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Phosphate deprivation induces transfer of DGDG
galactolipid from chloroplast to mitochondria
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n many soils plants have to grow in a shortage of

phosphate, leading to development of phosphate-sav-

ing mechanisms. At the cellular level, these mecha-
nisms include conversion of phospholipids into glycolip-
ids, mainly digalactosyldiacylglycerol (DGDG). The lipid
changes are not restricted to plastid membranes where
DGDG is synthesized and resides under normal conditions.
In plant cells deprived of phosphate, mitochondria contain
a high concentration of DGDG, whereas mitochondria
have no glycolipids in control cells. Mitochondria do not
synthesize this pool of DGDG, which structure is shown

Introduction

Phosphorus is an essential macro element for plant growth and
development, but in most soils it is moderately available due to
adsorption properties (Raghothama, 1999, 2000). Plant cells
have developed safety mechanisms circumventing this shortage,
including decrease of their P; consumption and mobilization of
their P; reserve. Phospholipids are a main form of cellular P;
reserve and their content markedly declines in plants during P;
starvation (Essigmann et al., 1998; Hirtel et al., 1998).

In leaves, the most abundant membrane glycerolipids are
not phospholipids, but glycolipids such as galactolipids, i.e.,
monogalactosyldiacylglycerol (MGDG) and digalactosyldi-
acylglycerol (DGDG). They represent up to 80% of leaf lipids
(Joyard et al., 1996). Galactolipids were reported to be localized
specifically in plastids and trace amounts of these lipids, which
have been detected in the past in other isolated fractions of the
cell, such as tonoplast (Haschke et al., 1990), were cautiously
considered as possible contamination by plastid membranes.
MGDG is synthesized from DAG and UDP-galactose by
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to be characteristic of a DGD type enzyme present in
plastid envelope. The transfer of DGDG between plastid
and mitochondria is investigated and detected between
mitochondria-closely associated envelope vesicles and
mitochondria. This transfer does not apparently involve
the endomembrane system and would rather be depen-
dent upon contacts between plastids and mitochondria.
Contacts sites are favored at early stages of phosphate
deprivation when DGDG cell content is just starting to
respond to phosphate deprivation.

MGDG synthases, and this enzyme activity is located in the
plastid envelope (Douce, 1974). In Arabidopsis thaliana, there
are two types of MGDG synthases differing in their NH,-terminal
portion: type A with MGDI1 and type B with MGD2 and
MGD3 (Awai et al., 2001). In MGDG produced by these en-
zymes, galactose is linked to DAG via a B-glycosidic bond
(Carter et al., 1956). On the other hand, two different mecha-
nisms have been reported for the formation of DGDG: either
by addition of galactose from UDP-galactose on MGDG with
DGD1 or DGD2 enzymes (Kelly and Dormann, 2002; Kelly et
al., 2003) or by reaction of two MGDG to form one DGDG and
one DAG by the galactolipid—galactolipid galactosyltransferase
enzyme (van Besouw and Wintermans, 1978). With DGD1 and
DGD2, the inserted galactose is linked by an a-glycosidic bond
(Kelly and Dormann, 2002; Kelly et al., 2003), leading to the
a-3 DGDG structure reported by Carter et al. (1956). The
galactolipid—galactolipid galactosyltransferase enzyme gener-
ates a 3-8 DGDG structure because this enzyme activity corre-
lates with the presence of oligogalactolipids carrying several
galactose residues with (3-glycosidic bonds (Kojima et al.,
1990; Xu et al., 2003).

During P; deprivation, the cellular DGDG content in-
creases (Essigmann et al., 1998; Hirtel et al., 1998) and
the expression of genes encoding type B MGDG synthases
(MGD2 and MGD3; Awai et al., 2001) and DGDG synthases
(DGDI and DGD?2; Kelly and Dormann, 2002; Kelly et al.,
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2003) is stimulated. The induced synthesis of DGDG involves
several compartments of the cell. DAG backbone of DGDG
was traced back from extraplastidial phosphatidylcholine (PC)
(Roughan, 1970; Williams et al., 2000; Kelly et al., 2003), and
lipid analyses during the first steps of P; deprivation indicated
that indeed PC was transformed into DGDG via DAG (Jouhet et
al., 2003). Galactose insertion for synthesis of newly formed
DGDG is expected to occur in plastids because enzymes en-
coded by MGD2, MGD3, DGDI, and DGD?2 can all be ad-
dressed to the plastid envelope, very likely to the outer envelope
(Awai et al., 2001; Froehlich et al., 2001; Kelly et al., 2003).
Consistently, newly synthesized DGDG was proposed to replace
missing PC (Hirtel and Benning, 2000; Hartel et al., 2000) be-
cause (1) PC content is highly reduced; and (2) PC and DGDG
adopt similar bilayer conformation in the membranes. These
lipid changes cannot be limited to plastid membranes because
the bulk of PC is located outside plastids (Dorne et al., 1985). In-
deed, a recent report has shown that DGDG accumulates in oat
plasma membrane during P; deprivation (Andersson et al.,
2003). However, the plasma membrane represents a low propor-
tion of the cellular membrane surface, and therefore the plasma
membrane lipid change cannot solely explain the high amounts
of cellular PC and DGDG being affected by P; deprivation.

Mitochondria are organelles limited by a double mem-
brane like plastids. In plant cells, they represent ~10% of cell
membranes and contribute to 10-20% of total cellular PC
(Douce, 1985). During P; deprivation, mitochondria seem rela-
tively protected from the induced stress. The cellular propor-
tion of diphosphatidylglycerol (DPG), a specific mitochondrial
phospholipid, remains relatively constant (Jouhet et al., 2003).
Moreover, respiration is not affected except for the cyanide-
resistant pathway that is enhanced (Rébeill€ et al., 1984). A pos-
sible response of the plant cell to P; deprivation is that DGDG
could be transferred to mitochondria as well, and therefore con-
tributes to adaptation of this organelle to the stress conditions.
To probe this hypothesis, we cultivated A. thaliana cells with
defined levels of P; and set up a procedure to isolate the mito-
chondria. In this article, we report that under P; deprivation, mi-
tochondria contain a high concentration of DGDG in contrast
with mitochondria from cells grown with sufficient supply of
P.. The a-B anomeric structure of DGDG present in mitochon-
dria is characteristic of DGDG synthesized through a DGD
type enzyme. We further point out that a transfer of DGDG oc-
curs between plastid envelope and mitochondria. This transfer
is apparently dependent on contact between plastids and mito-
chondria. The contacts seem to be favored at early stages of P;
deprivation when DGDG cell content is just starting to respond
to P; deprivation.

