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Digalactosyl-diacylglycerol-deficiency lowers the thermal stability
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Abstract We investigated the effects of digalactosyl-
diacylglycerol (DGDG) on the organization and thermal
stability of thylakoid membranes, using wild-type Ara-
bidopsis thaliana and the DGDG-deficient mutant, dgdl.
Circular-dichroism measurements reveal that DGDG-defi-
ciency hampers the formation of the chirally organized
macrodomains containing the main chlorophyll a/b light-
harvesting complexes. The mutation also brings about
changes in the overall chlorophyll fluorescence lifetimes,
measured in whole leaves as well as in isolated thylakoids.
As shown by time-resolved measurements, using the lipo-
phylic fluorescence probe Merocyanine 540 (MC540), the
altered lipid composition affects the packing of lipids in the
thylakoid membranes but, as revealed by flash-induced
electrochromic absorbance changes, the membranes retain
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their ability for energization. Thermal stability measure-
ments revealed more significant differences. The disas-
sembly of the chiral macrodomains around 55°C, the
thermal destabilization of photosystem I complex at 61°C
as detected by green gel electrophoresis, as well as the
sharp drop in the overall chlorophyll fluorescence lifetime
above 45°C (values for the wild type—WT) occur at 4-7°C
lower temperatures in dgdl. Similar differences are
revealed in the temperature dependence of the lipid pack-
ing and the membrane permeability: at elevated tempera-
tures MC540 appears to be extruded from the dgdl
membrane bilayer around 35°C, whereas in WT, it remains
lipid-bound up to 45°C and dgdl and WT membranes
become leaky around 35 and 45°C, respectively. It is
concluded that DGDG plays important roles in the overall
organization of thylakoid membranes especially at elevated
temperatures.
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Abbreviations

Tave Average fluorescence lifetime
Chl Chlorophyll

CD Circular dichroism

DGDG  Digalactosyl-diacylglycerol

AA515  Electrochromic absorbance change
FLIM Fluorescence lifetime imaging microscopy
LHCI Light-harvesting antenna complexes
of photosystem 1
LHCII Major light-harvesting complex

of photosystem II
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MGDG  Monogalactosyl-diacylglycerol
MC540  Merocyanine 540
PSI Photosystem I

PSII Photosystem II

TCSPC  Time-correlated single photon counting
WT Wild type

Introduction

Digalactosyl-diacylglycerol (DGDG) is one of the main
bilayer-prone lipid species in thylakoid membranes of
higher plants, constituting about 30% of the total lipid
content (Douce and Joyard 1996). Its structural importance
is well established for several (super)complexes of the
photosynthetic machinery. It has been shown to be bound
to photosystem II (PSII) (Loll et al. 2005, 2007), it forms
hydrogen bonds with tyrosine in PSII (Gabashvili et al.
1998), and it is important for the binding of extrinsic
proteins required for the stabilization of the oxygen-
evolving complex (Sakurai et al. 2007). DGDG was
resolved in the crystal structure of major light-harvesting
complex of photosystem II (LHCII), the major light-har-
vesting complex of PSII. The head groups of two DGDG
molecules are simultaneously hydrogen bonded to the
lumenal-surface amino acids from two adjacent LHCII
trimers, functioning as a bridge (Liu et al. 2004; Yan et al.
2007). DGDG appears to be required for the formation of
2D and 3D crystals of LHCII (Nufberger et al. 1993). The
functional significance of this lipid was studied employing
a genetic approach—a mutant of Arabidopsis (Arabidopsis
thaliana) was generated which lacks more than 90% of the
DGDG content of the membranes (dgdl, Dérmann et al.
1995). This results in a change in the chloroplast ultra-
structure—the thylakoid membranes are highly curved and
displaced from the central stroma area toward the enve-
lope, the length of both grana and stroma membranes and
the total length of the thylakoid membrane are increased in
the mutant (Dormann et al. 1995). This is accompanied by
a decrease of the total chlorophyll (Chl) content on a fresh
weight basis of about 25%, in the Chl a/b ratio by about
20% and a 1.7 times higher xanthophyll content (Hértel
et al. 1997); however, the amount of metabolic interme-
diates (products of the dark reactions of photosynthesis)
were found to be indistinguishable from those of the wild
type (WT) (Hértel et al. 1998). Ivanov et al. (2006) have
established that the DGDG deficiency has a larger effect on
the structure of photosystem I (PSI) than on PSII: the rel-
ative abundance of the reaction center protein of PSII
(PsbA) and the light-harvesting proteins associated with
PSII (Lhebl, Lheb2, Lheb3 and Lheb5) are not changed in
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the mutant, whereas the reaction center proteins of PSI
(PsaA and PsaB) are significantly reduced (by about 50%)
and the abundance of the PsaC, Psal., and PsaH subunits is
also substantially decreased compared to the WT (Ivanov
et al. 2006). Moreover, unlike the WT, in dgdl PSI has
been shown to be less stable against treatment with chao-
tropic salts and the light-harvesting antenna complexes of
PSI (LHCI) could more easily be detached from the core
complex (Guo et al. 2005).

The modified protein content in dgd! is accompanied by
differences in various functional parameters. For example,
the amount of non-photochemical quenching in dgdl is
increased at the expense of PSII photochemistry (Hirtel
et al. 1998); the linear electron transport between the two
photosystems is restricted, the plastoquinol pool is more
reduced, PSI has an increased capacity for cyclic electron
transfer and the capacity for state transitions is reduced by
50% as compared to WT (Ivanov et al. 2006).

