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Thylakoid proteins and their catabolites have been detected in 
lipid-protein particles isolated from the stroma of intact chloro- 
plasts obtained from primary leaves of 2-week-old bean seedlings 
(Phaseoh vulgaris 1. cv Kinghorn). The lipid-protein particles bear 
morphological resemblance to plastoglobuli seen in the chloro- 
plasts of senescing leaves, but they are much smaller. They range 
from 10 to 320 nm in radius, are uniformly stained in thin sections 
visualized by transmission electron microscopy, and are discernible 
in the stroma of chloroplasts in corresponding thin-sectioned leaf 
tissue. The lipid-protein particles contain thylakoid lipids and are 
enriched in free fatty acids. Specifically, the free-to-esterified fatly 
acid ratio is about 1:l in the particles compared to only 1:18 for 
corresponding thylakoid membranes. Western blot analyses indi- 
cate that these particles also contain thylakoid proteins and, in 
some cases, catabolites of these proteins including the CF, ,!3 and 7 
subunits of ATPase, cytochrome f, and the 31- and 33-kD proteins 
of PSII. lipid-protein particles with similar properties were gener- 
ated in vitro from isolated, light-stressed thylakoids. Collectively, 
these data suggest that blebbing of lipid-protein particles may be 
a means of removing potentially destabilizing macromolecular 
catabolites from thylakoid membrane bilayers. 

Thylakoid membranes contain six major protein complexes, 
viz. the PSI reaction center, the PSII reaction center, the light- 
harvesting complexes associated with PSI and PSII, and Cyt 
b6/f and the chloroplast coupling factor (CFo and CFI) 
(Simpson and Wettstein, 1989). Fluorescence studies have 
shown that there are distinguishable populations of PSII 
centers in the granal (termed PSII,) and stromal (termed 
PSIIB) thylakoids (Anderson and Melis, 1983; Henrysson and 
Sundby, 1990). Indeed, the photoreduction of quinone accep- 
tors by PSII, is 2 to 3 times faster than that by PSIIB (Melis, 
1991). It is also apparent that the biosynthesis, the assembly 
and disassembly, and the degradation of these complexes are 
selectively regulated in response to environmental and de- 
velopmental conditions (Galzer and Melis, 1987; Schuster et 
al., 1988; Sanders et al., 1989). 

Reduced photosynthetic activity under adverse environ- 
mental conditions has been attributed primarily to damaged 
PSII systems (Berry and Bjorkman, 1980; Nash et al., 1985), 
whereas the PSI reaction center appears to be more resilient 
under such conditions (Gepstein, 1988). Under normal 
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growth conditions, thylakoid membranes contain a small 
population of damaged PSII centers that are subject to tum- 
over, but exposure to environmental stress results in en- 
hanced catabolism of the 32-kD plastoquinone-binding re- 
action center polypeptide (Dl), release of the extrinsic 33-, 
23-, and 16-kD polypeptides into the lumenal space, and 
lateral migration of disassembled PSII centers from appressed 
to nonappressed thylakoid regions (Hundal et al., 1990; Vir- 
gin et al., 1990). The D1 polypeptide of PSII undergoes light- 
dependent phosphorylation (Millner et al., 1986), but it is not 
clear whether this is involved in D1 catabolism and whether 
proteolysis of D1 occurs in the grana- or stroma-exposed 
thylakoid regions (Aro et al., 1993). However, selective re- 
placement of specific polypeptides within multi-protein com- 
plexes, and of complexes themselves, would appear to be 
essential to preclude the metabolically expensive task of 
dismantling and replacing entire granal structures (Melis, 
1991). Indeed, it has been reported that levels of all the 
components of the Cyt b6/f complex sharply decline during 
environmental stress, whereas levels of the PSI reaction 
center and of the coupling factor (CF1) remain unchanged 
(Ben-David et al., 1983; Gepstein, 1988). 

The lipid composition of thylakoid membranes is conserved 
in a wide range of plant species and is characterized by an 
abundance of polyunsaturated fatty acids that are prone to 
oxidative degradation (Girotti, 1990). Peroxidation of thyla- 
koid lipids results in reduction of electron transport (Mishra 
and Singhal, 1992), and it is noteworthy in this context that 
oxygen is always abundant in the vicinity of functioning PSII 
reaction centers. Hydrolysis of MGDG and DGDG to their 
constitutive glycerol, Gal, and free fatty acid components is 
mediated by three enzymes: a-galactosidase, P-galactosidase, 
and galactolipase (Dalling and Nettleton, 1986). Free linolenic 
acid, the dominant fatty acid of thylakoid lipids, has been 
shown to activate Chl oxidase (Martinoia et al., 1982; 
Thomas, 1982), and it has been suggested that free fatty acids 
derived from the hydrolysis of MGDG and DGDG may also 
activate proteolysis within the thylakoid membrane (Dalling 
and Nettleton, 1986). 