3 d after the beginning of P; deprivation, A. thaliana cells
grown as a suspension in liquid medium don’t divide anymore.
Their lipid composition has been modified compared with con-
trol cells. Particularly, the level of DGDG has increased from

Mitotracker

Figure 1. Localization of DGDG in mitochondria of A. thaliana cells
deprived of P; for 3 d. Cells (A, control; B-D, P-deprived) were processed
for indirect immunofluorescence labeling using anti-DGDG with secondary
antibodies coupled to BODIPY and either anti-BCCP1, for chloroplast
detection (A and B), or anti-HPPK (C), for mitochondria detection, with
secondary antibodies coupled to Alexa 594. In D, mitochondria were
visualized by staining with Mitotracker orange CMTMRos. Cells were
observed by confocal microscopy. Bars: A-C, 8 um; D, 20 p.m.

less than 10% up to 30-35% of total glycerolipids during the
first day of deprivation, and this level is now stable (Jouhet et
al., 2003). To understand where DGDG is localized at this
stage, routinely grown Arabidopsis cell cultures were trans-
ferred for 3 d in a medium devoid of P; (—P; medium) or con-
taining 1 mM P; (control). Subcellular localization of DGDG
was then assayed using antibodies raised against this lipid.
Specificity of anti-DGDG antibodies for DGDG was assessed
based on absence of reaction with other lipids or proteins of the
cell (Maréchal et al., 2002). Fig. 1 A and Fig. S1 (available at
http://www.jcb.org/cgi/content/full/jcb.200407022/DC1) show
that in control cells, DGDG was only detected in plastids be-
cause DGDG-coupled epifluorescence was associated with epi-
fluorescence coupled with the biotin carboxyl carrier protein
(BCCP) subunit of acetyl-CoA synthetase, a protein present in
the plastid stroma (Alban et al., 1994). In P;-deprived cells, the
situation appears to be more complex because DGDG-associated
fluorescence was no more restricted to plastids and was also
visible in many small spots distinct from plastids (Fig. 1 B).
Some of these spots were present at the periphery of the cell,
likely associated with plasma membrane as reported by An-
dersson et al. (2003). In addition, by comparison with the



epifluorescence coupled with dihydropterin pyrophosphoki-
nase (HPPK), a protein from mitochondria (Mouillon et al.,
2002), we observed that DGDG-coupled fluorescence was
also associated with that of mitochondrial markers (Fig. 1 C).
Co-labeling with DGDG antibodies and MitoTracker orange
CMTMRos (Molecular Probes, Inc.) confirmed this observa-
tion (Fig. 1 D). Therefore, these data indicate that in cells de-
prived of P;, DGDG is present outside of plastids, and notably
in mitochondria.

Isolation of mitochondria from A.
thaliana cells grown without P;
To further investigate their lipid composition, mitochondria
were isolated and purified from Arabidopsis cells either de-
prived of P; for 3 d or sufficiently provided with P; (control
cells). O, consumption of isolated mitochondria was analyzed
on each purified fraction (Fig. 2 A) and according to Neuburger
et al. (1982), data indicated that the preparations were highly en-
riched in functionally intact mitochondria. To obtain sufficient
amounts of lipids for analysis, three mitochondrial preparations
obtained in each condition were pooled. Mitochondria purity
was further controlled by Western blot on this mix. We detected
approximately a fivefold enrichment of the mitochondrial inner
membrane protein NAD9 (Lamattina et al., 1993), the outer
membrane proteins TOM20 and TOM40 (Werhahn et al.,
2001), and of the HPPK matrix protein (Mouillon et al., 2002)
in the mitochondrial fractions, as compared with the whole-cell
fractions (Fig. 2 B). Taking into consideration that mitochondria
may represent 15-20% of total cell protein, the enrichment in
mitochondria markers indicated that the isolated mitochondria
were rather pure. Nevertheless, in order to ascertain galactolipid
content of mitochondria, we measured the cross-contamination
of the isolated organelles by plastid membranes classically re-
ported to be enriched in galactolipids. Contamination by chloro-
plast membranes was measured by following the thylakoid
marker LHCII (Vallon et al., 1986), the inner envelope marker
E37 (Teyssier et al., 1996), and the outer envelope marker
OEP21 (Bolter et al., 1999). Contamination by thylakoids was
negligible because mitochondrial fractions contained 40 times
less LHCII than chloroplasts (Fig. 2 C). The envelope markers
OEP21 and E37 were both five times less abundant in mito-
chondria than in chloroplasts, and taking into account that en-
velope proteins likely represent ~4% of chloroplast total pro-
teins, this indicated that mitochondria (1 mg protein) contained
<0.6% envelope proteins (6 pg protein) (Table S1, available at
http://www.jcb.org/cgi/content/full/jcb.200407022/DC1).
Because plasma membrane contains DGDG under P;-
deprived conditions (Andersson et al., 2003), we questioned the
possible contamination of mitochondria by plasma membrane.
The plasma membrane is characterized by content of sterols,
e.g., acylated steryl-glycosides (Norberg and Liljenberg, 1991).
We could not detect any acylated steryl-glycosides in mito-
chondria lipid extracts from P;-deprived or control cells. Alto-
gether, our results indicate that the mitochondrial fractions we
prepared from A. thaliana cells were highly enriched in intact
mitochondria and contained little cross-contamination by ex-
tramitochondrial membranes.
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Figure 2. Characterization of mitochondria fractions isolated from either
control or 3 d Pi-deprived A. thaliana cells. (A) To check purity and intact-
ness of isolated mitochondria, succinate oxidation was followed by mea-
suring O, consumption. On average, each purified fraction consumed
~280 nmol Oy.min~".mg~" protein in the presence of succinate and ADP,
and O, consumption was stimulated 2.4 times by addition of ADP. There-
fore, fractions were considered to be highly enriched in functionally intact
mitochondria. Cyanide resistant pathway was slightly enhanced in P-
deprived conditions as expected according to Rébeillé et al. (1984). (B)
Comparative Western blot analysis of mitochondrial (M) and total cell
extract (Ce) using antibodies specific for mitochondrial proteins, HPPK, a
matrix protein, NAD9, an inner membrane protein, and TOM20 and
TOM40 outer membrane proteins. (C) Western blot analysis of mitochon-
drial (M), chloroplast (Chl), and total cell extract (Ce) of P-deprived cells
and of chloroplast envelope (Env) prepared from Arabidopsis plants as in
Awai et al. (2001) using antibodies specific for chloroplast membrane
proteins, LHCIl for thylakoid, E37 for inner envelope membrane, and
OEP21 for outer envelope membrane.