The emergence of these specific but nonetheless rather
diverse effects of DGDG deficiency might be correlated
with the multiplicity of DGDG-binding sites. However, as
shown by Hendrickson et al. (2006) cold acclimation of the
dgdl mutant, while not affecting the lipid composition, led
to the recovery of PSII and PSI photochemistry as well as
the CO, uptake capacity, and even the pigment composi-
tion became equivalent to that of WT. Based on these
results, it was suggested that DGDG deficiency affected the
global physical properties of the membranes, which in turn
exerted specific effects in a temperature-dependent fashion.
As discussed by Hendrickson et al. (2006) and can be
inferred from literature data (e.g., Williams 1998; Harwood
1998; Garab et al. 2000) temperature-dependent modifi-
cations in the global properties can arise from the altered
ratio of the bilayer to non-bilayer lipid contents.

The physical state of the lipid membrane, can influence
a number of different global parameters of the thylakoid
membrane, such as the macro-organization of the com-
plexes, the packing of lipids, energy migration and trap-
ping, the energization and permeability of membranes—
parameters which have not been studied in this mutant. In
this study, we focused our attention on the role of DGDG
for the overall structural organization of the thylakoid
membrane and its thermal stability. Taking into account
that DGDG participates in both the lipid matrix and in the
protein structures, we investigate DGDG’s effects on the
properties of these two environments separately. Our
results reveal significant alterations in the overall organi-
zation of the thylakoid membranes in dgdl and decreased
thermal stability of the chirally organized LHCII-contain-
ing protein macroaggregates and also of the PSI super-
complexes. These changes are accompanied by changes in
the fluorescence lifetimes of chlorophyll a. Furthermore,
the lipid packing in the thylakoid membrane appears to be
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different for the WT and dgdl, especially at elevated
temperatures, where the energization of dgd/ membranes is
hampered by an increased permeability.

Materials and methods
Plant material

Both the WT Arabidopsis thaliana (Arabidopsis) ecotype
Columbia and the dgdl mutant were grown under 16-h-
light/8-h-dark cycle at 20/18°C (day/night), light intensity
of 200-250 W m™? at about 70% humidity. The plants
used in the experiments were 28—-35 days old.

Isolation of thylakoid membranes

Dark-adapted leaves were homogenized in a medium
containing 50 mM Tricine (pH 7.5), 400 mM sorbitol,
5 mM MgCl, and 5 mM KCI; the suspension was filtered
through four layers of cheese cloth and centrifuged for
4 min at 4,000xg. The chloroplasts were osmotically
shocked in a hypotonic medium containing 50 mM Tricine
(pH 7.5), 5 mM MgCl, and 5 mM KCl, and centrifuged for
5 min at 6,000xg. After washing in the same medium
supplemented with 400 mM sorbitol, the pellet was
resuspended in this isotonic medium and used for the
fluorescence and circular-dichroism measurements.

Green (native) gel electrophoresis

Isolated thylakoid membranes from WT and dgdl were
loaded on a polyacrylamide gel, as described in De Bianchi
et al. (2008). The samples were incubated for 10 min at
defined temperatures. Densitometry analysis was per-
formed using Gel-pro analyser 3.1 software.

Circular-dichroism measurements

Circular dichroism (CD) was measured on isolated thyla-
koid membranes between 400 and 800 nm using a Jasco
J-715 spectropolarimeter. The Chl content of the samples
was adjusted to 15 pg ml™", the optical pathlength of the
cell was 1 cm. The spectra were recorded in steps of 1 nm
with an integration time of 2 s, a band-pass of 2 nm, and
scanning speed of 100 nm min~'. The samples were
sequentially thermostated for 10 min at each temperature
starting from 3°C up to 80°C. Each experiment was repe-
ated five times with freshly isolated thylakoids.

The amplitudes of the different CD bands were deter-
mined using reference wavelengths, e.g., by the subtraction
of the maximum intensity of the positive signal at a spec-
ified wavelength and the corresponding minimum of the

negative signal (for example the amplitude of the
448-459 nm band was obtained by subtracting the CD at
459 nm from the signal at 448 nm). For strongly overlap-
ping CD bands, such as the CD band at 685 nm and at
650 nm, the amplitude was estimated by subtracting a
reference  zero-value CD  signal (CDss 730y and
CD(610-650y)- The transition temperature (7,,,) is defined as
the temperature at which the intensity of the CD band or
band-pair is decreased by 50% of its value at 25°C, similar
to Cseh et al. (2000).

Chl a time-resolved fluorescence measurements

The Chl a fluorescence decay curves were measured using
two techniques: (i) in vivo fluorescence lifetime imaging
microscopy (FLIM) measurements on detached but intact
leaves at room temperature (22°C) (similar to Broess et al.
2009) and (ii) time-correlated single photon counting
(TCSPC) measurements on isolated thylakoid membranes
at different temperatures.

