingly, levels of the mitochondrial NADH:ubiquinone

oxidoreductase complex were 30% higher and those of the

cytochrome oxidase 19% lower in VIPP1-RNAi cells compared

Table 2. Temperature of the Q-Band

Strain

Tmax (8C)

TAP-NO3
� TAP-NH4

+

Wild type 11.5 6 0.5 11.1 6 0.5

VIPP1-RNAi 7.4 6 1.2 9.0 6 1.0

Cells were grown in TAP medium containing either ammonium or nitrate

as nitrogen source at low light intensities of ;30 mE m�2 s�1. Values

represent averages 6 SD from thermoluminescence measurements on

two independent control and four independent VIPP1-RNAi lines (#1-29,

#2-29, #4-49, and #3-30).
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with control cells, while levels of the ubiquinone-cytochrome c

reductase complex and the ATP synthase were unchanged

(Figure 8B). High light and heat stress treatments led to increases

in levels of all respiratory chain complexes in VIPP1-RNAi cells

relative to control cells. Hence, it appears possible that VIPP1-

RNAi cells attempt to compensate for the slightly reduced

capacity of their thylakoid membrane core complexes by higher

levels of the NADH:ubiquinone oxidoreductase complex.

VIPP1-RNAi/amiRNA Strains Harbor Aberrant Structures at

the Origin of Thylakoid Membranes

Finally, we set out to gather information on the localization of

VIPP1 inC. reinhardtii by immunofluorescencemicroscopy using

an affinity-purified antibody against VIPP1. As shown in Figure 9,

VIPP1 was detected as diffuse material throughout the chloro-

plast but also in distinct dot-like structures that sometimes also

appeared to extend into rods. This localization pattern is in

agreement with our previous finding that C. reinhardtii VIPP1

may form rod-like structures, which by the help of molecular

chaperones are kept in equilibrium with ring-like structures and

smaller assembly states (Liu et al., 2007). We reasoned that rod-

like structures potentially formed by VIPP1 might be visible in

electron micrographs and therefore revisited the electron micro-

graphs taken from control and VIPP1-RNAi/amiRNA strains.

Unfortunately, we were unable to distinguish potential VIPP1

rods or rings from thylakoid membranes in control cells. How-

ever, we observed aberrant structures in VIPP1-RNAi/amiRNA

cells that occurred particularly in regions from which multiple

thylakoid membrane layers emerge and which may well corre-

spond to the dot-like structures observed by immunofluores-

cence microscopy (Figure 10A). The aberrant structures were

often found around the pyrenoid but were not restricted to that

area. They were very rarely observed in control cells and oc-

curred abundantly and consistently in VIPP1-RNAi and amiRNA

cells (cw15-325 and cw15-302 backgrounds, respectively)

grown under low light or high light on ammonium or nitrate

(Table 3, Figure 10).

In summary, we could localize VIPP1 to diffuse material and to

distinct spots within the chloroplast. As judged from the distri-

bution of these spots, they may correspond to regions from

whichmultiple thylakoid layers emerge and which are aberrant in

VIPP1-RNAi/amiRNA cells.

DISCUSSION

Here, we present a thorough characterization of phenotypes

arising in C. reinhardtii as a consequence of VIPP1 depletion

mediated by inverted repeat and amiRNA constructs. VIPP1

expression was repressed in two different strain backgrounds: In

strain cw15-325, VIPP1 levels were reduced to below 5%ofwild-

type levels, which, however, resulted in the upregulation of VIPP2

Figure 7. PSII of VIPP1-RNAi Strains Is Highly Susceptible to Heat

Stress.

(A) PSII maximum quantum efficiency of control and VIPP1-RNAi strains

exposed to heat stress. Control and VIPP1-RNAi strains #5, #20, #27,

and #41 were grown in TAP-NO3 or TAP-NH4 medium, and cells were

exposed to 408C at;5 mE m�2 s�1. FV/FM was measured over time with

a PAM fluorometer as described in Figure 4. Shown is the average of five

and seven independent experiments for control and VIPP1-RNAi strains,

respectively. Error bars represent SE.

(B) PSII subunits are only mildly affected by heat stress. Whole-cell

proteins were extracted from control and VIPP1-RNAi strain #27 grown

and heat-stressed as described in (A). Whole-cell proteins were separated

on 14% SDS-polyacrylamide gels and analyzed by immunoblotting.

(C) RNA gel blot analysis of heat-stressed control and VIPP1-RNAi

strains. Control and VIPP1-RNAi strain #20 were grown and heat

stressed as described in (A). RNA was extracted from samples taken

at the indicated time points and subjected to RNA gel blot analysis.

CBLP2 served as loading control.
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to;20%of total VIPP levels (Figure 2). In strain cw15-302, VIPP2

was not upregulated in response to VIPP1 repression, but VIPP1

only could be reduced to;25% of wild-type levels. Despite the

different contributions of VIPP1 and VIPP2 to the residual VIPP

pool in the two strain backgrounds, phenotypes were the same

(Figures 1, 3, and 10; see Supplemental Figure 5B online). This

allows us to conclude that VIPP1 and VIPP2 largely are func-

tionally redundant and that the total VIPP pool in C. reinhardtii

cannot be constitutively repressed to below;25% of wild-type

levels, similar to the situations in Arabidopsis and cyanobacteria

(Kroll et al., 2001; Westphal et al., 2001; Fuhrmann et al., 2009a).

VIPP1 obviously is the major VIPP species in C. reinhardtii, a

conclusion that is supported by the finding that repression of

VIPP2 in strain cw15-325 did not result in high light sensitivity or

other obvious phenotypes (M. Rütgers and M. Schroda, unpub-

lished results). Very similar phenotypes obtained with VIPP1-

RNAi and -amiRNA constructs also widely rule out off-target

effects in the RNAi lines (Ossowski et al., 2008).

Aberrant Structures at the Origin of Multiple Thylakoid

Membrane Layers in VIPP1-RNAi/amiRNA Cells Suggest

Deficits in Thylakoid Biogenesis

The most striking observation we consistently made in C.

reinhardtii VIPP1-RNAi/amiRNA cells under all growth conditions

tested is the occurrence of aberrant structures in regions from

which bundles of thylakoids emerge and often project into

different directions of the chloroplast (Figure 10, Table 3).

Some of these aberrant structures were reminiscent of prola-

mellar body (PLB)–like structures observed in dark-grown C.

reinhardtii y-1 (yellow-in-the-dark) mutants (Hoober and Blobel,

1969; Friedberg et al., 1971). y-1mutants are defective in nuclear

genes that are involved in the posttranscriptional expression or

accumulation of the CHLL subunit of the light-independent

protochlorophyllide reductase, leading to a block in chlorophyll

synthesis in the dark (Cahoon and Timko, 2000). Hence, PLB-like

structures are likely made of thylakoid membrane precursors in
Figure 8. Levels of Thylakoid Membrane Core Complexes Are Slightly

Lower in VIPP1-RNAi Cells Than in Control Cells.

