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ABSTRACT: The role of digalactosyldiacylglycerol (DGDG) for the functional competence of photosystem

II (PS Il) has been analyzed in leaves Axfabidopsis thaliangplants where the lipid composition was
selectively modified by genetic mutations. Measurements with a newly developed laser flash fluorometer
and data evaluation within the framework of an extended “3-quencher” model lead to the following
results: (i) the normalized fluorescence transi€{t¥Fo induced by an actinic laser flash in dark adapted
leaves are virtually the same in wild type (WT) and mutants with diminished (about 50%) monogalac-
tosyldiacylglycerol (MGDG) contentnfgdl mutant); (ii) significant changes of the(t)/Fo curves are
observed in mutants with a severely reduced DGDG content; (iii) in mutiyd$anddgdl dgd2-lwith

DGDG contents of 1/15 of the control and below the detection limit, respectively, the probability of the
dissipative recombination reaction between P8&hd Q.~ increases by factors of about two and four,
respectively; (iv) the acceptor side reactions are only slightly affected; (v) excitation with actinic laser
flash energies above the saturation level of photosynthesis gives rise to elevated carotenoid triplet formation
in mutantsdgdlanddgdl dgd2-1and (vi) the relationship between DGDG content and functional effect(s)
on PS Il is strikingly nonlinear. A small fraction of DGDG molecules of the total pool is inferred to be
specifically bound to PS Il as an essential constituent for its functional competence.

In all living cells, the spatial separation of metabolic dylglycerol (PG) is the only phospholipid found in thyla-
processes into specialized cell compartments is a fundamentakoids, whereas phosphatidylcholine (PC), an abundant lipid
principle in free energy transduction and the regulated of all extraplastidial membranes, is virtually absent from
interplay between a high number of individual reactions. This thylakoid membranes3]. Glycolipids where found to exert
compartmentalization is achieved by means of lipid mem- specific interactions of functional relevance with different
branes that contain integral proteins as functionally active operational units of the photosynthetic apparatus. lllustrative
complexes. The physical and chemical properties of theseexamples are (i) the effect of DGDG and phosphatidylglyc-
membranes are determined by their lipid and protein erol (PG) on the trimer formation of light harvesting complex
composition. Apart from establishing a well-defined barrier [l (LHC II) (4—7); (i) the role of MGDG for the activity of
for solutes and electrochemical free energy transport, lipids violaxanthin-deepoxidase (VDE), an essential component of
can also selectively affect membrane-associated reactionghe adaptive machinery to light stre$; ((iii) the influence
through specific interaction with membrane-bound proteins. of SQDG and DGDG on the reaction properties of the
Biological membranes comprise a variety of lipid classes. oxygen evolving photosystem Il (PS Il) in cyanobacteria and
Phospholipids are abundant in animal and yeast cells. Inplants @—17); and (iv) the regulation of the aggregation state
marked contrast, the lipid composition of thylakoid mem- of photosystem | (PS 1) in cyanobacteria by PIB)( The
branes in photosynthesizing organisms is unique and char-biosynthesis of galactolipids is catalyzed by specific syn-
acterized by its high content of glycolipids. Major glycolipids thases which are localized to chloroplast membranes. In
found in these membranes are the two galactolipids mo- Arabidopsis thaliana functional MGDG synthases are
nogalactosyldiacylglycerol (MGD@)and digalactosyldia-  encoded by three different gené4&D1, MGD2, andMGD3
cylglycerol (DGDG) and the sulfolipid sulfoquinovosyldia-  (19)). Likewise, for DGDG two genesdGD1 andDGD?2)
cylglycerol (SQDG) ¢, 2). The amounts of phospholipids, have been identified20, 21), and a third galactolipid
however, are very low in thylakoid membranes. Phosphati-
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synthase activity has recently been report&?, (23). A. thaliana wild type plants and mutants with modified
Different mutants deficient in one or two of these synthases galactolipid content. Complementary investigations were
have been isolated from. thaliana Themgdlmutant @4) performed using the saturation pulse (multiple turnover)

carries a T-DNA insertion in the promoter region of the method. The results obtained in this study provide clear
MGD1 gene. As a consequenddGD1 mRNA abundance  evidence that (i) DGDG plays a crucial role in maintaining
is strongly reduced, and the MGDG content is decreased tonormal PS Il activity and (ii) further reduction of the DGDG
about 25% of total lipids as compared to 45% in wild type. contentindgdl dgd2-below the detection limit has a drastic
The contents of other lipids imgdlare not significantly influence on the reaction pattern of PS II.