Mitochondria isolated from P;-deprived
cells contain DGDG

Lipids were extracted from both types of mitochondria and
their composition was compared with that of cells. Fig. 3 A
shows results of glycerolipid analyses normalized to the total
amount of glycerolipid in each fraction. The composition of
cells grown with or without P; was consistent with data pub-
lished earlier (Essigmann et al., 1998; Hartel et al., 1998; Jou-
het et al., 2003). DPG was found at a relatively high level in
both types of cells, indicating that mitochondria lipids repre-
sent a fair proportion of total cell lipids. In P;-deprived cells,
we mainly observed a decrease in phospholipids and a high in-
crease in DGDG and sulfoquinovosyldiacylglycerol (SQDG).
Lipid composition of mitochondria isolated from control cells

DGDG TRANSFER TO MITOCHONDRIA « JOUHET ET AL.
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Figure 3. Glycerolipid analysis of total cell and mito-
chondria fractions from control and 3 d Pi-deprived A.
thaliana cells. (A) Glycerolipid composition. SD was cal-
culated on four independent measurements in each
case. (B) Fatty acid composition of DGDG isolated either
from total cell extracts from 3 d P-deprived cells and
control cells or from mitochondria fraction from 3 d P
deprived cells.

Control

Control

-Pi

was similar to that reported earlier, containing mostly phos-
phatidylethanolamine (PE) and PC (Douce, 1985; Harwood,
1987). Only traces of MGDG and DGDG were detected. The
mol percentage of DPG was three times higher in isolated mi-
tochondria than in whole cells. In mitochondria isolated from
P;-deprived cells, the levels of phospholipids (i.e., PC, PE,
and PG) were all lower except for DPG, which was present
in higher proportion. Contents in MGDG and SQDG were
slightly higher than in mitochondria from control cells, but
both remained at a low level. By contrast, the level of DGDG
was remarkably higher, representing >18% of the —P; mito-
chondria lipids. By analyzing the lipid contamination attribut-
able to chloroplast envelope with mitochondrial lipid data, we
calculated that the amount of DGDG issued from envelope
contamination is much lower than the amount of DGDG mea-
sured in the mitochondria fraction (Table S1), indicating that
most of the DGDG detected in mitochondria upon 3 d of P;
deprivation was indeed located in mitochondria.

DGDG is present on the surface of
mitochondria in P;-deprived cells

Antibodies raised against DGDG were used to test a possible
agglutination of purified mitochondria (Fig. 4). In absence of
antibodies, control and —P; purified mitochondria were visible
under light microscope as nonaggregated, whereas they agglu-
tinated in presence of antibodies against mitochondria outer
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membrane proteins TOM20 and TOM40. When antibodies
raised against plastid proteins, like E37 and OEP21, were
added to mitochondria, no agglutination was visible whenever
OEP21 antibodies did induce chloroplast agglutination. With
antibodies raised against DGDG, no agglutination of control
mitochondria could be detected, but a strong agglutination was
observed with mitochondria prepared from P;-deprived cells. In
conclusion, immunoagglutination assays indicated that in P;-
starved cells, DGDG is accessible on the mitochondrial outer
surface to specific antibodies.

Structure of DGDG present in
mitochondria

To characterize the overall structure of the mitochondria-asso-
ciated DGDG, we analyzed its fatty acid composition and its
polar head structure. Fig. 3 B shows that fatty acid composition
of mitochondrial DGDG was fairly similar to that of P;-
deprived cell DGDG. Compared with DGDG present in con-
trol cells, the main characteristic of fatty acid composition of
mitochondrial DGDG was an increase in 16C/18C ratio (0.09—
0.13) with more 16:0 and an increase in more saturated species
of C18, but globally DGDG remained highly enriched in 18:3.
The anomeric structure of the polar head of mitochondrial
DGDG was resolved by nuclear magnetic resonance (NMR). In
'H-NMR, the anomeric proton in a- or B-glycosidic configura-
tion gives characteristic doublet signals respectively at high
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Figure 4.

Immunoagglutination assays of isolated mitochondria prepared from either control or 3 d P--deprived A. thaliana cells. Mitochondria from

P-deprived cells, control cells, and chloroplasts were incubated with antibodies as specified. Addition of anti-DGDG lead to agglutination of chloroplasts
and of mitochondria of P-deprived cells only. Control antibodies were directed against E37 and OEP21 chloroplast inner and outer membrane protein,
respectively, and TOM20 and TOMA40 outer membrane mitochondrial proteins.

chemical shift (~5.0 ppm) or at low chemical shift (~4.0
ppm). The exact position of these signals depends on solvent,
temperature, and molecular environment. To identify the pre-
cise position of these a- and B-doublet signals, several galacto-
lipid molecules were analyzed by NMR and compared. Higher
plant MGDG was reported to contain only a B-glycosidic bond
(Carter et al., 1956), and indeed Arabidopsis cell MGDG gave

a doublet signal at 4.0 ppm (Fig. 5 A). Two forms of DGDG
have previously been reported in plants (Kojima et al., 1990;
Xu et al., 2003); the main form containing a (3-glycosidic bond
on the first galactose and an a-glycosidic bond on the second
galactose (Carter et al., 1956). DGDG extracted from either
control or Pi-deprived Arabidopsis cells corresponded to this
main form, with a doublet signal at 4.0 ppm for the 3-bond and

DGDG TRANSFER TO MITOCHONDRIA » JOUHET ET AL.
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Figure 5. 'H-NMR galactolipid analysis. The A B
a-peak is characterized by a doublet at 4.7 A
ppm and the B-peak by a doublet at 4.0 ppm.