(A) Ratios of thylakoid membrane core complexes in VIPP1-RNAi cells

relative to control cells. A control strain and VIPP1-RNAi strain #111 were

metabolically labeled using 15NO3 and 14NO3, respectively, as nitrogen

source and maintained at;30 mE m�2 s�1 and 258C for 1 h (Cont light),

exposed to photoinhibitory light of;2000 mE m�2 s�1 for 1 h at 258C, or

heat-shocked at 408C for 1 h at;5 mE m�2 s�1. After mixing control and

VIPP1-RNAi cells from each treatment at a 1:1 ratio, proteins in mem-

brane-enriched fractions were separated by SDS-PAGE and digested

tryptically in gel. Peptides were eluted, desalted, and analyzed by liquid

chromatography-MS/MS. Peptide identification and quantification was

performed as described previously (Mühlhaus et al., 2011). Quantifica-

tion values for single core complex subunits (SU) were computed from

quantified peptides, and the average ratio of light (VIPP1-RNAi) to heavy

(control) subunits was calculated for the different core complexes. Error

bars represent SE, and asterisks indicate the significance of the differ-

ence of the ratio from one (assuming equal variance; t test, P value #

0.05).

(B) Ratios of respiratory chain core complexes in VIPP1-RNAi relative to

control cells. Ratios of respiratory chain core complexes were deter-

mined as described in (A).

Figure 9. Immunofluorescence Microscopy Detects VIPP1 in Distinct

Punctae and as Diffuse Material in the Chloroplast.

Control cells from the cw15-325 background were grown at;30 mEm�2

s�1 in TAP-NH4 medium and fixed and processed for immunofluores-

cence (IF) microscopy as described in Methods. The signal recognized

by the affinity-purified anti-VIPP1 antibody is shown in green. Triangles

indicate potential rod-like extensions. Bars = 5 mm.
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Figure 10. VIPP1-RNAi/amiRNA Strains Harbor Aberrant Structures at the Origin of Thylakoid Membranes.

(A) Electron microscopy image of a cell from VIPP1-amiRNA strain #18. Cells were grown at;30 mE m�2 s�1 in TAP-NH4 medium. An overview image is

shown on the left, and zoom-ins of the regions demarcated by black boxes are shown on the right. Triangles indicate regions at the origin of multiple

thylakoidmembrane ramifications. CV, contractile vacuole; N, nucleus; P, pyrenoid; S, starch. Bars in overview images = 1 mm, those in zoom-ins = 0.2 mm.

(B) Electron microscopy image of a cell from the control strain. Cells were grown at ;30 mE m�2 s�1 in TAP-NH4 medium. Symbols are as in (A).

(C) Electronmicroscopy image of a cell from VIPP1-RNAi strain #27. Cells were grown at;30mEm�2 s�1 in TAP-NO3medium. Abbreviations are as in (A).

(D) Electronmicroscopy image of a cell from VIPP1-RNAi strain #27. Cells were grown at;30mEm�2 s�1 in TAP-NH4medium. Abbreviations are as in (A).
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which the biogenesis of photosynthetic protein complexes is

arrested or at least retarded. The aberrant structures in VIPP1-

RNAi/amiRNA cells were frequently (but not exclusively) located

close to the pyrenoid in regions previously suggested to house

translation zones (T-zones; Figure 10) (Uniacke and Zerges,

2007). T-zones were postulated to represent areas where de

novo PSII biogenesis and the regulated transport of newly

assembled PSII complexes to thylakoid membranes occur. If

indeed the aberrant, PLB-like structures in VIPP1-RNAi/amiRNA

cells correspond to T-zones, they might be caused by a problem

during photosystem biogenesis/assembly.

In cyanobacteria, groups of thylakoids converge at peripheral

cytoplasmic points without any apparent connection to the

plasma membrane (Kunkel, 1982). Thylakoids at these points

are attached to so-called thylakoid centers, which are 30 to 50

nm wide tubular structures of up to 1 mm length that are

composed of subunits generating a 14-fold rotational symmetry

(Kunkel, 1982; van de Meene et al., 2006). Thylakoid centers

have been postulated to be linked to a membrane fraction with a

density intermediate to that of thylakoid and plasmamembranes

(Hinterstoisser et al., 1993). It has also been postulated that these

are the sites at which protein/pigment complexes are assembled

and incorporated into photosynthetic membranes and that po-

tentially are related to T-zones in C. reinhardtii (Nickelsen et al.,

2011). A coincidence too striking to be overlooked is that

recombinant VIPP1 from Arabidopsis, C. reinhardtii, and Syn-

echocystis forms ring-like structures with an outer diameter of 25

to 37 nm, a 12- to 17-fold rotational symmetry, and the capacity

to assemble into rod-like structures of up to 1.4 mm (Aseeva

et al., 2004; Liu et al., 2007; Fuhrmann et al., 2009b). Hence, it is

tempting to speculate that thylakoid centers in fact are VIPP1

rods, which againmay correspond tomicrotubule-like structures

reported in plastids of diverse algal and plant species in various

types of tissues (Liu et al., 2007, and references therein). Thyla-

koid centers may have moved from a peripheral position in

cyanobacteria tomore central ones in chloroplasts and still serve

as sites of thylakoid biogenesis. This speculation is supported by

the localization of VIPP1 by immunofluorescence to distinct

spots within the chloroplast that sometimes appear to extend

into rod-like structures (Figure 9). Support also comes from the

biochemical localization of VIPP1 to low-densitymembranes (Liu

et al., 2005) that are membranes intermediate between envelope

and thylakoids at which thylakoid protein biogenesis might occur

(Zerges and Rochaix, 1998). Depletion of VIPP1 may impair the

formation of proper rods, thereby leading to disordered thylakoid

centers and eventually resulting in the aberrant structures ob-

served. Alternatively, rods may be formed normally but soluble

VIPP1 is depleted and not available for chaperone-mediated

cycling between soluble and complexed forms (Liu et al., 2007). If

this process was required for the transport of building blocks to

T-zones for thylakoid biogenesis (see below), the resulting tail-

back may be the cause for the aberrant structures observed,

comparable to the generation of PLB-like structures by the

absence of chlorophyll in the y-1 mutant.

Is VIPP1 Involved in theBiogenesis of ThylakoidMembranes

or of Thylakoid Membrane Core Complexes?

The aberrant, PLB-like structures at the origin of thylakoids point

to a deficit in thylakoid biogenesis. However, is the formation of

the lipid bilayer itself affected, as proposed previously (Kroll

et al., 2001; Westphal et al., 2001; Aseeva et al., 2007), or is the

biogenesis/assembly of the photosynthesis complexes affected,

as suggested by Gao and Xu (2009)?

Similar to what has been reported for a VIPP1 depleted Arabi-

dopsis mutant (Kroll et al., 2001; Aseeva et al., 2007), we find no

change in lipid composition, but we do observe slightly lower levels

of fully assembled photosystems, cytochrome b6f complex, and

ATP synthase (by 14 to 20%) in nonstressed C. reinhardtii VIPP1-

RNAi strains (Figure 8A; seeSupplemental Figures2 and3online). In

contrastwith the earlier reports, however,we findneither an obvious

reduction of thylakoid membranes nor changes in the number of

membranes per granum (Figures 3 and 10). We rather find levels of

LHCII increased by 30%, which correlates with a lower chlorophyll

a/b ratio and faster fluorescence induction kinetics (Figures 6D, 6G,

and 8A). Hence, there appears to be no limitation of thylakoid

membranes in VIPP1-RNAi/amiRNA strains for housing protein

complexes, which points to a role of VIPP1 in the biogenesis/

assembly of core complexes rather than in the formation of the

membranes themselves. These data are in support of those from

Gao and Xu (2009), who showed in Synechocystis that depletion of

VIPP1 first affected PSII activity, then PSI activity, and once pho-

tosystem activities were lost, thylakoids degenerated. A role for

VIPP1 in core complex biogenesis/assembly is also supported by

the previous finding that VIPP1 interacts with Alb3.2 (Göhre et al.,

2006). Alb3.2was suggested to play a role inPSI andPSII assembly,

as it was found to directly interact with photosystem subunits.