altered. Furthermore, the 16:3 to 18:3 ratio is slightly changed

in mgd] but the overall degree of fatty acid unsaturation is MATERIALS AND METHODS
very similar to wild type. Thengd1lmutant is characterized Plant Material and Growth Conditions. A. thalianaild

by a severely reduced content of chlorophyll per seedling. type plants (ecotype Columbia-2, Col-2, and ecotype
However, total amounts and composition of carotenoids were Wassilewskija, Ws) and galactolipid mutants were germi-
very similar to wild type. The chloroplasts imgdlleaves nated in Petri dishes containing solidified medium (MS salts,
show an altered thylakoid structure, and they are smaller, 1% [w/v] sucrose, 1% [w/v] agarose) for 2 weeks before
show a more spherical shape, and contain fewer thylakoids.transfer to soil 29). The light regime for all growth
This finding emphasizes the importance of MGDG produc- conditions was 16 h of light/8 h of dark at a light intensity

tion for normal chloroplast developmer4). of 150 umol/(n? s). Plants were dark adapted before each
The dgdl mutant of Arabidopsiswas isolated using a measurement for 1 h.
biochemical screening approa@by. This plant is strongly Themgdl(ecotype Col) plant is a T-DNA insertion mutant

decreased in the amount of DGDG (1% compared to 15% identified in a screen for plants with deficiency in Chl content
of total lipid in wild type) with the contents of the other (24). dgdlis an ethylmethane sulfonate mutant (ecotype Col)
membrane lipids remaining very similar to wild type. The isolated during a screen for lipid mutants as described in ref
content of 16:3 fatty acid of MDGD idgd1is reduced, with 25. dgd2-1(ecotype Wassilewskija, Ws) was identified in a

a concomitant increase in 18:3. Isolation of i&D1 gene T-DNA-tagged population as described in r22. The
revealed that it carries a point mutationdgdlintroducing homozygous double mutadgdl dgd2-1(22) results from

a premature stop codoB(@). For this reasordgdlrepresents  a cross betweedgdlanddgd2-land is constantly selected

a null mutation. The mutant is affected in growth and from the segregating progeny of a homozygdgs2-1, but
photosynthetic efficiency. Slightly fewer chloroplasts were heterozygousigdl mutant.

observed irdgd1 mesophyll cells, and the thylakoids were Photosynthetic Pigment AnalysRBigments were isolated
curved and displaced from the central stroma area towardfrom frozen leaves with 80% acetone and analyzed by reverse
the chloroplast envelopeg%). Photosynthesis and thylakoid phase HPLC according to Thayer and Bjman @0). Total
structure of this mutant were subjected to detailed analysis chlorophyll was extracted from leaves with 80% acetone and
(13, 25—27). The photosynthetic efficiency as deduced from was measured photometricall$1].

measurements with a PAM fluorometer and the total Measurements of Transient Fluorescence Yield Changes.
chlorophyll content are reduced dgdl Furthermore, the  Laser flash induced changes of the chlorophyll fluorescence
chlorophyll a-to-b ratio indgdlis reduced, indicating an  yield have been measured as described in detall ir28ef

increase of LHCII antenna size relative to PSII. All measurements were performed at room temperature on
The dgd2-1 mutant carrying a T-DNA insertion in the  whole leaves.
DGDG synthase gen®GD2 was isolated via reverse Saturation Pulse Measuremen&aturation pulse measure-

genetics. The insertion is localized in the third exon of the ments were performed using a PAM 101/102/103 chlorophyll
DGD2 gene and thus also represents a null allele. Interest-fluorometer (Heinz Walz, Effeltrich, Germany) connected
ingly, the dgd2-1mutation does not result in an alteration to a digital storage oscilloscope (Delta 9500A, Gould
of lipid composition or reduced growtt22). In the double Nicolet). Saturation pulses of white light (169@0nol/
mutantdgdl dgd2-1the amount of DGDG is even further (m?s) PAR, 800 ms) were provided by means of a Schott
reduced as compared tdgdl Therefore,dgdl dgd2-1 KL-1500 lamp. Fluorescence induction was induced by
represents the first higher plant that is virtually devoid of means of PAM 102L light emitting diode (&mol/(n¥ s)

this important galactolipid class. Growth and photosynthetic PAR). The recorded traces were transferred to a computer
quantum yield oflgd1 dgd2-were more severely impaired by home built acquisition software and stored for further data
than indgdy indicating that the residual amount of DGDG processing.

in dgd1is functionally essential2).

The A. thaliana galactolipid mutants provide a most RESULTS AND DISCUSSION
appropriate material to study the role of membrane lipids in  The differentA. thalianaplants analyzed in this study and
the PS Il reaction pattern. Likewise, self-assembled lasertheir respective galactolipid composition are compiled in
equipment permits the “in-planta” monitoring of single Table 1. Two wild type (WT) plants of ecotypes Columbia-2
turnover laser flash induced changes of normalized fluores- (WT Col-2) and Wassilewskija (WT Ws) have been used as
cence quantum yield with high time resolution in whole reference systems.
leaves, and simultaneously allows covering a wide time range  Since only the content of the galactolipids MGDG and
of 7 orders of magnitude. In this study, we report investiga- DGDG is significantly altered in the mutants, only they will
tions on the influence of lipid deficiency on the electron be of relevance in the following analyses. In this respect it
transport reactions of photosystem Il by analyzing laser flash is important to note that, under normal growth conditions,
induced fluorescence yield chang@8)(in whole leaves of MGDG, DGDG, and SQDG are exclusively found in
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Table 1: A. thalianaPlants Analyzed in This Study and Their energies of the actinic flash. These features are discernible
Respective Total Leaf Lipid Content in the traces of Figure 1. For a better illustration, Figure 2

WT (Col-2 and Ws) mgdl dgdl dgd2-1 dgdl dgd2-1 shows the levels df1g0 ndFo, F2 ./Fo, andFu/Fo as a function
of the photon density of the actinic flash.