Fluorescence lifetime imaging microscopy

Fluorescence lifetime imaging microscopy (FLIM) was
performed in vivo on detached leaves of WT and dgdl,
using the setup described previously (Borst et al. 2005). In
short, two-photon excitation pulses (860 nm, 150 fs pulse
duration, 76 MHz repetition rate) were focused into the
sample with a 60x water immersion objective lens. Fluo-
rescence was detected via non-descanned single photon
counting detection, through two band-pass filters of
700 nm (75 nm width). Images of 64 x 64 pixels were
obtained, with 1024 time channels of 12 ps. The fluores-
cence was collected for 30 min; low excitation power (of
the order of 600 uW average power) was used to keep the
reaction centers open and to minimize photodamage. The
fluorescence decays were analyzed by software provided
by Becker & Hickl (SPCImage). All measurements were
performed at 22°C. The plants were dark-adapted at 20°C
for 30 min before the measurements.

Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) was used
to perform time-resolved fluorescence measurements using
a setup described earlier (Borst et al. 2005). For the fitting
procedure, the dynamic instrumental response of the
experimental setup was recorded using the fast and single-
exponential fluorescence decay (6 ps) of the reference
compound pinacyanol in methanol (van Oort et al. 2008).
Data analysis was performed using the computer program
described earlier (Digris et al. 1999; Novikov et al. 1999).
The fit quality was evaluated from y2, and from the plots of
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the weighted residuals and the autocorrelation thereof
(Visser et al. 2008). Typical values of y* were 1.0-1.1.

For Chl a fluorescence measurements, the samples were
excited at 470 nm, and the emission was collected using an
interference filter at 688 nm with a bandwidth of 10 nm.
The samples were sequentially thermostated at increasing
discrete temperatures, between 7 and 70°C, for 10 min at
each temperature. The decay curves were analyzed by a
four-exponential model; for each decay trace, the average
lifetime (t,,.) was calculated by the formula:

n
Tave = E 4T
i=1

T being the fluorescence lifetime and o the pre-
exponential factor proportional to the fractional
population, with >_" | o; = 1. For the calculation of 7y,
the minor contribution (typically about 1-2%) of a
component with a lifetime above 1 ns, originating from
closed reaction centers, was not taken into account. The
mean value of 7,,. and its standard error presented in this
article were determined from five different decay curves
measured on different samples.

Time-resolved fluorescence measurements
of Merocyanine 540

For studying the lipid packing the lipophilic fluorescence
probe, Merocyanine 540 (MC540, purchased from Sigma—
Aldrich) was added, from a 1 mM ethanol stock solution
(to a final concentration of 0.2 pM), to a suspension of
thylakoid membranes (containing 20 pg Chl ml™") and
incubated for 30 min before the experiments. During this
time, the sample was gently stirred and kept on ice in the
dark. Longer incubation with MC540 did not result in
increased incorporation of the probe (see Krumova et al.
2008a and references therein).

For fluorescence lifetime measurements, the TCSPC set-
up described in the previous section was used. The exci-
tation wavelength was set to 570 nm, and the emission was
collected between 610 and 630 nm using a Schott OG
610 nm (3 mm) cut-off filter and a Balzers K60 interfer-
ence filter. During the measurements the samples were
sequentially thermostated at increasing discrete tempera-
tures, between 7 and 45°C, for 15 min at each temperature.
The MC540 measurements, as in the more systematic study
using the same lipid probe in isolated thylakoids (Krumova
et al. 2008a), are confined to this temperature interval with
no protein degradation (Dobrikova et al. 2003) but signif-
icant changes in the lipid packing (detected also by
*'P-NMR, Krumova et al. 2008b); above 45°C, thylakoid
lipids segregate in large quantities from the membrane and
form extended non-bilayer structures (Gounaris et al. 1984).
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For the analysis of the fluorescence decay, the three-
exponential model introduced earlier (Krumova et al.
2008a) was used, which assumes a partition of MC540
between the aqueous phase with short (<200 ps) lifetime
and the two lipid phases with ~ 1- and ~ 2-ns lifetimes.

Since these three types of microenvironments are the
same for WT and dgdl, the MC540 fluorescence lifetimes
for the five different WT or dgdl samples were linked
during the fitting procedure (resulting, at a given temper-
ature, in equal lifetime values for both samples) whereas
their relative amplitudes were left free. In this way, the
changes in the distribution of MC540 over the different
environments can be followed for WT and dgd|.

Electrochromic absorbance transients

Electrochromic absorbance changes (AAS515), induced by
saturating single turnover flashes, were measured at
515 nm on detached leaves, in a setup described earlier
(Biichel and Garab 1995). The plants used for the mea-
surements were dark-adapted at 20°C for 30 min, and
detached leaves of WT and dgdl were infiltrated with
water, incubated for 10 min at different temperatures, and
then measured at 25°C; 64 kinetic traces were collected
with a repetition rate of 1 s~' and averaged; the duration of
the flashes was about 5 ps; the time constant of the mea-
surements was adjusted to 100 ps. The measurements were
repeated five times with leaves from different plants.

Results

Pigment—protein complexes: (macro-)organization,
excitation energy migration, and trapping

Circular dichroism

The CD spectra of thylakoid membranes isolated from WT
and dgdl are presented in Fig. la. It can be seen that at
25°C, the amplitudes of the (—)650 nm band, arising from
excitonic interactions of Chl b in monomeric and trimeric
LHCII, were approximately identical in WT and dgdl.
Also, the Chl a CD signals between 400 and 450 nm were
not affected significantly by the deficiency of DGDG. In
contrast, the intensities of the main ¥-type CD bands,
between 660 and 700 nm and at around 505 nm, were
substantially smaller for dgdl (Fig. 1a). (For the origin of
the main CD bands in thylakoids, see, e.g., Garab and van
Amerongen 2009).