Moreover, both photosystems accumulated to reduced levelswhen

Alb3.2was downregulated by RNAi, while cytochrome b6f and ATP

synthase were barely affected. Therefore, it appears possible that

VIPP1 supports Alb3.2 during photosystem assembly.

Phenotypes in Stressed C. reinhardtii VIPP1-RNAi/amiRNA

Strains Point to Defects in the Structural Organization of

Thylakoid Membrane Complexes

If VIPP1 is involved in the biogenesis/assembly of thylakoid

membrane core complexes, which step may be affected in

Table 3. Quantification of Aberrant PLB-Like Structures in

VIPP1-RNAi/amiRNA Cells

Strain Growth Conditions

cw15-325 LL, NH4 3.5 h HL, NH4 LL, NO3

Control 0 n.d. 1

VIPP1-RNAi #27 44 n.d. 64

VIPP1-RNAi #41 63 n.d. 89

cw15-302

Control 2 4 n.d.

VIPP1-amiRNA #14 48 69 n.d.

VIPP1-amiRNA #18 63 50 n.d.

VIPP1-amiRNA #20 51 48 n.d.

Cells were grown in TAP medium containing either ammonium or nitrate

as nitrogen source at low light (LL) intensities of ;30 mE m�2 s�1 or at

high light intensities (HL) of ;1000 mE m�2 s�1. Fifty electron micro-

graphs of each line were analyzed. n.d., not determined.
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VIPP1 depleted cells? We believe that the pleiotropic pheno-

types associated with VIPP1 depletion under stress conditions

provide some hints to answer this question.

Prolonged exposure of cells to light intensities of ;1000 mE

m22 s21 resulted in a much more drastic decline of PSII and PSI

activities in VIPP1-RNAi strains compared with a control strain.

PSII activities weremore severely andmore rapidly affected than

PSI activities. Loss of photosystem activity inVIPP1-RNAi strains

was accompanied by photobleaching of chlorophyll and loss of

subunits of both photosystems and of LHCII, while cytochrome

b6f complex and ATP synthase were hardly affected (Figure 1;

see Supplemental Figure 4 online). Also, a short exposure to very

high light intensities (;1800mEm22 s21) resulted inmore severe

photoinhibition of VIPP1-RNAi strains and slower recovery com-

pared with a control strain (Figure 4). Accordingly, VIPP1-RNAi

strains under these conditions also suffered from a more drastic

loss of PSII and PSI subunits than control cells (see Supplemen-

tal Figure 10A online).

The sensitivity of VIPP1-RNAi strains to both high light treat-

ments was drastically increased in cells grown on ammonium

instead of nitrate as nitrogen source and correlated with exten-

sive thylakoid swelling (Figures 1, 3, and 5, Table 1; see Supple-

mental Figure 10 online). Thylakoid swelling is likely caused by

osmosis where ammonium, accumulating in the acidified lumen,

acts as an osmoticum and potentially also as a denaturing agent.

Interestingly, induction of LHCSR3 and HSP90C/HSP70B was

more strongly impaired inVIPP1-RNAi cells grown on ammonium

compared with cells grown on nitrate. HSP70B was shown to be

involved in photoprotection and repair of PSII during and after

photoinhibition (Schroda et al., 1999), and LHCSR3 was shown

to be essential for nonphotochemical quenching in C. reinhardtii

(Peers et al., 2009). It is unclear how the thylakoid defects in the

VIPP1-RNAi strains impair the expression of LHCSR3 and the

chaperones, as the signals triggering their induction are still

unknown. However, similar defects in LHCSR3 induction and

increased sensitivity to high light treatments, as described here

for the VIPP1-RNAi strains, were recently reported for knock-

down mutants of the chloroplast calcium sensor protein CAS

(Petroutsos et al., 2011). CAS is a thylakoid membrane protein

and could be involved in a Ca2+-dependent step of light stress

signal transduction. Therefore, one possible scenario might be

that thylakoid swelling in ammonium-grown VIPP1-RNAi cells

either impairs CAS binding to the thylakoids or precludes the

correct perception of the signal triggering the induction of

photoprotective mechanisms.

In C. reinhardtii, thylakoid swelling was observed only in

severely photoinhibited wild-type cells or in ATP synthase mu-

tants (Topf et al., 1992; Majeran et al., 2001) (Table 1) (i.e., under

conditions where a large DpH/pmf was generated in cells grown

on ammonium). It is important to stress that thylakoid swelling

occurs in VIPP1-RNAi strains exposed to high light intensities

despite the fact that they are capable of generating only a lower

pmf than control cells (Figure 6A). Hence, VIPP1-RNAi strains

appear to have a structural defect in their thylakoid membranes

that impairs their ability to withstand the osmotic pressure

normally generated by the diffusion of water toward the ammo-

nium accumulating in the acidified lumen. This structural defect

is most likely also the cause for the drastically increased

thermosensitivity of PSII in VIPP1-RNAi strains compared with

control cells (Figure 7A).

In conclusion, our compiled evidence suggests that VIPP1 de-

pletion affects the structural organizationof the thylakoidmembrane

complexes, in particular that of the photosystems. However, at

which level could this structural defect occur? In grana stacks of

higher plants, interactions between protein supercomplexes, espe-

cially PSII and LHCII, result in the formation of semicrystalline arrays

(Kirchhoff et al., 2007; Daum et al., 2010). Comparable semicrys-

talline PSII arrays have also been observed in Synechocystis (Folea

et al., 2008), but so far, their existence has not been addressed inC.

reinhardtii thylakoids. A disturbance in the formation of such semi-

crystalline PSII-LHCII complexes should not cause obvious

changes in thylakoid ultrastructure or in the assembly or basic

function of thylakoidmembrane protein complexes. However, such

arrays are expected to contribute to the rigidity of thylakoid mem-

branes. If a depletion of VIPP1was causing a deficit in the formation

of higher order structures like the semicrystalline PSII-LHCII arrays,

this would explain the thylakoid swelling phenotype observed in

high light–exposed VIPP1-RNAi/amiRNA cells grown on ammonium

asnitrogen source. It would also explain the reducedcooperativity of

PSII centers suggested by the less sigmoid fluorescence induction

curves in VIPP1-RNAi cells compared with control cells (Figure 6G).

VIPP1 Might Support Alb3.2 in Photosystem Assembly by

Delivering Small Hydrophobic Polypeptides or Lipids

From the interaction of VIPP1 with Alb3.2, the occurrence of

aberrant structures at the origins of thylakoids, and the reduced

accumulation of core complexes in VIPP1-RNAi/amiRNA cells,

we propose a role for VIPP1 in the biogenesis/assembly of

thylakoid membrane core complexes. From the thylakoid swell-

ing phenotype in high light and the sensitivity of PSII to heat

stress, we proposed that depletion of VIPP1 may lead to deficits

in the structural organization of the thylakoid membrane com-

plexes. But how can we bring both functions together, and how

can we explain the increased high light sensitivity of nitrate-

grown VIPP1-RNAi strains, which occurs independent of thyla-

koid swelling?