'I\D/'ggg ig gg 42 ‘112 58 The expected dependencies of the normalized fluorescence
PG 9 15 10 10 12 parameters can readily be observed for the wild type plants.
SQDG 2 5 2 2 4 A further inspection of the data reveals that the mutamgs1l
PE 7 13 13 9 15 and dgd2-1exhibit similar features as the WT plants. For
PC 19 20 18 29 these plant systenisy/Fo varies between values of 1.9 and

@ Data are in mol % and were taken from &#for WT, dgd1 dgd2- 2.2 that are reached at the two highest photon densities of

1, anddgd1 dgd2-1and from ref24 for mgd1l ® Not detectable.

the actinic laser flashes used in this study. The results also
indicate that the electron transport reactions in PS Il are
chloroplast membranes, whereas PG and PC are constituentmarginally affected in the mutanngdl with a MGDG
of extraplastidial membranes. In addition to the latter content that is reduced by about 50%, a decreased Chl
membranes, PG is also present in thylakoids and envelopesontent, and an altered thylakoid structure (see introductory
of chloroplasts, PC in envelopes but not in thylakoids. PE is text).
absent from chloroplast membran8s32). Furthermore, in In marked contrast, clearly different features are observed
leaves of higher plants a large fraction (about 90%) of lipids for the mutantslgdlanddgdl dgd2-iompared to WT Col-
is localized in the thylakoids of chloroplasts as the largest 2, WT Ws, and the mutamhgdland dgd2-1(in the latter
membrane system in the cell. mutant the amounts of MDGD and DGDG are very similar
As a consequence of this specific distribution of the lipids to those of WT, see Table 1The maximum level of the
and the abundance of thylakoid membranes, their galactolipidnormalized fluorescence yield in those mutants is signifi-
composition is directly reflected by the corresponding cantly diminished withFu/Fo = 1.6 and is already reached
contents of MGDG and DGDG in whole leaves. at laser flash photon densities of 3010 photons/(cr
A set of transient changes of the normalized flash induced flash) and 6.2x 10 photons/(cri flash). In addition, the
fluorescence yield was monitored under conditions of excita- valueFu/Fo does not remain constant above a photon density
tion with actinic flashes of four different energies (the highest of 6.2 x 10' photons/(cr flash) that saturates photosyn-

energy of 28 mJ/(cinflash) corresponds to 7.x 10 thesis, but starts to decline at actinic flashes of ¥.80'
photons/(criflash)). The traces obtained for the six different photons/(criflash). The most severe effect is observed for
plants are summarized in Figure 1. the mutantdgdl dgd2-1where Fu/Fo is only about 1.2 at

Three parameters normalized to the fluorescence leyel the highest photon density. This feature is accompanied by
before the actinic flash can be defined that phenomenologi- a prominent shift of the position &fu/Fo in the time domain
cally characterize the observed fluorescence yield changesto about 9Qus for this mutant.

the normalized maximum fluorescence yidg/Fo, and the As outlined in more detail in re28 the numerical data
normalized fluorescence yields at 100 ns ands2after the evaluation of the transient changes of the normalized
actinic flashFig0 ndFo andF» ,J/Fo, respectively. fluorescence vyield induced by the actinic flash can be

Under native conditions the normalized maximum fluo- described within the framework of the extended “3-quencher”
rescence yieldFu/Fo is expected to increase with increasing model which accounts explicitly for the back reaction
flash energy until a saturation level is reached at high laser between P680 and Q. With respect to fluorescence
flash energies due to photosynthetic charge separation in allemission from excited singlet chlorophylls not coupled to
PS Il complexes. Under the conditions used for our experi- PS Il via EET, it was outlined in re28 that the fluorescence
ments the normalized maximum fluorescence yield is usually emission of PS | at room temperature can be neglected.
reached at about 50s after the actinic flash. Thereafter the Furthermore, fluorescence lifetime measurements revealed
normalized fluorescence yield decays predominantly in the that the fraction of LHC complexes disconnected from
time domain of hundreds of microseconds owing tg"Q  excitation energy transfer to either PS Il or PS | is rather
reoxidation in PS Il complexes with ag@ite occupied by  small in WT and all mutants analyzed (Huyer et al.,
PQ (see ref33 and references therein). unpublished results). Therefore, as a reliable approximation,