The thermal destabilization of different protein com-
plexes was monitored via the amplitudes of their corre-
sponding CD bands. The (—)650 nm band exhibited the
same temperature dependence for WT and dgdl and
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Fig. 1 a Typical CD spectra of thylakoid membranes isolated from
WT (solid line) and dgdl (dashed line) leaves. The spectra were
measured at 25°C at identical Chl concentrations (15 pg mlfl).
Typical temperature dependence of the 448-459 nm (b) and
685-730 nm (¢) CD signals for the WT (filled square) and dgdl
(open circle). The lines (solid for the WT and dashed for dgdl) serve
as a guide to the eye. The experiments were repeated five times and
resulted in very similar differences in the CD spectra and their
thermal behavior

displayed essentially identical transition temperatures (7,,)
at ~60°C (Table 1). On the other hand, the mutation
substantially affected the thermal stability of the Chl
a excitonic bands at around 450 nm, determined either as
CD(448—438) (nOt ShOWH) or CD(448_459) (Flg 1b) The Tm
values were lower by ~ 6°C for the mutant than for the WT
(Table 1). The W-type signal (CDss5_730)) also exhibited

different temperature dependencies for WT and dgdl
(Fig. 1c). The transition temperature for this band was
54 4 2°C for the WT, whereas for dgdl it was found at
48 £ 1°C (Table 1).

Green (native) gel electrophoresis

In order to discriminate between the thermal behavior of
the different photosynthetic complexes, green gel electro-
phoresis of heat-treated thylakoid membranes from WT
and dgdl was performed (Fig. 2a) and analyzed for the
contents of PSI supercomplexes (Fig. 2b) and LHCII tri-
mers (Fig. 2c). The data show that the PSI supercomplex in
dgdl is less stable upon heat treatment than the WT—the
intensity of the corresponding green gel band decreases by
50% at 57°C for dgdl and at 61°C for WT, respectively
(Fig. 2b). In contrast, the destabilization of LHCII trimers
follows the same pattern in both the WT and dgd!/ up to
65°C (Fig. 2c¢).

Chlorophyll a fluorescence lifetime

The functional activity of the photosystems was studied
with the aid of Chl a fluorescence lifetime measurements,
using microscopic (FLIM) and macroscopic (TCSPC)
measurements.

The FLIM images are plotted in Fig. 3a,b (WT) and c, d
(dgdl). The recorded fluorescence originates from Chls in
the chloroplasts. Thus, the bright spots in the intensity
images (Fig. 3a, c¢) originate from distinct chloroplasts.
Their shape is not well defined in the FLIM images due to
the fact that the brightness of the individual organelles is
proportional to the intensity of the fluorescence emission.

Table 1 Transition temperatures (7,,) of selected CD bands or band
pairs for WT and dgd! thylakoid membranes

CD signal Assignment T °C T °C
(nm) (WT) (dgdl)
685-730 Y-type 54+2 48 £ 1
685-671 Y-type 54 £ 1 49 £ 1
505-550 W-type 56 £ 1 51+1
610-650 Excitonic (Chl b, 61 £2 58 £2
LHCII)
448-459 Excitonic (Chl a) 59+2 54+ 1
448-438 Excitonic (Chl a) 57+ 1 50+ 1

The membranes were thermostated for 10 min at different tempera-
tures in the range between 5 and 80°C before recording the CD
spectra at the given temperature; the amplitudes for the individual
bands were calculated from the difference in the intensity at specific
wavelengths (see also the text). T, is defined as the temperature at
which the intensity of the CD band is decreased to 50% of its value at
25°C. The values for T, and their standard errors are determined from
five independent experiments
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Fig. 2 a Native green gel WT dgdl
analysis of heat-treated WT and A — N
. — —~— —~
dgdl thylakoid membranes at
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different temperatures. The
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before loading on the gel. The I
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Therefore, the chloroplasts being located in the focal plane
are observed as bright objects, whereas the lower intensity
pixels probably represent somewhat out-of-focus chloro-
plasts. The fluorescence decay traces recorded for each
pixel were analyzed by a three-exponential model from
which an average lifetime per pixel was calculated. These
average lifetimes are plotted in Fig. 3b and d for the WT
and dgdl, respectively. The sum of the decay curves
recorded for all the pixels in the image of WT and dgd!
leaves is presented in Fig. 3e. The distribution histogram of
the average lifetime is presented in Fig. 3f, which also
clearly shows that it is longer for the mutant—the average
fluorescence lifetime in the majority of the pixels of the
WT-image is 180-220 ps, whereas for the dgd/-image it is
about 250-300 ps.

The FLIM setup used can only be applied for mea-
surements at 22°C. In order to check the temperature
dependence of the average Chl a fluorescence lifetime
(Tave), it was determined for isolated intact thylakoid
membranes using the TCSPC technique. The fluorescence
decay curves for WT and dgd|1 are shown in Fig. 4a and the
parameters obtained from the fit are plotted as a table in the
figure. At 25°C, the fitting analysis results in longer fluo-
rescence lifetimes for dgdl than for WT — 1., =
202 £ 5 ps for WT and 236 + 13 ps for dgd! (Fig. 4b);
these values are similar to the ones determined using the
FLIM technique (Fig. 3e). It must be noted that the
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temperature dependence of the average fluorescence life-
time is characterized by different phases (Fig. 4b); inter-
estingly, these variations were less marked for dgdl than
for the WT. Interpretation of these results is beyond the
scope of this study. The only aspect of the temperature
dependence that we want to point out is the strong decrease
of the average lifetime above 50°C (reaching 83 ps at
65°C). For dgdl the same sharp drop in 7,,. occurs at lower
temperatures and begins at around 45°C (Fig. 4b).