An explanation that may account for all observations made is

that VIPP1 supports Alb3.2 during photosystem assembly by

delivering small hydrophobic photosystem subunits or specific

structural lipids. Small hydrophobic proteins may be loaded onto

VIPP1 at the TIC complex in the chloroplast inner envelope, as

suggested previously as a general pathway for thylakoid-located

photosynthesis proteins (Jouhet and Gray, 2009a, 2009b). Spe-

cific lipids may be loaded onto VIPP1 directly at their site of

synthesis at the inner envelope (Benning, 2008). Loading of small

proteins/specific lipids onto VIPP1 and their release into an

Alb3.2-containing photosystem assembly complex at thylakoid

origins might be achieved by the chaperone-mediated assem-

bly/disassembly of VIPP1 oligomers (Liu et al., 2007), which is

supported by the finding that levels of VIPP1, CDJ2, andHSP70B

were increased twofold in Alb3.2-RNAi strains (Göhre et al.,

2006). In this scenario, the pleiotropic phenotypes associated

with VIPP1 depletion would arise from photosystems containing

reduced amounts of small subunits or structural lipids and

therefore are incompletely assembled or impaired in the
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formation of thylakoid membrane protein supercomplexes with

the consequences described above.

The idea of VIPP1 being a carrier for small hydrophobic PSI

and PSII subunits appears unlikely, as there exists no evidence

that VIPP1 or PspA interact with proteins other than theHSP90C/

HSP70B/CDJ2/CGE1 (co-)chaperones (Heide et al., 2009) or

regulatory subunits of the psp operon, respectively (Joly et al.,

2010). Moreover, it is difficult to imagine that VIPP1 would

similarly exhibit specificity for small subunits of PSI and PSII.

Finally, although levels of small subunits PSBR, PSBW, PSAG,

PSAH, and PSAL appear to be lower under some conditions

tested (see Supplemental Data Set 1 online), this is not consis-

tently observed under all conditions, which would be expected if

their delivery to the respective photosystem was generally

perturbed. By contrast, there is no doubt that VIPP1 and PspA

interact withmembranes and a direct interaction of PspAwith PG

and phosphatidylserine was demonstrated (Kobayashi et al.,

2007). Furthermore, at least one of the four lipid species

present in thylakoid membranes (monogalactosyl-diacylglycerol

[MGDG], digalactosyl-diacylglycerol [DGDG], sulfoquinovosyl-

diacylglycerol [SQDG], and PG) was found to be an integral

component of thylakoid membrane complexes.

More specifically, 11MGDGs, sevenDGDGs, five SQDGs, and

two PGs were identified in the crystal structure of PSII from

Thermosynechococcus elongatus (Guskov et al., 2009), and PSII

isolated from spinach (Spinacia oleracea) and rice (Oryza sativa)

was found to contain approximately three MGDGs, approxi-

mately two DGDGs, approximately one SQDG, and approxi-

mately two PGs (Sakurai et al., 2006). The two PGs were

localized to the cytoplasmic side close to the QB site (Guskov

et al., 2009), and reduced electron transfer rates from QA to QB

upon PG depletion suggested a role of PG in maintaining the

structural integrity of theQB site (Gombos et al., 2002).Moreover,

PG was shown to be associated with the D1 protein and to be

important for PSII dimerization (Kruse and Schmid, 1995; Kruse

et al., 2000). Three PGs and one MGDG were identified in the

crystal structure of PSI from Synechococcus elongatus (Jordan

et al., 2001). One MGDGwas found in the crystal structure of the

cytochrome b6f complex (Stroebel et al., 2003). Finally, one PG

and one DGDG were found in LHCII, where PG is intimately

involved in trimerization (Standfuss et al., 2005). Hence, VIPP1

would need to be specific for only a single lipid species to serve in

the assembly of both photosystems.

If VIPP1 is indeed acting as a lipid chaperone during photo-

system assembly, which lipid may it be supplying? There are

three reasons to favor PG: (1) PspA interacts specifically with

phospholipids and PG is the only phospholipid in the thylakoids.

(2) PG is present in both photosystems. (3) The other three lipid

classes are uniformly distributed in the membranes and PSII

complexes, but PG is 2 to 5 times more abundant in PSII dimers

(Sakurai et al., 2006; Domonkos et al., 2008), thus suggesting the

need for an active enrichment process. In several studies, the

synthesis pathway for PG was disrupted in Synechocystis, C.

reinhardtii, orArabidopsis (Domonkos et al., 2008). Strikingly, the

resulting phenotypes to a large part resemble those observed in

VIPP1-depleted lines presented in this and earlier studies: To

start with Synechocystis, the pgsA and cdsAmutants, disrupted

in genes encoding phosphatidylglycerolphosphate synthase and

cytidine 59-diphosphate diacylglycerol synthase, respectively,

died unless PG was added exogenously. Depletion of exoge-

nously supplied PG led to the loss of PSII and PSI activities

(Hagio et al., 2000; Sato et al., 2000, 2004) and thus is similar to

what Gao and Xu (2009) observed as a consequence of VIPP1

depletion and what we observed in high light–treated VIPP1-

RNAi cells. PG-depleted Synechocystis mutants were highly

susceptible to photobleaching, which was explained by an

increased formation of singlet oxygen as a consequence of

reduced electron transfer from QA to QB that enhances the

occurrence of the dangerous triplet state of chlorophyll (Sakurai

et al., 2003; Domonkos et al., 2008).Moreover, loss of PSI activity

upon PG depletion was found to come along with an accumu-

lation of PSI monomers at the expense of PSI trimers (Domonkos

et al., 2004), similar to the observation of Fuhrmann et al. (2009a)

in a vipp1 merodiploid strain.

The Arabidopsis pgp1 mutant, defective in the gene encoding

phosphatidylglycerolphosphate synthase and accumulating only

12% of wild-type PG levels, is unable to grow photoautotrophi-

cally, has pale, yellow-green leaves, and its chloroplasts contain

only few, swollen thylakoid membranes without granum structure

(Hagio et al., 2002). This phenotype indeed resembles that of the

Arabidopsis Dvipp1mutant (Kroll et al., 2001; Aseeva et al., 2007).

Only the phenotype of the C. reinhardtii mf1 andmf2mutants,

in which the deficiency of PG leads to the nearly complete

absence of PSII cores due to a severely reduced translation of D1

and CP47 (Maroc et al., 1987; Pineau et al., 2004), was much

more severe than that observed in the VIPP1-RNAi strains

reported here. Also not consistent with a simple lack of PG in

PSII of VIPP1-RNAi cells is our finding that the midpoint potential

of the QA/QA
2 redox couple in PSII is lowered (Table 2). This

points to a problemwith the integrity of theQA site (Fufezan et al.,

2007) instead of the QB site, which was affected by PG depletion

in cyanobacteria (Gombos et al., 2002). Certainly, a more neg-

ative midpoint potential of the QA/QA
2 redox couple has been

shown to increase the yield of 1O2 (Krieger-Liszkay and Ruther-

ford, 1998; Fufezan et al., 2007) and most likely is causing the

high light sensitivity of the VIPP1-RNAi cells. Phenotypes that

very closely resemble those of the VIPP1-RNAi strains were

observed in the C. reinhardtii hf-2 mutant, which is defective in

the biosynthesis of SQDG. The lack of SQDG had no obvious

effect on the assembly of PSI, PSII, and LHCII. While PSI activity

was unaffected, PSII activity was reduced by;40% (Sato et al.,

1995). Moreover, PSII activity was more sensitive to photoinhi-

bition and highly sensitive to heat stress (Minoda et al., 2002;

Sato et al., 2003). These compiled observations indicate that at

least in C. reinhardtii, the phenotypes in VIPP1-RNAi/amiRNA

cells cannot be explained by a simple lack of PG in the photo-

systems. However, they do point to a structural problem poten-

tially caused by an incomplete or inaccurate incorporation of PG

into the photosystems, thus producing PSII centers that are

similarly labile as those completely devoid of SQDG.