A different dependency on the energy of the actinic laser Uo in egs 2 and 3 of re28is assumed to be negligibly small.
flash is expected foFi00ndFo and F»,J/Fo. The values of The time-dependent fluorescence yield is then given by the
F100ndFo should decrease with increasing flash energy due following equation:
to fluorescence quenching Bar that superimposes the
increase originating from the disappearance of the quencher‘b(t) =
P680™ via reduction by Y in the nanosecond time domain K
(see also re28). Accordingly, above the saturation level of
PS Il charge separatidfioon{Fo reaches values below 1.0 k; +ky + kCar[3Car(t)] + KedQAM)] + kPGS&PGSW ()]
at sufficiently high energies of the actinic flash. The (1)
dependency on flash energy is different fer,J/Fo. In this
case a significant fraction 8€ar formed by the actinic flash ~ wherek; is the emissive rate constant of chlorophyd, is
already decayed into the nonquenching ground state and thehe sum of all radiationless deactivation proceskes,kec,
extent of P68 reduction by ¥ is larger than at 100 ns.  and kpggo are the rate constants of fluorescence quench-
Therefore,F, ,J/Fo should increase to a maximum level at ing, and fCarf)], [Qa~(t)], and [P680°(t)] are the time-
moderate oversaturation followed by a decrease at higherdependent concentrations of the corresponding fluorescence
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Ficure 1: Laser flash induced transient changes of the normalized fluorescence yield at different actinic laser flash energies in each of the
A. thalianaplants listed in Table 1 (black squares &5.0*® photons/(criflash), red circles 6.2 10 photons/(criflash), green triangles
up 3.0 x 10 photons/(criflash), blue triangles down 5.4 10* photons/(cr flash)).

quenchers. The analytical expressions used for the time-exponential kinetics are used, as outlined and rationalized

dependent concentrations of quenchers P&, and*Car in the accompanying repor2®. The former study also
have been derived in ré&8 with a lifetime of zecomp= 160 revealed that the whole system is overparametrized as is
us for the recombination reaction between P8&hd Q.. reflected by a correlation between the paramedggg sand

For the rate constants the following values are uded= Precomb This correlation especially complicates the evaluation

(15 ns)* (34), ks = (6 ns) L, kpeso= kcar=7 (4.3 nsy* and of the mutant plant measurements. In order to cope with this
kec = 7/2 (4.3 ns)?, as described in red8. To describe the  problem the parameteipsgosWas kept constant at a value
kinetics of [P680°(t)] and [Qx(t)] three- of 0.8 (deduced from measurements with WT) and the
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Ficure 2: Normalized fluorescence paramet&ggFo, F2 ,s/Fo, andFio0ndFo as a function of the photon density of the actinic flash.
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Ficure 3: Numerical fits for WT Col-2 (squares) and the mutasigsl1 (circles) anddgdl dgd2-(triangles up) at saturating actinic flash
energies of 6.2« 10'® photons/(criflash) (left panel) and 7.5 10 photons/(cr flash) (right panel).

probability of the back reactiopecomptaken as variable. An The model parameters gathered from the numerical fit
equivalent description leading to the same overall conclusion procedure are compiled in Figures 4 and 5. Two main
could be achieved wheWecombiS set to be constant argsso ¢ features emerge from an inspection of this data: (i) the
is variable. For a better illustration of the effect(s) the former probability of the recombination between P68and Q.-
alternative was preferred. (Precomb S€€ Figure 4, panel A) and the relative extent of
The numerical fits of the experimental data for WT Col- S3Car quenching (see Figure 5) exhibit much higher values
2, dgdl, and dgdl dgd2-lare shown in Figure 3 for in dgdland especially inigdl dgd2-las compared to WT
saturating laser flash energies. These results show that allCol-2; and (ii) the parameters are almost independent of the
transients of the flash induced fluorescence yield changesactinic flash energy except é€ar that is characterized by
could consistently be described by the extended “3-quencher”a significant dependence on this energy. The most interesting
model. conclusion can be drawn when the change of the parameter
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10 content and the effect(s) on the PS Il reaction pattern (as
A B C D reflected by the value qdrecomp indicates that a small number
of DGDG molecules are essential for a functionally fully
competent PS Il complex. On the basis of a comparison of
both mutantsdgdlversusdgdl dgd2-1it can be concluded

084

06+ 23 = that the DGDG content exhibits a remarkable heterogene-

;
% ] ity: a small fraction is closely associated with PS Il and of
§ functional relevance for its full activity whereas the bulk of

DGDG plays no particular role for PS Il
The idea of rather specific effect(s) of a few DGDG
024 ‘ molecules is highly supported by the finding that isolated
1 PS Il core complexes from higher plantSp{nacea olera-
|—; crea) deprived of most of the pigment protein complexes of

00 ) the proximal and peripheral antenna and surrounded by a
FIGURE 4: Relative extent of parametepg.coms (Panel A), Apeso,f belt of detergent molecules still contain a limited number of
+ Apegom(panel B),Aqs (panel C),Aqm + Ags + Ageiset (Panel about 10 natural lipid molecules per PS Il monomer. It is

D) of A. thalianaleaves excited with actinic flashes of 62105 . . Lo ..
photons/(crd flash) (left set of columns of each panel) and %5  VerY interesting to note that among this limited lipid content

10 photons/(cri flash) (right set of columns of each panel). The DGDG molecules are highly enriched (about 2/3 of the total
parametersi, are the corresponding preexponential facites number, see ref35 compared with the average lipid

=f ?ﬁ,l (flt - pre(cjomt) W;)thd(K 25’865%3%0%% and *tT f, m, E gr oflfset) composition of the thylakoid membrane where the percentage
of the fits as described in ré¥8. The differently marked columns - o

represent WT Col-2 (openjgdl1(hatched) andgdl dgd2-Xsolid). of DGDG is only about 25%3).