Lipid matrix: lipid packing and membrane permeability

In order to study the global physical properties of the lipid
matrix of thylakoids, two methods were applied: (i) time-
resolved fluorescence of MC540 in thylakoid membranes,
which reports on the packing of the lipid molecules; and
(ii) electrochromic absorbance transients on whole leaves,
which probe the energization and the permeability of thy-
lakoid membranes.

Partition of MC540 in thylakoid membranes

Using the three-exponential model for the analysis of the
fluorescence decay of MC540 (see also “Materials and
methods”), lifetimes of 0.19-0.23 ns  (Fig. 5a),
0.66-1.08 ns (Fig. 5b), and 1.71-2.15 ns (Fig. 5c) were
obtained; the lifetimes shorten with the increase of
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Fig. 3 FLIM results on dark-adapted detached WT and dgd! leaves.
The fluorescence images are shown in panel (a) for the WT, and panel
(c) for dgdl. The color-coded average fluorescence lifetime images
are presented in panel (b) for the WT and panel (d) for dgdl. Scale
bars, 20 pm. The decay traces recorded for each pixel in the images
were added, and their sums are presented in panel (e) for the WT

temperature. In this article, they are referred to as 200-ps,
1-ns, and 2-ns components, respectively.

As shown in Fig. 5a—c, the relative amplitudes of the
different lifetime components of MC540 differ for WT
and dgdl. The relative amplitude of the 200 ps compo-
nent remains constant up to 45°C for WT, whereas for
dgdl it increases with the increase of temperature, evi-
dently at the expense of the 1-ns component. This appears
to occur especially above 25-30°C (Fig. 5a). A compar-
ison of the relative amplitudes of the 1- and 2-ns com-
ponents in dgdl and WT) reveals that for WT the relative
amplitude of the 2-ns component is slightly larger than
that of the 1-ns component, indicating that the amounts of
MC540 incorporated into the bilayer and located on the
surface are almost equal (Fig. 5b, c¢). In contrast, for
dgdl, the relative amplitude of the 1-ns component is
significantly larger than that of the 2-ns component
(Fig. 5b, c).

If the two slow components originate from a broad
distribution of lifetimes (cf. Krumova et al. 2008a), then
their weighted average lifetime is a more appropriate
parameter to consider. As can be seen in Fig. 5d, at 7°C
this average lifetime is shorter for dgdl (1.35 £ 0.1 ns)
than for WT (1.52 &£ 0.01 ns). The average lifetime for
both WT and dgdl is decreasing with the increase of
temperature, but the average lifetime of dgdl remains
shorter at all temperatures between 7 and 35°C; at 45°C the
two lifetimes become almost identical, about 1.1 ns.

235

e
= Q
it
< =

o
5t

16 18 2 22 24 26 28
Time (ns)

f T T
> 150
Q
5
5100 -
=

50 |

0 !

100 150 200 250 300 350 400

Average lifetime (ps)

(green trace) and dgdl (blue trace). The histograms of the average
lifetimes, obtained from a total of 4,096 pixels for each sample, and
plotted with 3 ps steps, are given in panel (f) (green curve for the WT
and blue for dgdl). The dashed lines represent the average lifetime
values for WT and dgdl, obtained for isolated thylakoid membranes
by TCSPC at 25°C

Electrochromic absorbance changes (4A515) in WT
and dgdl

In order to test the membrane permeability, electrochromic
absorbance change (AA515) measurements were performed.
On the time scale of the experiment, the rise of AA515,
due to primary charge separations, is instantaneous. The
initial amplitude of AA515 (for samples with identical Chl
concentration) differs for WT and dgdl, as can be seen in
Fig. 6a and b. At 25°C, the decay time of AA515 for the
mutant (f;,, = 226 £ 15 ms) is essentially the same as for
the WT (¢t = 227 4+ 19 ms). For the 35°C-treated sam-
ple, the decay of AAS15 is significantly faster for the dgd!
mutant (Fig. 6b); the corresponding halftimes are
237 £ 16 ms for WT and 154 + 19 ms for dgdl. No
change in the decay rate was observed for the WT leaves
exposed to the same temperature; only at 40°C, the decay
becomes faster (¢;, = 36 £ 12 ms) for WT; at this latter
temperature no AA515 signal can be discerned for dgdl.

Discussion

In this article, we investigated the role of one of the major
thylakoid lipids, DGDG on the global organization and
thermal stability of the membranes. To this end, we used the
Arabidopsis lipid mutant dgd1, with substantially decreased
DGDG content (Dérmann et al. 1995), and measured
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Fig. 4 a Chlorophyll a fluorescence decay traces for isolated
thylakoid membranes from WT (thick line) and dgdl (dashed line),
recorded by TCSPC. The presented curves are the sums of five
independent measurements on different preparations. The excitation
wavelength is 430 nm, and the emission is recorded at 688 nm at
25°C. The corresponding fits (fluorescence lifetimes () and relative
amplitudes, given in brackets) are also presented. b Temperature
dependence of the average fluorescence lifetime for the WT (filled
square) and dgdl (open circle). Details about the fitting procedure are
described in “Materials and methods”. The lines (solid for WT and
dashed for dgdl) serve as a guide to the eye. The average lifetime
values and their standard errors are determined from five independent
experiments

different physical parameters, such as CD of the thylakoid
membranes Chl a fluorescence lifetimes and the fluorescence
lifetime distribution of the lipophylic dye MC540 as well as
the electrochromic absorbance changes along with their
temperature-dependencies in WT and dgd/ samples.