(A) B-MGDG from A. thaliana control cells. (B)

B DGDG from A. thaliana control cells. (C)

DGDG from Spinacia oleracea purified chlo-

roplast envelope. In envelope fraction, two

DGDG types are visible: a-p and B:-82. (D)
a-p DGDG from A. thaliana P-deprived cells. i F 'J
(E) Mitochondrial a3 DGDG from A. thaliana '
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at 4.7 ppm for the a-bond (Fig. 5, B and D). In addition to the
4.7 ppm a-doublet, DGDG extracted from an isolated fraction
of spinach chloroplast envelope contained three doublet signals
in the range of the 3 signal (exact position at 4.0, 4.05, and 4.1
ppm; Fig. 5 C) that were indicative of presence of both a-3 and
B-B DGDG structures, the later structure very likely resulting
from the activation of the galactolipid—galactolipid galactosyl-
transferase during the course of envelope isolation (Xu et al.,
2003). In NMR spectra of mitochondrial DGDG, we observed
only doublet signals characteristic for an a-glycosidic bond at
4.7 ppm and for a B-glycosidic bond at 4.0 ppm, with no signal
at 4.1 ppm (Fig. 5 E). We concluded from these results that mi-
tochondrial DGDG structure is 1,2-diacyl-3-O-(a-D-galactopy-
ranosyl-(1—6)-O-B-p-galactopyranosyl)-sn-glycerol.

Galactolipid synthesis is not localized in
mitochondria

Because DGD1 and DGD?2 (that have been located in the chlo-
roplast envelope; Froehlich et al., 2001; Kelly et al., 2003)
have been reported to synthesize DGDG with an a-@ structure
and because up to date, galactolipid synthesis has not been
found in another organelle but plastids, one might expect that
DGDG is formed in plastids before transfer to mitochondria.
We analyzed the galactolipid synthesis capability of mito-
chondria isolated from P;-deprived cells. Table I shows that
[C']galactose incorporation into galactolipids was in the

48 46 44 42 40ppm 4.8 46 44 42 4.0ppm

E B
o, ‘

\

i
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48 46 44 42 4.0 ppm

range of 3—17 nmol.mg prot~".h™' in mitochondria, lower than
in chloroplasts (~25 nmol.mg prot~".h™!) and far much lower
than those previously reported for isolated chloroplast enve-
lope (~1 wmol.mg prot_".h~" as in Block et al. [1983]). Fur-
thermore, the activity in mitochondria decreased when mito-
chondria were further purified. When reported to the amount of
either E37 or OEP21, galactosyltransferase activity correlated
with the level of both OEP21 or E37 (Table I), pointing to an
association of inner and outer envelope membranes in the mito-
chondria preparation and indicating that the galactolipid syn-
thesis activity found in the mitochondria fraction was attribut-
able to cross-contamination by plastid envelope membranes.

Physical contact between mitochondria
and chloroplasts

Lipid transfer between organelles and/or membrane vesicles
can be activated by contact between membranes (Achleitner et
al., 1999; Voelker, 2003). To investigate a possible increase of
contact sites between plastids and mitochondria during P; dep-
rivation, we performed an EM survey of Arabidopsis cell sus-
pensions. In cells that were subcultured into a standard medium
for 3 d, we observed numerous round or elongated mitochon-
dria and plastids containing a big starch grain and scarce thyla-
koid membranes with limited grana stacks. Cells are indeed
photosynthetic (Axelos et al., 1992) but not fully autotrophic,
and their growth is dependent on presence of sugar. In cells

Table I. Comparison of galactolipid synthesis activity and chloroplast envelope contamination of various fractions isolated from Arabidopsis cells

deprived for P; for 12 h

OEP21

Incorporated galactose

E37
Relative units
Chloroplasts 100
Cells 9.6
Crude mitochondria 67.2
Purified mitochondria 13.4

Relative units

nmol.mg~".h~' Relative units

100 25.9 100
9.5 1.8 6.9
64.5 16.6 64.1
14.4 2.8 10.8

Mitochondria fractions were prepared at different stages of purification as described in Materials and methods. Proteins were analyzed by SDS-PAGE and Western
blot, and chloroplast envelope contamination was defined by comparing anti-E37 or OEP21 ECL signal intensity of 10, 5, and 2.5 ug protein of a unique chloroplast

fraction and 20, 10, and 5 pg of each mitochondria fraction.

JCB « VOLUME 187 « NUMBER 5 « 2004
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Figure 6. Electron microscopy observation of chloro-
plasts and mitochondria in A. thaliana cells grown in
suspension. (A) Comparison of cells grown for different

times (6 h or 3 d) in standard or —P; medium. (B) Serial
cross sections of a cell grown for 6 h in —P; medium.
Arrows indicate position of contact between mitochondria
and chloroplasts. (C) Three-dimensional interpretation of
relative position of chloroplasts P1 and P2 (referring to P1
and P2 in B) and two mitochondria (in light gray). Num-
bers of cross sections refer to numbers displayed in B.
Bars, 1 um.