The consequence of a drastically increapagomp is a
7 corresponding decrease of the efficiency of oxygen evolution
A B (see ref36 and references therein). This effect, however, has
64 only a minor influence on the oxygen evolution rate under
saturating CW illumination because a nonlinear relationship
exists between this activity and the number of PS Il
complexes with a fully competent WO@GY).

An inspection of Figure 5 also reveals that in both mutants
the gquenching byCar is significantly larger than in the WT

© -
: control and that this effect is especially pronounced at actinic
2 flash photon densities of 7.6 106 photons/(crfiflash) with
the most prominent increase in the double mutiyatl dgd2-
14 1. The increase ofacy could originate from a higher
,7 population or a higher quenching efficiency ar in the
o__.:m mutants or a combination of both effects. To address this
FiGUrRe 5: Relative extent of fluorescence quenching3@ar in point the pigment composition of leaves from wild type and

A. thalianaleaves excited with actinic flashes of 6<210'° photons/ mutant plants has been analyzed. The results obtained and

(cr? flash) (panel A) and 7.5< 106 photons/(cra flash) (panel ; ; ;
B). The differently marked columns represent WT Col-2 (open), compiled in Table 2 reveal that the amount of neoxanthin

dgd1 (hatched), andigdl dgd2-1(solid). and the xanthophyll cycle pigments is increasedgul,
and even further idgdl dgd2-lcompared with the WT.

PrecombOf different plant species is compared with their lipid The findings on thelgd1mutant are in correspondence with
content. In the mutandgdl, where the content of MGDG  those of an earlier repor26). A closer inspection of the
remains virtually unaffected while that of DGDG is dimin- numbers in Table 2 indicates that the ratio of the xanthophyll
ished by a factor of 15 compared to the WT control (see cycle carotenoids (X) plus lutein (L) and the total Chl content
Table 1), the value ofrecompincreases by a factor of about  (Chlota), (X + L)/Chleta, increases from WT to thdgdl
2 whereasg is nearly constant. These results indicate that dgd2-1double mutant.
the bulk of DGDG molecules is nearly without effect onthe A comparison of the ratio (X+ L)/Chlw with the
PS Il acceptor side reaction pattern but that DGDG depletion amplitudesac,r from the fluorescence measurements shows
below the level of about 10% of the control causes marked that for both laser energies a linear correlation exists between
effects on the PS Il donor side. The present findings nicely these parameters as illustrated in Figure 6. The increase in
confirm our former conclusions on the modulation of the ac, can therefore be assigned to the increase of carotenoid
PS Il reaction pattern near the water-oxidizing complex content.
(WOC) by DGDG reduction in thelgdl mutant (L3). The results presented so far are interpreted by a specific
A more pronounced change, however, emerges idgjaéd role of DGDG depletion on the reaction properties of the
dgd2-1 mutant where the remaining DGDG content falls PS Il complex itself and the flash induced formation of
below the detection limit. In this case the probability of SCar. Alternatively, they could also originate from indirect
dissipative recombination between P68and Q.- exhibits effects owing to changes of the thylakoid membrane
a pronounced increase and reaches values of about 30%rganization. The latter possibility, however, is highly
(compared to 7% in the WT) concomitant with a decrease unlikely as illustrated by an inspection of the traces in Figure
of the total extent of P680 reduction by ¥ via nanosecond 1. The laser flash induced transients of the normalized
kinetics. The striking nonlinear relationship between DGDG fluorescence yieldF(t)/Fo, are virtually the same for WT
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Table 2: Pigment Composition @rabidopsisPlant$

WT
ol-2 Ws dgdl dgd2-1 dgdl dgd2-1
Chla 1007+ 19 1068+ 17 726+ 11 9404+ 40 630+ 15
Chlb 333+ 4 358+ 6 29147 316+ 12 288+ 13
Chla/Chlb 3.0 3.0 25 3.0 2.2
violaxanthin 32+ 3 33+1 314+ 2 3542 41+5
antheraxanthin 181 21+4
zeaxanthin 5.1 0.5 4.840.1 8.8+ 0.5 3.5+ 0.7 154+ 3
neoxanthin 342 32+1 444+ 6 35+ 3 50+ 8
lutein 86+ 4 8942 8547 88+ 4 1004 17
p-carotene 46t 1 56+ 3 37+3 44+ 5 38+3

aValues are given ingg/g fresh weight= SD.