ANewHypothesis foraRoleofVIPP1Different fromThatof a

Vesicle-Inducing Protein

In summary, we propose here a new hypothesis for the function

of VIPP1 in the chloroplast. This hypothesis claims that VIPP1
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rods are in fact the thylakoid centers found in cyanobacteria and

organize sites at which thylakoid biogenesis occurs. Chaperone-

mediated dynamic cycling between soluble, smaller VIPP1 as-

sembly states and rods may serve to provide structural lipids for

core complex assembly, which occurs in collaboration with

Alb3.2. Depletion of VIPP1 slows down this assembly process

and leads to the aberrant PLB-like structures observed at the

origin of thylakoid layers. Moreover, it leads to an incomplete/

inaccurate incorporation of structural lipids into thylakoid mem-

brane core complexes, in particular the photosystems. This

directly impairs their structure and function (i.e., the integrity of

the QA site in PSII) and affects the formation of supercomplexes,

like the semicrystalline PSII-LHCII arrays, thus leading to a higher

susceptibility to photoinhibition and reduced ability to withstand

an increased lumenal turgor. The pronounced high light induc-

ibility of VIPP1 and the reduced capacity of VIPP1-RNAi cells to

repair photodamaged PSII by de novo D1 synthesis also indicate

a role of VIPP1 during the PSII repair cycle, where a supply of

structural lipids will also be needed.

There is no doubt that this hypothesis is still speculative.

However, in contrast with the earlier proposal that VIPP1 acts as

a vesicle inducing protein, it accounts for most phenotypes

observed in VIPP1-depleted cyanobacteria, algae, and higher

plants and for most of the localization studies and biochemical

and structural observations made so far. For certain, this hy-

pothesis provides a basis for new experimental approaches to

eventually understand the enigmatic process of thylakoid bio-

genesis.

METHODS

Algal Strains and Culture Conditions

Chlamydomonas reinhardtii strains cw15-325 (cwd, mt+, and arg72) and

cw15-302 (cwd, mt+, nit12, and arg72), both kindly provided by R.

Matagne (University of Liège, Belgium), were used as recipient strains for

transformation. Both strains were transformed with pCB412 (containing

only the wild-type ARG7 gene) to generate control strains. Strain cw15-

325 was transformed with pMS439 (containing ARG7 and the VIPP1-

RNAi construct) and strain cw15-302 with pMS552 (containing ARG7 and

the VIPP1-amiRNA construct). pCB412was linearizedwith XhoI, pMS439

with SpeI, and pMS552 with HindIII. One microgram of DNA was used for

transformation with glass beads (Kindle, 1990). Strains were grown

mixotrophically in TAP medium (Harris, 2008) supplemented with 7.5

mMNH4Cl or 4 mM KNO3 on a rotary shaker at 258C at;30 mE m22 s21.

Fifteen hours before each experiment, cultures were diluted with TAP

medium containing the respective nitrogen source to obtain equal cell

densities of ;4 3 106 cells/mL when the experiment started. Cell

numberswere determined using a Z2Coulter Counter (BeckmanCoulter).

Vector Construction and Screening for

VIPP1-Underexpressing Transformants

Construction of the VIPP1-RNAi vector (pMS439) was described previously

(Heide et al., 2009). The miRNA targeting C. reinhardtii VIPP1 was designed

according to the detailed instructions given by Molnar et al. (2009) using the

WMD2 tool at http://wmd2.weigelworld.org (Ossowski et al., 2008). Resulting

oligonucleotides 59-ctagtCGCGACCTGATTAAGAAGCGAtctcgctgatcggca-

ccatgggggtggtggtgatcagcgctaTCGCATCTTAATCAGGTCGCGg-39 and 59-cta-

gcCGCGACCTGATTAAGATGCGAtagcgctgatcaccaccacccccatggtgc-

cgatcagcgagaTCGCTTCTTAATCAGGTCGCGa-39 (uppercase letters

indicate miRNA*/miRNA sequences) were annealed by boiling and slowly

coolingdown in a thermocycler and ligated intoSpeI-digestedpChlamiRNA2,

yieldingpMS552. Screening for correct constructswasdone as describedby

Molnar et al. (2009). VIPP1-underexpressing transformants were initially

identified by analyzing;40 transformants by immunoblotting. After discov-

ering their sensitivity to high light, candidates for VIPP1-underexpressing

strainswere selected among;60 transformants that were streaked on TAP-

NH4 agar plates and showed bleaching after exposure to;400 mEm22 s21

for 4 d. Strong reduction of VIPP1 levels in high light–sensitive transformants

was then verified by immunoblotting.

Protein Gel and Gel Blot Analyses

Protein extraction and quantification, SDS-PAGE, semidry blotting, and

detection by enhanced chemiluminescence were performed as de-

scribed previously (Schroda et al., 1999). Antisera were against

HSP90C (Willmund and Schroda, 2005), HSP70B (Schroda et al., 1999),

VIPP1 (Liu et al., 2005), VIPP2 (S. Schmollinger and M. Schroda, unpub-

lished results), LHCSR3 (Naumann et al., 2007), PsaD (Naumann et al.,

2005), LHCII (Vallon et al., 1986), CP43 (Vallon et al., 1985), cytochrome f

(Pierre and Popot, 1993), PsbA (Agrisera, AS05 084), PsaA (Agrisera,

AS06 172), OEE33 (Agrisera, AS06 142-33), and CF1b (Lemaire and

Wollman, 1989). Depending on the abundance of the antigen in the cell

and the quality of the antiserum, different amounts of whole-cell proteins

were loaded per SDS-polyacrylamideminigel: 15.3mg for the detection of

HSP90C, VIPP2, CP43, OEE33, PsaA, and cytochrome f; 3.8 mg for

HSP70B, PsaD, and LHCSR3; and 0.8mg for VIPP1, CF1b, D1, and LHCII.

RNA Gel Blot Analyses

RNA extraction, RNA gels, blotting, and hybridization were performed as

described previously (Liu et al., 2005). Probes used for hybridization were

the;1-kb full-length cDNA of CBLP2, a 2-kb NheI-AatII cDNA fragment

containing the HSP70B coding region, a 1.4-kb BamHI fragment con-

taining part of the VIPP1 coding region, and a 0.34-kb RT-PCR product

containing part of the LHCSR3 coding region (Naumann et al., 2007).

High Light, Photoinhibition, and Heat Shock Experiments

For the exposure to high light (;1000mEm22 s21), 150mL of cell cultures

were transferred to 400-mL beakers and placed onto spots on a rotary

shaker that were illuminated byOsramHLX 250W64663 Xenophot bulbs.

A glass plate nonpermissive to infrared and UV irradiation was placed

between light sources and beakers and cooled by ventilation. Beaker

positions of all simultaneously treated cultures were swapped at regular

intervals during the high light treatment to ensure equal illumination. The

beakers were placed on a water-cooled metal plate to maintain a

temperature of 258C in the cell cultures. The same setup was used for

photoinhibition, but cultures were exposed to ;1800 mE m22 s21. For

heat shock treatments, cell cultures were incubated and agitated in a

water bath at 408C and;5mEm22 s21. Light intensities were determined

using a Luxmeter (Heinz Walz Mess- und Regeltechnik).