Effects of DGDG on the global organization
of thylakoid membranes

Dormann et al. (1995) have revealed major ultrastructural

differences in the organization of the thylakoid membranes
between the dgdl and the WT such as increased number of

@ Springer

thylakoids per granum and longer granal and stromal thy-
lakoids. It is well known that the stacking of thylakoids and
the lateral macro-organization of the pigment—protein
complexes in the membrane are interrelated (reviewed by
Mustardy and Garab 2003; Dekker and Boekema 2005) but
dgdl is poorly characterized in this respect.

In order to obtain information on the global organization
of pigment—protein complexes in dgdl thylakoid mem-
branes, we performed CD spectroscopic measurements. We
also performed Chl fluorescence lifetime measurements to
provide an insight into the energy migration and trapping
capabilities of the membranes in relation to the altered
composition of the membranes and the macro-organization
of the complexes. The effect of DGDG deficiency on the
packing of lipids and the energization of membranes were
tested with the aid of MC540 fluorescence lifetime mea-
surements and by measuring electrochromic absorbance
transients.

Circular-dichroism (CD) spectroscopy in the visible
range is a valuable tool for probing the molecular archi-
tecture of the complexes and supercomplexes and their
macro-organization in the membrane system (Garab and
van Amerongen 2009). Two types of CD bands are relevant
for the study of thylakoid membranes described a follows:

(i) Excitonic bands which originate from short-range
(nanometer scale) excitonic interactions between pigments
within a pigment—protein complex or on adjacent com-
plexes (Tinoco 1962; De Voe 1965; Somsen et al. 1996;
Garab and van Amerongen 2009), and can be used for
testing the intactness of individual complexes or super-
complexes. Such interactions give rise to conservative band
structures—i.e., the positive and negative bands of the split
spectrum have equal areas. In a system as complex as the
thylakoid membrane, a variety of excitonic bands is
superimposed on top of each other. These are difficult to
discriminate, and here, we shall use only two characteristic
bands, at around 650 and 440 nm. It has been established
that the (—)650 nm band originates from Chl b and is
regarded as a fingerprint of the LHCII complexes (van
Metter 1977; Georgakopoulou et al. 2007), while the CD
bands that appear between 400 and 450 nm mainly origi-
nate from Chl a (Garab et al. 1991). The intensity of the
(—)650 nm CD band remains unchanged in dgdl, which
demonstrates that the molecular architecture of LHCII is
not significantly affected by the mutation.

Fig. 5 Temperature dependencies of the parameters, obtained after p-

the analysis of the fluorescence decays recorded for MC540 in WT
and dgdl thylakoid membranes. a—c Lifetime components (blue
symbols) and their respective amplitudes in WT (full black symbols)
and dgdl (open black symbols). d Weighted average lifetimes of the
two long-lived components for WT (filled circle) and dgdl (open
circle). The samples were thermostated for 10 min at each temper-
ature before starting the measurements. For further details for the
fitting model see also “Materials and methods” and text
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Fig. 6 Typical electrochromic absorbance transients recorded at
515 nm (AAS515), induced by saturating single-turnover flashes on
detached WT (black trace) and dgdl mutant (gray trace) leaves
incubated in the dark for 10 min at 25°C (a) and 35°C (b) and
subsequently measured at 25°C. The kinetic traces are obtained by
averaging 64 transients with a repetition rate of 1s~'. The
corresponding decay halftimes for WT and dgd! (average from five
independent experiments and their corresponding standard errors) are
also plotted in the figure

very intense and “anomalously shaped” (Garab 1996); in
thylakoids and isolated LHCII-aggregates they appear at
around (+)685, (—)671 nm and (4+)505 nm (Barzda et al.
1994; Dobrikova et al. 2003); these bands are also associated
with long tails outside the principal absorbance bands, which
originate from differential scattering of the left and right
circularly polarized light (Garab 1996). Y-type bands cor-
relate with the macro-organization of the main Chl a/b light
harvesting complexes, e.g., in LHCII-only domains, as
indicated by correlations between the intensity of these
bands and the LHCII-content of the sample (e.g., Garab et al.
1991; Garab and Mustardy 1999). The arrays of PSII-super-
complexes might also contribute to the W-type CD signal.
For example, in a mutant lacking one of the minor light-
harvesting complexes, namely, CP24, the macro-organiza-
tion of the PSII-supercomplexes is modified as compared to
WT. This results in the loss of the main W-type band in the
red at around (+)690 nm (Kovacs et al. 2006).
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The intensities of the W-type CD bands between 660 and
700 (Fig. 1a) differ for WT and dgd! thylakoids. These CD
signals are shown to be determined by the long-range
organization of the pigment—protein complexes, in partic-
ular LHCII (e.g., Garab et al. 1991; Garab and Mustardy
1999) and PSII-supercomplexes (Kovacs et al. 2006). Thus,
the reduced intensity of the main W¥-type CD bands
(CD¢685-703) and CDgs5_671y) in the mutant (Fig. 1a) might
either be due to a smaller size of the chiral macrodomains
or to a different organization of the complexes affecting the
pigment—pigment interactions. It should be noted that
DGDG has been found to be required for the formation of
ordered 3D crystals of LHCII (Nufberger et al. 1993).
Hence, our CD data strongly suggest that also in vivo in the
thylakoid membranes DGDG modulates the macroorgani-
zation of the main light-harvesting complexes of PSII.