A >
6
54 44
4 o
>
5 =
“583- g
o 24
2]
14
o
014 016 018 020 022 024 026 028 030 0=t : :
(X+L)/Chl,, 0 3 6
FIGURE 6: Correlation betweesc,- and the ratio (X+ L)/Chl time [min]
for laser flash photon densities of 6:2 10'° photons/(cr# flash) FIGURE 7: Saturation pulse measurements of WT Col-2 (black),

(closed symbols) and 7.5 10* photons/(crd flash) (open dgd1 (red), anddgdl dgd2-1(green). Black arrows indicate the
symbols): WT Col-2 (squaresigdl (circles), anddgdl dgd2-1 maximum fluorescence yield during individual saturation pulses
(triangles). (from top to bottom: WT Col-2dgdl, anddgdl dgd2-}.

and mutanmdglwhereas the pigment content and thylakoid P680 and3Car are negligibly small but other quenching
structure of both species exhibit remarkable differences (seemechanisms (NPQ) contribute substantially. Accordingly,
introductory text and reR4). It is therefore reasonable to compared to the former single turnover approach, different
extrapolate the phenomenon of a PS Il that is rather information is obtained. Figure 7 shows typical traces of
independent of the overall membrane organization also totransient fluorescence yield changes obtained with the
the mutants with strongly diminished DGDG content. This saturation pulse approach used for measurements of WT
idea is strongly supported by an independent line of evidence.Col-2 and both DGDG mutants.
It was shown that the sensitive reactions of P888duction This data reveals that the normalized maximum fluores-
by Yz and the redox transitions in the water-oxidizing cence yields in the dark and light adapted st&tgFo and
complex are very similar in PS Il complexes embedded either F'w/F'o, respectively, are significantly reduced in the mutants
in thylakoids or in PS Il membrane fragments, or isolated compared to the WT. The feature obtained for thgell
as PS Il cores surrounded by a surrogate detergent beltmutant corresponds with the results reported in a former
environment 88—40). study 7). A much more pronounced effect, however, is
For a further characterization of the mutants, a comple- observed for thedgdl dgd2-1mutant. The drastically
mentary fluorometric method was applied, i.e., the saturation diminished extent of the maximum of the normalized
pulse method. It has to be emphasized that in this case theluorescence yield induced by a long saturating pulse in dark
leaves were excited with multiple turnover light pulses of adapted leaves is qualitatively in perfect agreement with the
saturating energy and a duration of 800 ms. In order to avoid results obtained by using the single turnover flash method
misleading conclusions it has to be stressed that the value(vide supra). In the mutardgdl dgd2-1the fluorescence
of Fu/Fo induced by a short laser flash, as used in the yield decreases below the level B§ during the induction
experiments described before, depends on the kinetics ancghase, and the newly reached light adapted state has a lower
the population of the different quenchers P&8®@,, and fluorescence yield than the dark adapted state &@.> 2
3Car as shown by eq 1, but is virtually independent of other min)/F, < 1, see Figure 7). Furthermore, the extent of non-
types of nonphotochemical quenching (NPQ), e.g., mem- photochemical quenching is increased in the mutants and
brane energetization or state transition. As a consequenceits relaxation is severely retarded, as can be seen from the
in this case~w/Fo markedly differs from the corresponding slower dark recovery kinetics d#u/F'o (slower recovery
parameter monitored under excitation with long (800 ms) of qE and qT quenching (see kf)) observed in the mutants.
saturating multiple turnover flashes, where effects due to The level of nonphotochemical quenching observed at about
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7.5 min (Figure 7) could still be observed after about 30
min of dark recovery (data not shown), but a full recovery
was reached aftel h of dark adaptation. Theoretically also
P680™ and3Car can give rise to fluorescence levels below
Fo. However, as the decrease belbwin the dgdl dgd2-1

mutant disappears rather slowly in the dark, the latter 15

possibility can be ruled out for kinetic reasons. Further
experiments are required to clarify the origin of this particular
effect of F(t)/Fo < 1 in thedgdl dgd2-Imutant.

CONCLUSIONS

17.

On the basis of analyses of laser flash induced fluorescence
transients the present study reveals that the PS Il reaction
pattern is significantly modified in mutants &. thaliana
plants which are severely deprived of the lipid DGDG. The
results indicate that the total DGDG pool is highly hetero-
geneous in its functional relevance for PS II: only a small
percentage of DGDG is essential for a fully competent PS
Il complex. This fraction of DGDG molecules is most likely
specifically bound and affects predominantly the reaction
properties of the PS Il donor side that catalyzes the oxidative
water cleavage into molecular oxygen and protons.

20.

REFERENCES

1. Joyard, J., Teyssier, E., Mje, C., Berny-Seigneurin, D., Manleal,

E., Block, M. A., Dorne, A.-J., Rolland, N., Ajlani, G., and Douce,
R. (1998) The biochemical machinery of plastid envelope
membranesPlant Physiol. 118715-723.

2. Dormann, P., and Benning, C. (2002) Galactolipids rule in seed
plants,Trends Plant Sci. ,7112-118.

3. Block, M. A., Dorne, A.-J., Joyard, J., and Douce, R. (1983)
Preparation and characterization of membrane fractions enriched
in outer and inner envelope membranes from spinach chloroplasts.
Il. Biochemical characterization]. Biol. Chem. 25813281
13286.