Quantitative Proteomics

The control strain was grown in TAP supplemented with K15NO3 ($98%;

NLM-765; Cambridge Isotope Laboratories), and VIPP1-RNAi strain #111

was grown in TAP supplemented with K14NO3. Cells were grown to a

density of;43 106 cells/mL. The cultureswere split into three parts: One

part was incubated at;30 mEm22 s21 and 258C for 1 h (unstressed), the

second part was treated at ;2000 mE m22 s21 and 258C for 1 h

(photoinhibition), and the third part was exposed to 408C at ;5 mE m22
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s21 for 1 h (heat shock). After mixing 15N-labeled with 14N-labeled cells

from each treatment at a ratio of 1:1 (based on same cell numbers),

membrane-enriched fractions were prepared by freeze-thawing and

centrifugation (30 min at 16,000g and 48C). Pellets were resuspended in

lysis buffer (50 mM NH4HCO3, 1 mM DTT, and 1 mM NaCl), sonicated,

and centrifuged again as above. The pellet was resuspended with lysis

buffer, and proteins corresponding to 20 mg chlorophyll were mixed with

23 SDS sample buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS,

10%b-mercaptoethanol, and 0.005%bromophenol blue), boiled for 60 s,

and separated on a 12% SDS-polyacrylamide gel. The three lanes were

cut into 14 gel bands each, and proteins therein were digested with 12.5

ng/mL sequencing grade modified trypsin (Promega) for 16 h at 378C. The

eluted peptides from the gel slices were desalted, separated, and

measured by liquid chromatography–mass spectrometry essentially as

described by Mühlhaus et al. (2011) with the following alterations: For

HPLC separation a gradient ramping from 0 to 35% B (A, 2% acetonitrile

and 0.5% acetic acid; B, 80% acetonitrile and 0.5% acetic acid) after 45

min and then to 100% B after 50 min was employed. Data were acquired

in the positive polarity mode in data-dependent fashion: one survey scan

from 300 to 2000mass-to-charge ratio in the orbitrap analyzer (resolution

of 60,000 at 400 mass-to-charge ratio; target filling of 106 ions) was

followed by tandem mass spectrometry (MS/MS) scans in the linear ion

trap (target filling of 104 ions) of the seven most intense precursor ions

detected in the survey scan. Singly charged ions were rejected for MS/

MS analysis, and we allowed two MS/MS events for each ion before

putting it on the exclusion list for 180 s. Identification of peptide

sequences and quantification were performed by the Integration of

Mass Spectrometry Identification and Quantification Software (Mühlhaus

et al., 2011). The light-to-heavy ratios calculated for all unique peptides

were used to determine the relative abundance of the corresponding

proteins. Unequal mixing of labeled and unlabeled proteins in each

sample was corrected for by normalizing the light-to-heavy ratio deter-

mined for each peptide in a sample by the median of light-to-heavy ratios

of all peptides in that sample. Themedian of the normalized light-to-heavy

ratios of all peptides from one protein was taken as the relative abun-

dance of that protein. Quantification values of core complex subunits are

listed in Supplemental Data Set 1 online. Sequences and quantification

values of all identified peptides are presented in Supplemental Data Set 2

online.

Chlorophyll a Fluorescence Measurements

To monitor PSII maximum quantum efficiency during high light exposure

and heat stress, the FV/FM ratio was determined from intact cells at 258C

using the PAM-100 fluorometer (HeinzWalz). Basal fluorescence (F0) was

detected after dark adaptation for 2 min and far-red adaptation for an

additional 2 min (the measurements of Figure 6 were all done with a Dual-

PAM-100 after 5 min of far-red illumination, followed by 10 min of dark

adaptation). FMwas determinedwith a single 4000mEm22 s21 light pulse.

For chlorophyll a fluorescence induction curves, cells equivalent to 10mg/

mL chlorophyll were used. Cells were first illuminated with far-red light to

induce state 1, followed by the addition of 100 mMDCMU and incubation

in darkness for 15 min. To keep cells in state 1, the sample was strongly

stirred (aerobic conditions). Then, chlorophyll a fluorescence inductionwas

measured at 25 mE light intensity with a temporal resolution of 100 ms.

Spectroscopy

The time course of changes in PSI and PSII activities during light exposure

was followed using a JTS spectrophotometer (Bio-Logic). PSI and PSII

activities were estimated from changes in the amplitude of the fast phase

(100 ms) of the electrochromic absorption shift (ECS) signal (at 520 to 545

nm) upon excitation with a saturating laser flash (Bailleul et al., 2010). The

ECS spectral change linearly follows the number of light-induced charge

separations within the reaction centers (Witt, 1979). Thus, PSII contribu-

tion can be calculated from the decrease in the signal amplitude upon

addition of DCMU (20 mM) and hydroxylamine (1 mM) that irreversibly

block PSII charge separation once the sample has been preilluminated

(Joliot and Delosme, 1974). Conversely, PSI activity was estimated as the

fraction of the signal that was insensitive to these inhibitors. For the

measurement of pmf and ATP synthase activity, the ECS was used as an

in vivo probe of the pmf across the thylakoid membrane (Kramer et al.,

2003; Takizawa et al., 2007; Bailleul et al., 2010). The difference trans-

mission signal was measured with a KLAS-100 LED-array spectropho-

tometer (Heinz Walz), which allows the simultaneous measurement of

light-induced difference absorption signals at eight wavelength pairs

between 505 and 570 nm. The first twowavelength pairs at 505 to 520 nm

and 520 to 535 nm are dominated by the electrochromic shift transmit-

tance changes arising from the xanthophyll cycle. The other wavelength

pairs (540 to 545 nm, 545 to 550 nm, 550 to 554 nm, 554 to 559 nm, 559 to

563 nm, and 563 to 570 nm) are required to completely deconvolute the

ECS signal from scattering effects, the C550 pheophytin signal, and from

redox changes of the cytochromes f and b6. The deconvoluted trans-

mission signals (DI/I) were normalized to the chlorophyll content of the

algal suspension. The maximum amplitude of the ECS (ECST) was used

as a measure for the light-induced pmf across the thylakoid membrane.

Cells were resuspended in 20% (w/v) Ficoll and illuminated for 5 min prior

to each measurement to allow photosynthesis to reach steady state.

ECST was determined after illuminating the suspension with saturating

light (1500 mE m22 s21), which then was interrupted by a short interval of

darkness (12 s), and the dark-interval relaxation kinetics of the ECS were

measured. To determine ATP synthase activity, the fast phase (between 0

and 500 ms after the end of actinic illumination) of the dark interval

relaxation kineticswas fittedwith a single exponential decay function. The

reciprocal value of the half-time of the ECS decay, the thylakoid conduc-

tivity (gH+), is a measure of ATP synthase activity, as fast ECS decay is

exclusively attributable to proton efflux through the ATP synthase (Cruz

et al., 2001; Baker et al., 2007). Cytochrome f reduction was measured in

parallel to the ECS decay kinetics. For cytochrome f oxidation measure-

ments cell numbers equivalent to 15 to 20 mg/mL chlorophyll were used.

Cells were resuspended in 20% (w/v) Ficoll. Cells were preilluminated for

5 min to fully activated the Calvin cycle, followed by the addition of 10 mM

DCMU, to inhibit PSII. Cytochrome fwas oxidized by a saturating red light

pulse (1660 mE m22 s21).

Thermoluminescence Measurements

Thermoluminescence was measured with a home-built apparatus. To

measure thermoluminescence arising from the S2QA
2 charge recombi-

nation (Q-band), C. reinhardtii cells were incubated in the presence of 10

mM DCMU for 5 min in the dark at 208C and then flashed with one

saturating xenon flash at258C. For luminescence detection, the samples

were warmed at a constant rate (0.48C s21) from 1 to 708C.