subcultured in —P; medium for 3 d, mitochondria come across
globally similar but plastids look distorted with a fragmented
starch grain, further reduced thylakoid membranes, and loose
internal membranes. Plastid envelope seems slack as if the in-
ner volume of plastids had been suddenly reduced. When cells
are observed only 6 h after subculture, they look roughly simi-
lar whenever P; is present or not. Starch grains in plastids are
not quite as developed as in 3-d control cells. Thylakoids are
present although scarce. Numerous round or elongated mito-
chondria can also be observed (Fig. 6 A). In all conditions mi-
tochondria and chloroplasts are rather close to each other, but
in P;-deprived cells tight contacts are more frequent (Fig. 6 B).
Indeed, although a close apposition of mitochondria and chlo-
roplasts occurs even under normal growth conditions, the
number of contacts between mitochondria and chloroplasts
increases approximately three times in P;-deprived cells com-
pared with control cells (Table II). Analysis of images obtained
by a serial cut of a P;-deprived cell indicates that such contacts
cover a rather broad area and are not just localized at focal
points between plastids and mitochondria (Fig. 6, B and C). In
addition, in cells grown for 6 h in —P; medium numerous fig-
ures of partition are visible on chloroplasts with clear constric-
tion regions. We observed that mitochondria are often present
in the vicinity of the chloroplast constrictions (Fig. 6 B). Alto-
gether, the global organization of the cell appears to be modi-
fied in the early phase after transfer to P;-deprived medium.
This early response consists particularly in a movement of mi-
tochondria toward chloroplasts or vice-versa and enhanced ap-
position of mitochondria and plastid membranes.

In vitro transfer of DGDG from
chloroplast envelope to mitochondria
Considering that (1) the membrane contact was stimulated as
early as 6 h after subculture of cells in —P; medium and that (2)
between 6 and 18 h of P; starvation, the DGDG content of the
cells increases (Jouhet et al., 2003), we decided to investigate a
possible transfer of galactolipids between chloroplast and mito-
chondria 12 h after P; deprivation. We could not detect any
transfer of galactolipids from isolated chloroplasts or envelope
toward isolated mitochondria. For instance, for 1 h we incu-
bated mitochondria with chloroplasts containing already la-
beled galactolipids. After separation, mitochondria did not
contain any significant amount of labeled galactolipids (0.3
nmol.mg ™! protein representing 1.6% of the initial radioactiv-

Table II. Statistical analysis of contacts between chloroplasts and
mitochondria and of dividing chloroplasts in A. thaliana cells grown
for 6 h in control or —P; medium

+P;6 h —P;6h Comparison
Total number of chloroplasts 87 84
Total mitochondria 319 346 -
Number of contacts between 40 114 x 3

mitochondria and chloroplasts
Number of contacts 0.46 1.36 x 3
per chloroplast
Number of contact
per mitochondrium

0.125 0.33 X 2.5

Counting was done on EM observations, considering 30 photos randomly
acquired at the same magnification for each sample.
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ity). Moreover, there was no selection amid galactolipids.
However, we observed an in vitro transfer of DGDG from mi-
tochondria-associated envelope membranes to mitochondria
(Table IIT). Owing to the presence of contaminating envelope,
galactolipids were labeled from UDP-[C'*]galactose in mito-
chondria preparations. Data on Pi-starved fractions show that
the level of galactolipid synthesis was dependent of the con-
tamination level of mitochondria by envelope, and that the ini-
tial proportion between the various galactolipids was rather sta-
ble (Table III). After galactolipid synthesis, mitochondria were
further purified on a continuous Percoll gradient to remove ex-
tramitochondrial material including the plastid envelope and
the radioactive substrate. The labeling of galactolipids in mito-
chondrial fractions was then compared before and after the pu-
rification step. The specific labeling of each galactolipid in
mitochondria decreased when mitochondria were purified
consistently with a partial and equal removal of both envelope
membranes, as monitored by E37 and OEP21 detection. In
control mitochondria the reduction of the level of each type of
galactolipids was proportional to decrease of E37 and OEP21,
indicating that there was no selection among galactolipids
(Table S2, available at http://www.jcb.org/cgi/content/full/
jcb.200407022/DC1). In contrast, in Pi-starved fractions the re-
duction of the level of each type of galactolipids was dissimi-
lar; namely the decrease of the DGDG level was less important
than that of MGDG and trigalactosyldiacylglycerol (TriGDG).
The ratio of DGDG to either MGDG or TriGDG increased af-
ter the last purification step, whereas the ratio of MGDG to
TriGDG remained about the same (Table III). Altogether, the
relative DGDG increase in purified mitochondria of Pi-starved
fractions and the level of cross-contamination by envelope de-
creased indicated that there is a pool of DGDG being trans-
ferred from plastid envelope membranes to mitochondria.

Discussion

MGDG and DGDG are unique plant lipids that are almost re-
stricted to plastid membranes in plants grown under normal
conditions. In the past few years, it has been shown that the
level of DGDG highly and specifically increases in plant cells
grown in P;-deprived conditions (Hirtel et al., 1998). In such
plants, DGDG was found in the plasma membrane (Andersson

et al., 2003), a membranous compartment disconnected from
plastid membranes but dynamically connected to the overall
endomembrane system, where major phospholipid syntheses
(PC, PE) occur. A series of evidence presented in this paper
shows that in P;-deprived conditions, large amounts of DGDG
are present in mitochondria. Immunofluorescence labeling,
lipid analyses, and immunoagglutination indicated the presence
of DGDG in Arabidopsis mitochondria in vivo and in vitro. We
put forth much effort to differentiate cross-contamination of
mitochondrial preparations by plastid membranes, especially
envelope membranes, and the presence of DGDG in purified
mitochondria. Considering that mitochondrial DGDG raises
from only traces to ~18% when cells are starved for P, for 3 d,
we concluded that purified mitochondria become highly en-
riched in DGDG under P; shortage. Indeed, the ratios of
DGDG/MGDG and DGDG/SQDG are much higher in mito-
chondria than in whole cells, and we calculated that the low
level of MGDG and SQDG in isolated mitochondria can be
considered as the result of cross-contamination by plastid
membranes. On the other hand, considering the abundance of
mitochondria in the cells, as estimated by the amount of DPG,
the DGDG content of mitochondria is fully significant at the
cell level, potentially explaining a part of the important in-
crease of DGDG previously detected in plants grown in P;-
deprived conditions (Hértel et al., 1998). Because the con-
voluted inner membrane has a much larger surface area as
compared with the outer membrane, it is generally considered
that the lipid composition of the whole mitochondrion more
closely resembles that of the inner membrane than that of the
outer membrane (Douce, 1985). Immunoagglutination of mito-
chondria indicates that DGDG is present at the outer surface of
mitochondria. However, if the high mol percentage of DGDG
is reported to the leaflet surface of each mitochondrial mem-
brane, it is very likely that DGDG is not only located at the sur-
face of mitochondria, but also should be present in the inner
leaflet of the outer membrane and in the inner membrane bi-
layer. Moreover, it is possible that P; deprivation induces some
development of the inner membrane because we observed that
the amount of DPG, a specific lipid of the inner membrane of
mitochondria, increases by ~45% in cells and in isolated mito-
chondria. Altogether, this indicates that DGDG is likely to be
present in both mitochondrial membranes.