4. Krupa, Z., Williams, J. P., Mobashoher, U. K., and Humer, N. P.
A. (1992) The role of acyl lipids in reconstitution of lipid-depleted
light-harvesting complex Il from cold-hardened and nonhardened
rye, Plant Physiol. 100931-938.

5. Nussberger, S., Dg K., Wang, D. N., and Kuhlbrandt, W. (1993)
Lipid-protein interactions in crystals of plant light-harvesting
complex,J. Mol. Biol. 234 347-356.

6. Paulsen, H. (1995) Chlorophyll a/b binding proteiRBptochem.
Photobiol. 62 367—382.

7. Liu, Z., Yan, H., Wang, K., Kuang, T., Zhang, J., Gui, L., An,
X., and Chang, W. (2004) Crystal structure of spinach major light-
harvesting complex at 2.72 A resolutiddature 428 287—292.

8. Latowski, D., Akerlund, H. E., and Strzalka, K. (2004) Violax-
anthin de-epoxidase, the xanthophyll cycle enzyme, requires lipid
inverted hexagonal structures for its activigiochemistry 43
4417-4420.

9. Gounaris, K., Whitford, D., and Barber, J. (1983) The effect of

thylakoid lipids on an oxygen-evolving Photosystem Il preparation,

FEBS Lett. 163230-234.

Tremolieres, A., and Siegenthaler, P.-A. (1998) Reconstitution of

photosynthetic structures and activities with lipids Lipids in

Photosynthesis: Structure, Function and Geneffiggenthaler,

P.-A., and Murata, N., Eds.) pp 17489, Kluwer Academic

Publishers, Dordrecht.

Schider, W. P., Messinger, J., Tremolieres, A., and Renger, G.

(1992) Effects of BSA, fatty acids and lipase treatment on PS Il

in Research in Photosynthegi§lurata, N., Ed.) pp 159162,

Kluwer, Dordrecht.

Sato, N., Aoki, M., Marau, Y., Sonoike, K., Minoda, A., and

Tsuzuki, M. (2003) Involvment of sulfoquinovosyl diacylglycerol

in the structural integrity and heat-tolerance of photosystem I,

Planta 217 245-251.

Reifarth, F., Christen, G., Seeliger, A. G.;rb@ann, P., Benning,

C., and Renger, G. (1997) Modification of the water oxidizing

complex in leaves of the dgdl mutant of Arabidopsis thaliana

10.

11.

12.

13.

14.

16.

18.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Biochemistry, Vol. 44, No. 9, 2003141

deficient in the galactolipid digalactosyldiacylglycerBipchem-
istry 36, 11769-11776.

Kruse, O., Hankamer, B., Konczak, C., Gerle, C., Morris, E.,
Radunz, A., Schmid, G. H., and Barber, J. (2000) Phosphatidylg-
lycerol is involved in the dimerization of photosystemdl,Biol.
Chem. 2756509-6514.

Yu, B., Xu, C., and Benning, C. (2002) Arabidopsis disrupted in
SQD2 encoding sulfolipid synthase is impaired in phosphatelim-
ited growth,Proc. Natl. Acad. Sci. U.S.A. 98732-5737.

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 Il in Chlamy-
domonas reinhardtizur. J. Biochem. 2692353-2358.

Aoki, M., Sato, N., Meguro, A., and Tsuzuki, M. (2004) Differing
involvement of sulfoquinovosyl diacylglycerol in photosystem ||
in two species of unicellular cyanobacteitar. J. Biochem. 271
685—-693.

Domonkos, I., Malec, P., Sallai, A., Kovacs, L., Itoh, K., Shen,
G., Ughy, B., Bogos, B., Sakurai, |., Kis, M., Strzalka, K., Wada,
H., Itoh, S., Farkas, T., and Gombos, Z. (2004) Phosphatidylg-
lycerol is essential for oligomerization of photosystem | reaction
center,Plant Physiol. 1341471-1478.

.Awai, K., Marechal, E., Block, M. A., Brun, D., Masuda, T.,

Shimada, H., Takamiya, K., Ohta, H., and Joyard, J. (2001) Two
types of MGDG synthase genes, found widely in both 16:3 and
18:3 plants, differentially mediate galactolipid syntheses in
photosynthetic and nonphotosynthetic tissues in Arabidopsis
thaliana,Proc. Natl. Acad. Sci. U.S.A. 980960-10965.

Damann, P., Balbo, I., and Benning, C. (1999) Arabidopsis
galactolipid biosynthesis and lipid trafficking mediated by DGD1,
Science 2842181-2184.

. Kelly, A. A., and Domann, P. (2002) DGD2, an arabidopsis gene

encoding a UDP-galactose-dependent digalactosyldiacylglycerol
synthase is expressed during growth under phosphate-limiting
conditions,J. Biol. Chem. 27,/1166-1173.