Indirect Immunofluorescence Microscopy

Control transformants in the cw15-325 background were grown in TAP-

NH4 media and fixed and stained as described previously (Cole et al.,

1998; Pérez-Pérez et al., 2010). The primary antibody was affinity purified

from polyclonal anti-VIPP1 antiserum (Liu et al., 2005; Willmund and

Schroda, 2005) and used in a 1:250 dilution. A fluorescein isothiocyanate–

labeled goat anti-rabbit antibody (1:500; Sigma-Aldrich) was used as

secondary antibody. Preparations were photographed on a DM6000B

microscope (LeicaMicrosystems) with anORCA-ER camera (Hamamatsu)

and the Leica Application Suite Advanced Fluorescence software package

(Leica).
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Transmission Electron Microscopy

Cells were fixed for 2 h (at room temperature) to 14 h (at 48C) in 100 mM

sodium cacodylate containing 2.5% glutaraldehyde at pH 7.2. After two

washes with 100 mM Na-cacodylate, pH 7.2, and two washes with

distilled water, the cells were osmicated in 1%OsO4 in distilled water for

1 h at 48C. After two washes with distilled water, cells were resuspended

in 20% BSA (w/v) and incubated for 20 min at room temperature. Cells

were centrifuged for 10 min at 16,000g, and the cell pellet was incubated

for 30min at room temperaturewith 2.5%glutaraldehyde in distilledwater

at pH 7.4. After two washes with distilled water, the cell pellet was cut into

pieces (1 to 2 mm3), dehydrated using increasing concentrations of

ethanol and embedded in glycid ether 100 (formerly Epon 812; Serva) with

propylene oxide as intermediate solvent following standard procedures.

Polymerization was performed for 48 h at 658C. Ultrathin sections (;60 to

70 nm) were cut with a diamond knife (type ultra 358; Diatome) on an EM

UC6 ultramicrotome (Leica) and mounted on single-slot Pioloform-

coated copper grids (Plano). The sections were stained with uranyl

acetate and lead citrate (Reynolds, 1963) and viewed with a JEM-2100

(Jeol) or EM 902A (Carl Zeiss) transmission electron microscope (both

operated at 80 kV). Micrographs were taken using a 40803 4080-pixel or

1350 3 1040-pixel charge-coupled device camera (UltraScan 4000 or

Erlangshen ES500W, respectively; Gatan) and Gatan Digital Micrograph

software (version 1.70.16). Image brightness and contrast were adjusted

and figures assembled using Adobe Photoshop 8.0.1.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: VIPP1, AAU06582

(GenBank), Cre13.g583550 (Phytozome); and VIPP2, Cre11.g468050

(Phytozome).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Construct Used for the Suppression of

VIPP1 by RNAi.

Supplemental Figure 2. Major Thylakoid Membrane Protein Com-

plexes Are Fully Assembled in VIPP1-RNAi Strains.

Supplemental Figure 3. Bulk Membrane Lipid Composition in VIPP1-

RNAi Strains Is Indistinguishable from That of Control Strains.

Supplemental Figure 4. Subunits of PSII and PSI Are Rapidly

Degraded in VIPP1-RNAi Strains Exposed to High Light Intensities.

Supplemental Figure 5. High Light Sensitivity Is Also Observed in

VIPP1-amiRNA Strains Unable to Induce VIPP2 Expression.

Supplemental Figure 6. VIPP1-RNAi Strains Are Not Impaired in

State Transitions.

Supplemental Figure 7. Delayed Bleaching of VIPP1-RNAi Strains

Grown on Nitrate.

Supplemental Figure 8. Categories of Thylakoid Structure.

Supplemental Figure 9. Lysis of High Light–Exposed VIPP1-RNAi

Cells Grown on Nitrate Appears Not to Be Caused by Thylakoid

Swelling.

Supplemental Figure 10. VIPP1-RNAi Strains Are Less Sensitive to

Photoinhibition When Grown on Nitrate Compared with Ammonium.

Supplemental Figure 11. VIPP1-RNAi Strains Are Less Sensitive to

Heat Shock When Grown on Nitrate Compared with Ammonium.

Supplemental Data Set 1. Quantification Results for Subunits of

Thylakoid Membrane and Respiratory Chain Core Complexes.

Supplemental Data Set 2. Sequences and Quantification Results for

All Peptides Identified by Quantitative Shotgun Proteomics.

ACKNOWLEDGMENTS

We thank Olivier Vallon (Institut de Biologie Physico-Chimique, Paris,

France) for the antisera against CF1b, cytochrome f, and LHCII, Michael

Hippler (University of Münster, Germany) for antisera against PsaD and

LHCSR3, Jochen Golecki (University of Freiburg, Germany) for first survey

electron microscopy images, and Rita Grotjahn and Franziska Richter

(University of Bayreuth, Germany) for help with sample preparation for

transmission electron microscopy and the evaluation of electron micro-

scopy images. This work was supported by the Max Planck Society, by

grants from the Deutsche Forschungsgemeinschaft (Schr 617/2-4 and

617/5-1), and by the Bundesministerium für Bildung und Forschung

(Systems Biology Initiative FORSYS; Project GoFORSYS).

AUTHOR CONTRIBUTIONS

A.N. performed all growth, protein gel, and RNA gel analyses with the

cw15-325 strains. M.A.S., G.F., T.R., A.K.-L., A.N., S. Schönfelder, and

H.L. performed the biophysical measurements. A.-K.U., B.S., and S.G.

took all electron micrographs and did the statistical evaluations. S.

Schönfelder and M.R. performed all growth and protein gel analyses with

the cw15-302 strains. F.S. performed the lipid analyses and the mass

spectrometrymeasurements, and T.M. evaluated themass spectrometry

data. S. Schmollinger cloned the VIPP1-amiRNA construct, generated

recombinant VIPP2, and took immunofluorescencemicrographswith J.L.

C. M.S. conceived and coordinated the project, prepared most of the

figures, and wrote the article.

Received October 14, 2011; revised December 22, 2011; accepted

January 14, 2012; published February 3, 2012.

REFERENCES
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Depège, N., Bellafiore, S., and Rochaix, J.D. (2003). Role of chloro-

plast protein kinase Stt7 in LHCII phosphorylation and state transition

in Chlamydomonas. Science 299: 1572–1575.
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K., Itoh, S., and Wada, H. (2002). Phosphatidylglycerol requirement for

the function of electron acceptor plastoquinone Q(B) in the photosys-

tem II reaction center. Biochemistry 41: 3796–3802.

Goral, T.K., Johnson, M.P., Brain, A.P., Kirchhoff, H., Ruban, A.V.,

and Mullineaux, C.W. (2010). Visualizing the mobility and distribu-

tion of chlorophyll proteins in higher plant thylakoid membranes:

Effects of photoinhibition and protein phosphorylation. Plant J. 62:

948–959.

Guskov, A., Kern, J., Gabdulkhakov, A., Broser, M., Zouni, A., and

Saenger, W. (2009). Cyanobacterial photosystem II at 2.9-A resolu-

tion and the role of quinones, lipids, channels and chloride. Nat.

Struct. Mol. Biol. 16: 334–342.

Hagio, M., Gombos, Z., Várkonyi, Z., Masamoto, K., Sato, N.,

Tsuzuki, M., and Wada, H. (2000). Direct evidence for requirement

of phosphatidylglycerol in photosystem II of photosynthesis. Plant

Physiol. 124: 795–804.

Hagio, M., Sakurai, I., Sato, S., Kato, T., Tabata, S., and Wada, H.

(2002). Phosphatidylglycerol is essential for the development of

thylakoid membranes in Arabidopsis thaliana. Plant Cell Physiol. 43:

1456–1464.