Table Ill. Relative enrichment of DGDG content in various mitochondria fractions prepared from 12 h P-deprived A. thaliana cells subsequent to

an extra purification step of mitochondria

MGDG DGDG TriGDG DGDG/MGDG DGDG/TriGDG MGDG/TriGDG OEP21 E37
nmol.mg~' nmol.mg™~' nmol.mg™~' Relative Relative
protein protein protein units units
Experiment 1
Crude mitochondria 4.08 11.26 1.09 2.8 10.3 3.7 64 67
Purified mitochondria 1.23 6.17 0.39 5.0 15.8 3.2 29 31
Experiment 2
Purified mitochondria 0.83 1.85 0.17 2.2 10.8 4.9 14.4 13.4
Twice-purified mitochondria 0.37 1.32 0.10 3.6 13.2 3.7 7.1 6.7

Galactolipids were initially synthesized either in crude or in purified mitochondria fractions for 1 h. A fraction sample was taken for lipid extraction immediately after
the synthesis. The rest of the fraction was layered on a 28% Percoll gradient and purified as described for the second step of mitochondria purification in Materials
and methods. Each fraction was tested for chloroplast envelope contamination as in Table |.
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All types of phospholipids (with the notable exception of
DPG) seem to be replaced by DGDG in mitochondria during P;
deprivation. Our data show that this is not only the case of PC,
but also of PE and PG. Although DGDG and PC are both bi-
layer-forming neutral lipids, PE and PG are negative lipids and,
in addition, PE preferentially organizes in hexagonal-II phase.
Therefore, the lipid changes induced by P; deprivation in mito-
chondria mean a strong modification of the structure and of the
charge of the lipid bilayer subsequently altering the environ-
ment of membrane proteins. Our results primarily question the
possible role of DGDG in mitochondria membranes. In thyla-
koids, it has been shown that DGDG is required for structure
and stability of LHCII in vitro (Reinsberg et al., 2000). A pres-
ervation of the mitochondrial electron transport machinery by
changing phospholipids for DGDG when P; is on shortage is a
possibility. Indeed, isolated mitochondria were preserved in
their respiratory activity (this paper and Rébeill€ et al., 1984).
Whether DGDG can take the place of phospholipids in the fine
structures of the plant respiratory complexes is an open ques-
tion. One should have expected that the level of DPG, being a
P;-rich phospholipid, can be decreased during P; deprivation.
Obviously this is not the case, and DPG appears to be quite
protected. One possible explanation is that DPG fulfils a key
function that is maintained or even enhanced in the P;-deprived
cells, and consequently preserved. In support to this hypothe-
sis, several reports indicate that DPG is required for structure
and stability of respiratory chain complexes in animal cells
(Zhang et al., 2002; Pfeiffer et al., 2003).

The second intriguing question is the origin of mitochon-
drial DGDG. To date, all the DGDG synthase enzymes, galac-
tolipid—galactolipid galactosyltransferase, DGD1, and DGD?2,
were reported to be localized in chloroplast envelope membranes
(Dorne et al., 1982; Froehlich et al., 2001; Kelly et al., 2003).
Our NMR analyses indicated that the structure of mitochondrial
DGDG, 1,2-diacyl-3-0-(a-p-galactopyranosyl-(1—6)-O-3-p-
galactopyranosyl)-sn-glycerol, is consistent with a synthesis via
a DGD type enzyme and not via the galactolipid—galactolipid
galactosyltransferase. Indeed, working on dgdl dgd2 double
mutants, Kelly et al. (2003) have shown that both DGD1 and
DGD2 contribute to DGDG synthesis during P; deprivation and
only them. The fatty acid composition and positional distribution
of mitochondrial DGDG can give some indications about which
of the DGD1 and DGD2 enzymes is involved in its synthesis.
Considering analyses of dgdl and dgd2 mutants (Hirtel et al.,
2000; Klaus et al., 2002; Kelly et al., 2003), the slight increase in
16:0 in DGDG compared with control cell DGDG suggests the
involvement of DGD2, whereas the strong amount of 18:3 is in-
dicative of the DGDI1 functioning. Therefore, mitochondrial
DGDG likely results from both DGD1 and DGD2 enzyme activ-
ities present in the chloroplast envelope. Eventually, the pres-
ence in DGDG of high proportion of 18:3, which was shown not
to depend on ER FAD3 desaturation (Klaus et al., 2002), is an
additional indication of the synthesis of mitochondrial DGDG in
chloroplast envelope membranes. As additional evidence, we
verified that the level of galactolipid synthesis in fractions en-
riched in mitochondria was strictly related to the level of mito-
chondria cross-contamination by envelope membranes.