. Kelly, A. A., Froehlich, J. E., and Dmann, P. (2003) Disruption

of the two digalactosyldiacylglycerol synthase genes DGD1 and
DGD2 in Arabidopsis reveals the existence of an additional
enzyme of galactolipid synthesiBJant Cell 15 2694-2706.

Xu, C., Fan, J., Riekhof, W., Froehlich, J. E., and Benning, C.
(2003) A permease-like protein involved in ER to thylakoid lipid
transfer in ArabidopsisEMBO J. 22 2370-2379.

Jarvis, P., Danann, P., Peto, C. A., Lutes, J., Benning, C., and
Chory, J. (2000) Galactolipid deficiency and abnormal chloroplast
development in the Arabidopsis MGD synthase 1 mutBnbc.
Natl. Acad. Sci. U.S.A. 98B8175-8179.

Damann, P., Hoffmann-Benning, S., Balbo, I., and Benning, C.
(1995) Isolation and characterization of an Arabidopsis mutant
deficient in the thylakoid lipid digalactosy! diacylglycer&|ant

Cell 7, 1801-1810.

Hatel, H., Lokstein, H., Damann, P., Grimm, B., and Benning,
C. (1997) Changes in the composition of the photosynthetic
apparatus in the galactolipid-deficient dgd1 mutant of Arabidopsis
thaliana,Plant Physiol. 1151175-1184.

Hatel, H., Lokstein, H., Damann, P., Trethewey, R. N., and
Benning, C. (1998) Photosynthetic light utilization and xanthophyll
cycle activity in the galactolipid deficient dgdl mutant of
Arabidopsis thalianaRlant Physiol. Biochem. 3&07—417.
Steffen, R., Eckert, H.-J., Kelly, A. A.,'Dmann, P., and Renger,
G. (2005) Investigations on the reaction pattern of photosystem
Il in leaves fromArabidopsis thalianaby time-resolved fluoro-
metric analysisBiochemistry 443123-3133.

Murashige, T., and Skoog, F. (1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultupbysiol. Plant.

15, 473-497.

Thayer, S. S., and Bjeman, O. (1990) Leaf xanthophyll content
and composition in sun and shade determined by HRRI®to-
synth. Res. 23331-343.

Lichtenthaler, H. K. (1987) Chlorophylls and carotenoids: Pig-
ments of photosynthetic biomembrandethods Enzymol. 148
350-382.

Andersson, M. X., Kjellberg, J. M., and Sandelius, A. S. (2001)
Chloroplast Biogenesis. Regulation of Lipid Transport to the
Thylakoid in Chloroplasts Isolated from Expanding and Fully
Expanded Leaves of PeRlant Physiol. 127184-193.

Lavergne, J., and Briantais, J. M. (1996) Oxygenic Photosynthe-
sis: The Light Reactions, iAdvances in Photosynthegi®rt, D.

R., and Yocum, C. F., Eds.) pp 26287, Kluwer, Dordrecht.



3142 Biochemistry, Vol. 44, No. 9, 2005

34. Parker, C. A., and Joyce, T. A. (1967) Delayed Fluorescence and

35.

36.

37.

38.

some properties of the chlorophyll triplehotochem. Photobiol.

6, 395-406.

Irrgang, K.-D., Lekauskas, A., Franke, P., Reifarth, F., Smolian,
H., Karge, M., and Renger, G. (1998) Structural analysis of the
water: plastoquinone oxidoreductase from spinach thylakaids
Photosynthesis: Mechanisms and Eff¢Garab, G., Ed.) pp 977
980, Kluwer, Dordrecht.

Christen, G., Seeliger, A., and Renger, G. (1999) P&8O(
reduction kinetics and redox transition probability of the water
oxidizing complex as a function of pH and H/D isotope exchange
in spinach thylakoidsBiochemistry 386082-6092.

Siggel, U., Renger, G., Stiehl, H. H., and Rumberg, B. (1972)
Evidence for electronic and ionic interaction between electron
transport chains in chloroplasBiochim. Biophys. Acta 25628—

335.

Karge, M., Irrgang, K. D., and Renger, G. (1997) Analysis of the
reaction coordinate of photosynthetic water oxidation by kinetic

39.

40.

41.

Steffen et al.

measurements of 355 nm absorption changes at different temper-
atures in photosystem Il preparations suspended in either H20 or
D20, Biochemistry 368904-8913.

Seeliger, A. G., Kurreck, J., and Renger, G. (1997) Kinetics of S
and S reduction by tyrosine Y(D) and other endogenous donors
as a function of temperature in spinach PS Il membrane fragments
with a reconstituted plastoquinone poBlpchemistry 362459
2464.

Kthn, P., Eckert, H.-J., Eichler, H. J., and Renger, G. (2004)
Analysis of the P680 reduction pattern and its temperature
dependence in oxygen evolving PS Il core complexes from
thermophilic cyanobacteria and higher plaftkys. Chem. Chem.
Phys. 6 4838-4843.

Muler, P., Li, X. P., and Niyogi, K. K. (2001) Non-photochemical
quenching. A response to excess light eneRjgnt Physiol. 125
1558-1566.

BI048465F