As shown by Chl fluorescence lifetime measurements,
alterations in the macroorganization in dgdl affected only
marginally the energy migration and trapping (Figs. 3, 4).
The mutant exhibited a somewhat longer average Chl
a fluorescence lifetime (Figs. 3f, 4).

The assignment of the fluorescence lifetimes to partic-
ular protein complexes or macroassemblies is a rather
complicated task for intact chloroplasts and isolated thy-
lakoids, where a large variety of complexes and super-
complexes co-exist. For example, most studies on whole
chloroplasts and intact thylakoid membranes suggested
average values for the trapping time in PSII between ~ 300
and ~500 ps (e.g., Roelofs et al. 1992; Gilmore et al.
1996; Vasile’v et al. 1998). A very detailed study of the
fluorescence kinetics of thylakoid membranes with varying
composition was recently performed, using different
combinations of excitation and detection wavelengths to
assign the various lifetimes to PSI and PSII but this is not a
trivial task (van Oort et al. 2010). For isolated BBY par-
ticles (containing only the granal thylakoid membranes)
two major lifetimes of about 74-80 and 175-212 ps were
observed (Broess et al. 2006, 2008), whereas three major
decay times are found for PSI: 5-20, 20-60, 80-130 ps
(Turconi et al. 1994; Croce et al. 2000; Ihalainen et al.
2002, 2005; van Oort et al. 2008; Slavov et al. 2008).
Because of the various complications, only the average
lifetimes (t,,.) measured for WT and dgdl thylakoid
membranes and intact leaves are compared in this article.

The longer lifetime in dgdl can most easily be
explained by taking into account the lower PSI content of
the membranes (Ivanov et al. 2006)—this photosystem
exhibits short lifetimes (e.g., van Oort et al. 2010). Fur-
ther, excess amounts of LHCI might also contribute to the
longer lifetimes—according to Ivanov et al. (2006) the
amount of LHCI was unchanged; hence, a fraction of
these antenna complexes might not be connected to the
reaction center.
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As reported by the lipophilic fluorescence probe
MC540, alterations in the lipid composition in dgd! bring
about changes in the lipid packing. The spectroscopic
properties of MC540 are determined by the dielectric
constant of its local environment (Lelkes and Miller 1980).
Thus, it exhibits different fluorescent lifetimes when
present in different environments (interacting with lipids or
solubilized in the aqueous phase). Earlier it has been shown
that the shortest lifetime (200 ps) component originates
from dyes in aqueous environment and the 1- and 2-ns
components from MC540 in hydrophobic environments,
i.e., in the lipid phase (Krumova et al. 2008a). These
lifetimes might be assigned either to two discrete popula-
tions of the molecules, reflecting two different microenvi-
ronments or to a broad distribution of lifetimes due to
incorporation of MC540 in a variety of environments with
small differences in their physical properties.

Our data reveal significant differences in the lipid
packing between dgdl and WT membranes. Most promi-
nently, the increased amplitude of the 200 ps component
suggest that in dgdl the MC540 molecules are more
exposed to the aqueous phase than in WT (Fig. 5). The
lower extent of incorporation of MC540 in the thylakoid
membranes isolated from dgdl in comparison with WT
membranes might be due to two factors: (i) tighter lipid
packing in dgdl, which could be the consequence of
modified lipid—protein interactions and changes in the
macroorganization, and/or (ii) modified surface charge of
the membrane, i.e., due to conformational changes in the
protein complexes or to differences in lipid—protein
interactions.

Despite the altered lipid composition (increased non-
bilayer:bilayer lipid ratio) and alterations in the lipid
packing, the AA515 measurements indicate that the dgd!
thylakoid membranes are perfectly adjusted to generate and
maintain the transmembrane electrochemical potential
difference at 25°C (Fig. 6a). AAS515 is a voltmeter of
thylakoid membranes. Light-induced primary charge sep-
aration in the reaction centers, followed by vectorial
transport of charges, generate a transmembrane electro-
chemical potential difference, which consists of a pH
gradient and an electric potential difference. By a reverse
flow of protons, the electrochemically stored energy is used
for ATP synthesis (Mitchell 1966). The potential gradient
can also be dissipated by the basal ion efflux, which
depends on the electrical permeability of the membranes.
The rise and decay of the transmembrane electrical dif-
ference can be followed by the electrochromic absorbance
changes (AA515) of the pigments embedded in the mem-
brane, which correlates with the transmembrane electric
field (Junge 1977; Witt 1979).

We have obtained AA515 decay times comparable with
those observed for barely under similar conditions (Garab



Photosynth Res (2010) 105:229-242

239

et al. 1983). The initial amplitude of AA515 is lower for
dgdl than for WT, but this can be attributed to the
decreased content of PSI reaction centers in the mutant
(Ivanov et al. 2006). These data are also in line with the
data of Hirtel et al. (1997) showing that dgd! is capable of
maintaining a low lumenal pH, needed for the xanthophyll
cycle operation.