Several models were proposed to explain net transfers
of lipid between membranes and organelles (for review see
Voelker, 2003). Particularly, lipid movements can occur via
specialized zones of apposition between subcellular mem-
branes. For example, in yeast and in mammalian cells, a move-
ment of phosphatidylserine (PS) from ER to mitochondria in-
ner membrane was clearly demonstrated to occur through
specialized region of ER referred to as mitochondria-associated
membranes (MAM; Vance, 1990; Ardail et al., 1991; Achleit-
ner et al., 1999). To investigate how DGDG transfers from
chloroplast envelope to mitochondria membranes, we surveyed
cell structures during the course of adaptation to P; deprivation.
We failed to observe any formation of vesicles. Rather, we no-
ticed numerous tight appositions of membranes from envelope
and mitochondria during early phases of P; deprivation that
could sustain contact-favored transfer. In the case of PS trans-
fer through MAM, physical interactions between mitochondria
and ER were not easily disrupted (Voelker, 1990). Similarly,
we observed that mitochondria were more difficult to separate
from envelope after 12 h of P; deprivation than after 3 d. To-
gether, our data indicate that DGDG uptake by mitochondria
seems to require a physical contact between mitochondria and
chloroplast envelope membranes. Although we could not de-
tect a transfer of DGDG from isolated chloroplasts toward iso-
lated mitochondria, we did observe an in vitro transfer of
DGDG from mitochondria-associated envelope membranes to
mitochondria. In addition, the transfer was selective for DGDG
compared with MGDG or TriGDG. The association of DGDG
synthesis with the transfer process is possible, but could not be
investigated. The same kind of association was considered for
PS transfer to mitochondria to encounter the fact that a selected
pool of PS was transferred (Vance, 1990).

In conclusion, this work provides evidence that in plant
cells starved for P;,, DGDG is present in several specific mem-
branes outside plastids and becomes rapidly highly abundant in
mitochondria membranes. A future challenge includes elucida-
tion of the molecular mechanisms involved in the synthesis and
transfer of DGDG from plastid envelope to mitochondria mem-
branes. The high stability observed in lipid composition of mi-
tochondrial membranes under standard situation, even when
comparing different plants and the triggering of the DGDG
transfer upon P; deprivation, will have to be considered. A last
challenging question is the role of DGDG in mitochondria, spe-
cifically whether this role extends further than building up pri-
mary membrane blocks.

Materials and methods

Cultivation of Arabidopsis cell lines
A photosynthetic A. thaliana cell suspension (Axelos et al., 1992) was cul-
tured as described in Jouhet et al. (2003).

Preparation of cell fractions

About 70 g of Arabidopsis cells were filtered and resuspended in 50 ml
ice-cold grinding buffer (0.3 M mannitol, 15 mM MOPS, 2 mM EGTA,
0.6% [wt/vol] polyvinylpyrrolidone 25, 0.5% BSA, 10 mM DTT, 1 mM
PMSF, 5 mM a-aminocaproic acid, and 1 mM benzamidine, pH 8.0). The
cells were disrupted by adding 10 ml of sand and by crushing with a mor-
tar. Cell extract was collected as a supernatant after centrifugation at 150 g
for 10 min.
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Mitochondria were enriched by a three-step centrifugation from cell
extract: two centrifugations at 3,000 g for 5 min and a centrifugation at
18,000 g for 15 min. The mitochondrial fraction was resuspended in
washing buffer (0.3 M mannitol, 10 mM MOPS, 1 mM PMSF, 5 mM
a-aminocaproic acid, and 1 mM benzamidine, pH 7.4) and layered on
top of a three-layer Percoll (Amersham Biosciences) gradient (18% [vol/
vol], 23% [vol/vol], and 40% [vol/vol] Percoll in 0.3 M mannitol, 10 mM
MOPS, 1 mM EGTA, and 0.1% BSA, pH 7.2). After centrifugation for 45
min at 70,000 g the mitochondria were isolated from the 23%/40% inter-
phase. To remove Percoll, the mitochondria were centrifuged twice in
washing buffer for 15 min at 17,000 g. The crude mitochondria fraction
was resuspended in washing buffer and layered on top of continuous
28% Percoll gradients in 0.3 M mannitol, 10 mM MOPS, 1 mM EGTA,
and 0.1% BSA, pH 7.2. After centrifugation for 1 h at 40,000 g the mito-
chondria were isolated in the medium of the gradient. To remove Percoll,
the purified mitochondria were centrifuged three times in washing buffer
for 15 min at 17,000 g. Purified mitochondria pellet was resuspended in
washing buffer and frozen at —80°C.

Chloroplasts were purified from cell extract by centrifugation at
3,000 g for 5 min. The chloroplast fraction was resuspended in washing
buffer, and 6 ml was layered on top of a two-step Percoll gradient (33%
[vol/vol] and 50% [vol/vol] Percoll in 0.3 M mannitol, 10 mM MOPS, 1
mM EGTA, and 0.1% BSA, pH 7.2). After centrifugation for 15 min at
3,000 g chloroplasts were collected at the 33%/50% interphase. To re-
move Percoll, the purified chloroplasts were centrifuged twice in washing
buffer for 5 min at 2,000 g. Purified chloroplast pellet was resuspended in
a minimum volume of washing buffer and conserved at —80°C.

Mitochondria respiration measurement

O, electrode (Oxygraph Hansatech) was calibrated in water and equili-
brated for 5 min in 1 ml of 0.3 M mannitol, 20 mM MOPS, 10 mM P;, 10
mM KCl, 5 mM MgCl,, and 0.1% BSA, pH 7.5. O, consumption was
measured after addition of 10 pl of mitochondria fraction, 10 wl succinic
acid T M, and 10 ul ADP 100 mM. 10 pl KCN 100 mM was added to

measure level of sensitivity to cyanide.

Western blotting and immunoblotting
Protein quantification was done by the Lowry method (Lowry et al., 1951).
Proteins were solubilized in 0.1 M Tris, pH 7.8, 10% glycerol (vol/vol),
2% SDS (wt/vol), 25 mM DTT, and 0.1% bromophenol blue (wt/vol). Sam-
ples were analyzed by SDS-PAGE (Broglie et al., 1980). After electro-
phoresis, proteins were stained in isopropanol/acetic acid (3:1, vol/vol)
or Coomassie brillant blue (R-250; Sigma-Aldrich) 0.25% (wt/vol), or elec-
trophoretically transferred to nitrocellulose membrane for immunoblotting.
The proteins were visualized with a rabbit primary antibody against a spe-
cific protein and an anti-rabbit IgG-HRP conjugate and the ECL Plus West-
ern blotting detection system (Amersham Biosciences). The anti-OEP21 anti-
bodies were prepared by rabbit immunization using the recombinant
protein corresponding to the full-length sequence At1g76405.2.
Antibodies against Nad9 were provided by Dr. Grienenberger
(IBMP-CNRS, Strasbourg, France), antibodies against TOM20 and TOM40
by Dr. Braun (Universitdt Hannover, Hannover, Germany), antibodies
against LHCII by Dr. Vallon (IBPC, Saclay, France), antibodies against
BCCP1 by Dr. Alban (INRA, Grenoble, France), and antibodies against
HPPK by Dr. Ravanel (Université Grenoble, Grenoble, France).