Hankamer, B.D., Elderkin, S.L., Buck, M., and Nield, J. (2004).

Organization of the AAA(+) adaptor protein PspA is an oligomeric

ring. J. Biol. Chem. 279: 8862–8866.

Harris, E.H. (2008). The Chlamydomonas Sourcebook: Introduction to

Chlamydomonas and Its Laboratory Use. (San Diego, CA: Elsevier/

Academic Press).

Heide, H., Nordhues, A., Drepper, F., Nick, S., Schulz-Raffelt, M.,

Haehnel, W., and Schroda, M. (2009). Application of quantitative

immunoprecipitation combined with knockdown and cross-linking to

Chlamydomonas reveals the presence of vesicle-inducing protein in

plastids 1 in a common complex with chloroplast HSP90C. Proteo-

mics 9: 3079–3089.

Hinterstoisser, B., Cichna, M., Kuntner, O., and Peschek, G.A.

(1993). Cooperation of plasma and thylakoid membranes for the

biosynthesis of chlorophyll in cyanobacteria: the role of thylakoid

centers. J. Plant Physiol. 142: 407–413.

Hoober, J.K., and Blobel, G. (1969). Characterization of the chloro-

plastic and cytoplasmic ribosomes of Chlamydomonas reinhardi. J.

Mol. Biol. 41: 121–138.

Joliot, P., and Delosme, R. (1974). Flash-induced 519 nm absorption

change in green algae. Biochim. Biophys. Acta 357: 267–284.

Joly, N., Engl, C., Jovanovic, G., Huvet, M., Toni, T., Sheng, X.,

Stumpf, M.P., and Buck, M. (2010). Managing membrane stress: The

phage shock protein (Psp) response, from molecular mechanisms to

physiology. FEMS Microbiol. Rev. 34: 797–827.

Jordan, P., Fromme, P., Witt, H.T., Klukas, O., Saenger, W., and

Krauss, N. (2001). Three-dimensional structure of cyanobacterial

photosystem I at 2.5 A resolution. Nature 411: 909–917.

Jouhet, J., and Gray, J.C. (2009a). Interaction of actin and the chlo-

roplast protein import apparatus. J. Biol. Chem. 284: 19132–19141.

Jouhet, J., and Gray, J.C. (2009b). Is chloroplast import of photosyn-

thesis proteins facilitated by an actin-TOC-TIC-VIPP1 complex? Plant

Signal. Behav. 4: 986–988.

Kindle, K.L. (1990). High-frequency nuclear transformation of Chlamydo-

monas reinhardtii. Proc. Natl. Acad. Sci. USA 87: 1228–1232.

Kirchhoff, H., Haase, W., Wegner, S., Danielsson, R., Ackermann, R.,

and Albertsson, P.A. (2007). Low-light-induced formation of semi-

crystalline photosystem II arrays in higher plant chloroplasts. Bio-

chemistry 46: 11169–11176.

Kleerebezem, M., Crielaard, W., and Tommassen, J. (1996). Involve-

ment of stress protein PspA (phage shock protein A) of Escherichia

coli in maintenance of the protonmotive force under stress conditions.

EMBO J. 15: 162–171.

Kleerebezem, M., and Tommassen, J. (1993). Expression of the pspA

Chlamydomonas VIPP1 Function 21 of 23



gene stimulates efficient protein export in Escherichia coli. Mol.

Microbiol. 7: 947–956.

Kobayashi, R., Suzuki, T., and Yoshida, M. (2007). Escherichia coli

phage-shock protein A (PspA) binds to membrane phospholipids and

repairs proton leakage of the damaged membranes. Mol. Microbiol.

66: 100–109.

Kramer, D.M., Cruz, J.A., and Kanazawa, A. (2003). Balancing the

central roles of the thylakoid proton gradient. Trends Plant Sci. 8:

27–32.

Krieger-Liszkay, A., and Rutherford, A.W. (1998). Influence of herbi-

cide binding on the redox potential of the quinone acceptor in

photosystem II: Relevance to photodamage and phytotoxicity. Bio-

chemistry 37: 17339–17344.

Kroll, D., Meierhoff, K., Bechtold, N., Kinoshita, M., Westphal, S.,

Vothknecht, U.C., Soll, J., and Westhoff, P. (2001). VIPP1, a nuclear

gene of Arabidopsis thaliana essential for thylakoid membrane for-

mation. Proc. Natl. Acad. Sci. USA 98: 4238–4242.

Kruse, O., Hankamer, B., Konczak, C., Gerle, C., Morris, E., Radunz,

A., Schmid, G.H., and Barber, J. (2000). Phosphatidylglycerol is

involved in the dimerization of photosystem II. J. Biol. Chem. 275:

6509–6514.

Kruse, O., and Schmid, G.H. (1995). The role of phosphatidylglycerol

as a functional effector and membrane anchor of the D1-core peptide

from photosystem II-particles of the cyanobacterium Oscillatoria

chalybea. Z. Naturforsch. C 50: 380–390.

Kunkel, D.D. (1982). Thylakoid centers: structures associated with the

cyanobacterial photosynthetic membrane system. Arch. Microbiol.

133: 97–99.

Lemaire, C., and Wollman, F.A. (1989). The chloroplast ATP synthase

in Chlamydomonas reinhardtii. I. Characterization of its nine constitu-

tive subunits. J. Biol. Chem. 264: 10228–10234.

Li, H.M., Kaneko, Y., and Keegstra, K. (1994). Molecular cloning of a

chloroplastic protein associated with both the envelope and thylakoid

membranes. Plant Mol. Biol. 25: 619–632.

Liu, C., Willmund, F., Golecki, J.R., Cacace, S., Hess, B., Markert, C.,

and Schroda, M. (2007). The chloroplast HSP70B-CDJ2-CGE1 cha-

perones catalyse assembly and disassembly of VIPP1 oligomers in

Chlamydomonas. Plant J. 50: 265–277.

Liu, C., Willmund, F., Whitelegge, J.P., Hawat, S., Knapp, B., Lodha,

M., and Schroda, M. (2005). J-domain protein CDJ2 and HSP70B are

a plastidic chaperone pair that interacts with vesicle-inducing protein

in plastids 1. Mol. Biol. Cell 16: 1165–1177.

Majeran, W., Olive, J., Drapier, D., Vallon, O., and Wollman, F.A.

(2001). The light sensitivity of ATP synthase mutants of Chlamydo-

monas reinhardtii. Plant Physiol. 126: 421–433.

Maroc, J., Tremolieres, A., Garnier, J., and Guyon, D. (1987). Olig-

omeric form of the light-harvesting chlorophyll a+b protein complex

CPII, phosphatidylglycerol, D3-trans-hexadecenoic acid and energy

transfer in Chlamydomonas reinhardtii, wild-type and mutants. Bio-

chim. Biophys. Acta 893: 91–99.

Minoda, A., Sato, N., Nozaki, H., Okada, K., Takahashi, H., Sonoike,

K., and Tsuzuki, M. (2002). Role of sulfoquinovosyl diacylglycerol for

the maintenance of photosystem II in Chlamydomonas reinhardtii. Eur.

J. Biochem. 269: 2353–2358.

Molnar, A., Bassett, A., Thuenemann, E., Schwach, F., Karkare, S.,

Ossowski, S., Weigel, D., and Baulcombe, D. (2009). Highly specific

gene silencing by artificial microRNAs in the unicellular alga Chlamydo-

monas reinhardtii. Plant J. 58: 165–174.
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