Effects of DGDG on the thermal stability of thylakoid
membranes

The temperature dependencies of the various CD bands
reveal that whereas LHCII (characterized by (—)650 nm
Chl b excitonic band) preserved its stability, the W-type
(CD(685—730) and CD(685—671)) and the excitonic Chl a CD
bands (CD4g-459) and CD443-435)) are significantly less
stable in the mutant (Fig. 1; Table 1). The latter two Chl
a CD signals most probably originate from the core com-
plexes of PSII and/or PSI which bind only Chl a (Chitnis
2001; Smith et al. 2002; Ben-Shem et al. 2003), and thus,
their thermal behavior indicates a lower stability of these
complexes in the mutant than in the WT. This was further
confirmed by green gel electrophoresis, which clearly
demonstrates that the thermal degradation of LHCII fol-
lows the same pattern in WT and dgdl, but PSI degrades
faster in dgdl than in WT (Fig. 2). This fact strongly
suggests that the lower thermal stability of Chl a excitonic
CD bands (see above) is at least partially due to the faster
degradation/disassembly of PSI in dgdl than in WT. Faster
degradation of the photosynthetic complexes in dgdl is
also confirmed by the temperature dependence of the Chl
a average fluorescence lifetime above 45°C (Fig. 4). This
dependence is rather similar to the one observed for the CD
bands at around 450 nm (Fig. 1b; Table 1) and, hence, it
can be suggested that PSI degradation significantly con-
tributes to it. These data are complementary to the obser-
vation of Guo et al. (2005) who revealed that PSI in dgd/
thylakoids is more susceptible to chaotropic agents and
demonstrated the presence of PSI lacking LHCI and sub-
unit PsaD, which could be detached from the core complex
with mild detergents.

Changes in the thermal stability of dgdl thylakoid
membranes are also observed in the lipid matrix—the
average fluorescence lifetime of MC540 in dgd! thylakoids
remains shorter at all temperatures between 7 and 35°C
(Fig. 5d). The shortening of the fluorescence lifetime of
MC540 is due to its location in a more hydrophilic envi-
ronment and indicates that the phase properties of the bulk
lipids in the mutant membranes are changed in a way that
hinders the incorporation of MC540. These data and the
observed decreased thermal stabilities of the macrodo-
mains and PSI are fully consistent with the results of Chen
et al. (2006), demonstrating the role of galactolipids in

thermotolerance of plants. These authors have shown a
close correlation between the ability of plants to acquire
thermal tolerance and the increase in the DGDG level and
in the DGDG:MGDG ratio, while no correlation was found
with the accumulation of heat-shock proteins.

The differences in the temperature dependencies of the
lipid packing in WT and dgdl might (at least in part) be
due to the increased non-bilayer propensity of the bulk
lipids in comparison to the WT. Previously, it has been
shown, by means of 'P.NMR, that non-bilayer lipid
structures are present in spinach thylakoid membranes
(Krumova et al. 2008b). Analogous SIP.NMR  studies
would provide valuable information for the phase proper-
ties of WT and mutant thylakoid membranes. However,
given the fact that >'P-NMR measurements require isolated
thylakoid membranes of 50—100 mg Chl content, it is not
feasible with Arabidopsis.

While at 25°C, the kinetic patterns of the electrochromic
absorbance transients in dgdl and WT leaves do not differ
from each other, in the mutant, the membranes become
permeable to ions even at 35°C (Fig. 6b), in contrast to
WT, which becomes leaky only above 40°C. Dependence
of the membrane permeability on the lipid content of
thylakoids was also demonstrated for a mutant of Arabid-
opsis (mgdI-1, Jarvis et al. 2000) with decreased amount of
MGDG—the thylakoid membranes of mgd/-1 were shown
to exhibit increased conductivity at high light intensities,
which resulted in inefficient operation of the xanthophyll
cycle (Aronsson et al. 2008) and which further demon-
strates the importance of the lipid phase behavior for the
electric properties of the membrane.

Conclusion

It has become clear in this study that the DGDG deficiency
substantially influences both the overall organization and
functioning of the thylakoid membrane and its thermal sta-
bility. At room temperature (25°C) the arrangement of the
pigment—protein complexes in dgd! differs from that in WT:
the W-type CD bands, originating from large macrodomains
of pigment—protein complexes, including the LHCII, exhibit
significantly lower amplitudes for dgdl. Experiments using
the fluorescent lipid probe MC540 reveal differences in the
packing of the lipid molecules, indicating a tighter packing
or a modified surface charge density in the mutant thylakoid
membranes. These alterations, together with a reduced PSI
content of the membranes, albeit that they exert some well
discernible effects on the energy migration and trapping
properties as well as on the energization of the membranes,
do not disturb dramatically the functions, at least as long as
the plants are kept in a temperature range not higher than
25°C. At moderately elevated temperatures, however,
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dramatic differences emerge, which are manifested in
increased thermal susceptibilities in dgd/ compared to WT:
the LHCII-PSII containing macrodomains disassemble, PSI
complexes degrade, the excitation energy is quenched, large
amounts of lipids are protruded from the membranes, and the
thylakoids become leaky for ions—in all these cases, the
changes occur 5-7°C lower in dgdl than in WT. Hence,
these data strongly suggest that the lipid matrix of dgdl is
not able to maintain the functional state of the protein
molecules at moderately elevated temperatures.
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