Lipid analysis

Lipids were extracted from 2 g of harvested cells, according to Folch et al.
(1957) or from mitochondria fraction, according to Bligh and Dyer
(1959). They were analyzed as described in Jouhet et al. (2003).

Galactolipid synthesis in organelle fraction

Organelle fractions were incubated at 25°C in washing buffer with 1 mM
DTT, 1 mM MgCl,, and 10 mM UDP-["“C]galactose, 10,000 dpm/nmol.
Reaction was stopped by a Bligh and Dyer lipid extraction (Bligh and
Dyer, 1959). A sample was taken after 30 min and after 1 h to verify re-
action linearity. We verified that addition of DAG in the incubation buffer
and sonication did not increase galactose incorporation into lipids. Lipids
were separated by 2D-TLC as described before, scraped of the plate, and
radioactivity in each lipid was counted by scintillation. Activity was deter-
mined in dpm incorporated into lipids/h and mg of protein and converted
innmol.h~".mg™".

Agglutination assays

Antibodies raised against plastid envelope, mitochondria outer membrane
polypeptides, and DGDG were used to probe the outer surface of isolated
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intact mitochondria or chloroplasts. For agglutination assays, mitochon-
dria or chloroplast suspension corresponding to 15 nmol O,/min respira-
tion or 18 g chlorophyll, respectively, were incubated 10 min on a glass
slide with 4 ul of the washing buffer (0.3 M mannitol, 10 mM MOPS, 1
mM PMSF, 5 mM a-aminocaproic acid, and 1 mM benzamidine, pH 7.4)
and 6 ul antibodies. The suspensions were then examined at RT under
light microscopy (Axioplan 2, Carl Zeiss Microlmaging, Inc.) using an im-
mersion 100X objective and a CCD camera (Hamamatsu Corporation) to
follow agglutination.

Epifluorescence

Arabidopsis cells were fixed 20 min by 5% methanol-free formaldehyde
(Polyscience) in TBS (1.3 M NaCl, 13 mM KCl, and 15 mM Tris-HCI, pH
7.4), washed in TBS, permeabilized 15 min with 0.002% saponin in
TBS, and saturated 1 h with TBS, 5% FBS, and 5% goat serum. After in-
cubation for 1 h with 1/10 rabbit serum against DGDG (Maréchal et
al., 2002) and 1/100 guinea pig serum against BCCP1 or HPPK in
TBS, 1% FBS, three washes of 10 min in TBS, 1% FBS, incubation for 1 h
with 1/100 anti-rabbit IgG-goat BODIPY conjugate and 1/20 anti-
guinea pig IgG-goat Alexa 594 (Molecular Probes, Inc.) in TBS, 1% FBS
in the dark, three washes of 10 min in the dark in TBS, 1% FBS, and one
in TBS, cells were deposed on glass slide with ProLong AntiFade kit (Mo-
lecular Probes, Inc.) and stored in the dark. Before fixation, some cells
were incubated for 1 h in the presence of MitoTracker orange CMTM-
Ros (Molecular Probes, Inc.) and washed twice in TBS. Slides were ob-
served with an immersion 40 objective at RT the following day by con-
focal laser scanning microscopy using a TCS-SP2 operating system
(Leica). BODIPY, Alexa 594, and MitoTracker were excited and col-
lected sequentially (400 Hz, line by line) using the 488-nm line of an ar-
gon laser for BODIPY and the 543-nm line of a He-Ne laser for Alexa
594 and MitoTracker. Fluorescences were collected between 498 and
533 nm, 580 and 650 nm, and 553 and 607 nm for BODIPY, Alexa
594, and MitoTracker, respectively.

Electron microscopy

Samples were fixed overnight in 1.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 6.9). Next, they were postfixed in 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer for 2 h. After this double fixa-
tion, samples were exposed for 30 min to a solution of 1% tannic acid in
the same buffer at RT, dehydrated in a graded series of ethanol and pro-
pylene oxide, and finally embedded in an Epon-Araldite mixture. Thin sec-
tions were cut with an ultramicrotome (Ultracut, ReichertJung), post-stained
with lead citrate, and examined with a transmission electron microscope
(model 300; Hitachi) operating at 75 kV.

'H-NMR spectroscopy

DGDG was isolated from TLC as described before and was extracted from
silica by addition of 1.5 ml chloroform/methanol, 2:1, and 400 ul of
NaCl 10 g/I. Extracts were dried under argon and dissolved in 440 pl
deuterated chloroform and 220 wl deuterated methanol (Merck). "H-NMR
spectra were obtained on a Varian Unity+ 500 MHz spectrometer
(Bruker) at 10°C with a 5-mm indirect defection probe. The methanol reso-
nance was used as a lock signal. Acquisition parameters were as follows:
90° pulse, repetition time 3 s, spectral width 4993 Hz, number of scans =
64. Free induction decays were collected as 30-K data points, zero filled
to 65 K, and processed with a 0.18-Hz exponential line broadening. A 1-s
recycling time was used to obtain fully relaxed spectra.

Online supplemental material

Fig. S1 shows immunofluorescence localization of DGDG in A. thaliana
cells grown with P.. Analysis of galactolipid composition of mitochondria
fraction is presented in Table S1, where the lipid contamination attribut-
able to chloroplast envelope is compared with mitochondrial lipid data.
Analysis of DGDG content in mitochondria fractions prepared from control
A. thaliana cells subsequent to an extra purification step of mitochondria is
presented in Table S2. Experiment was done as in Table Ill, except that mi-
tochondria were purified from control cells. Online supplemental material

available at http://www.jcb.org/cgi/content/full /jcb.200407022/DCT1.
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