The fate of thylakoid lipid and protein catabolites once 
they are formed within the bilayer is largely unknown. Re- 
cently, lipid-protein particles that are enriched in lipid and 
protein catabolites have been isolated from the cytosol of 
plant tissue (Yao et al., 1991a, 1991b). Lipid-protein particles 

Abbreviations: DGDG, digalactosyldiacylglycerol; MGDG, mono- 
galactosyldiacylglycerol. . -  
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with essentially similar properties can also be formed in vitro 
from isolated membranes under conditions in which phos- 
pholipid catabolism is activated (Yao et al., 1991a, 1991b). It 
has been proposed that these particles are formed by blebbing 
from membranes and may serve as a vehicle for removing 
destabilizing catabolites from membrane bilayers (Yao et al., 
1991a, 1991b). In the present study, we isolated and partially 
characterized lipid-protein particles from the stroma of intact 
chloroplasts that have properties consistent with their pro- 
spective involvement in the removal of destabilizing catabo- 
lites from thylakoids. 

MATERIALS A N D  METHODS 

Fractionation Procedures 

Bean seeds (Phaseolus vulgaris L. cv Kinghom) were ger- 
minated in Pro-mix BX (Plant Products, Brampton, Ontario, 
Canada) at 25OC under a 16-h photoperiod (450 pmol m-’ 
s-’) of mixed fluorescent and incandescent light. Chloroplasts 
were isolated from primary leaves of 2-week-old seedlings 
essentially as described by Pardo et al. (1980). Briefly, 400 g 
of leaf tissue were homogenized with a Sorvall Omnimixer 
(three 2-s periods) in buffer A (5 mL g-’) comprising 100 m~ 
Hepes-KOH (pH &O), 10 m~ MgCl’, 10 m~ NaHC03, 0.25 
M sorbitol, and 1% (v/v) glycerol. The homogenate was 
filtered through eight layers of cheesecloth and centrifuged 
at 12,OOOg for 1 min. The pellet was resuspended in 200 mL 
of buffer A and centrifuged at 150g for 1 min. The supema- 
tant was recentrifuged at 2,OOOg for 2 min, and the resulting 
pellets were resuspended in 40 mL of buffer A, layered in 5- 
mL aliquots onto 12-mL cushions of buffer A containing 6 M 
SUC, and centrifuged at 5008 for 15 min in a Sorvall HB-4 
rotor. The resulting pellets of intact chloroplasts were washed 
twice by resuspension in 20 mL of buffer A and centrifugation 
at 12,OOOg for 2 min. 

Lipid-protein particles were isolated from the stroma of 
intact chloroplasts according to the protocol in Figure 1A. 
‘fie chloroplasts were osmotically lysed in buffer B (200 mg 
Chl 200 mL-’ buffer) consisting of 10 m~ Hepes-KOH (pH 
KO),  10 m~ MgCl’, and 10 m~ NaHC03, and diluted with 
an equal volume of 2 X  buffer A. The suspension was then 
centrifuged at 12,0008 for 10 min to yield thylakoids and 
stroma (Fig. 1A). Protease-inhibitor cocktail (PMSF, benz- 
amidine, and caproic acid) was added to the stromal fluid 
(Fig. lA), the mixture was centrifuged again to remove any 
residual membranes, and nonsedimentable lipid-protein par- 
ticles were isolated from the supernatant as described previ- 
ously (Yao et al., 1991a) by ultrafiltration through a 300,000- 
or 1,000,000-D filter (Fig. 1A). 

Lipid-protein particles were also generated in vitro from 
isolated thylakoids exposed to light stress as shown in Figure 
1B. Thylakoids were resuspended in buffer A (0.25 mg Chl 
mL-’) and placed under light (450 pmol m-’ s-’) for 2, 4, or 
6 h. Lipid-protein particles generated under these in vitro 
conditions were isolated in buffer A containing protease- 
inhibitor cocktail by centrifugation and ultrafiltration 
(Fig. 18). 

Intact Chloroplasts 
I Lyse in Hypotonic Solution 

12,000 x g for 10 min 
A i  p 
Stroma Thylakoids 

I 1 mM PMSF, (Incubated for Specified Time) 
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and 5 mM Caproic Acid 1 mM PMSF, 
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Figure 1. Isolation of lipid-protein 
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particles from the stroma of 
intact chloroplasts (A) and t h e  generation of lipid-protein particles 
in vitro from isolated thylakoids (B). 

EM and light-Scattering Measurements 

Isolated intact chloroplasts and isolated lipid-l~rotein par- 
ticles were fixed in glutaraldehyde, immobilized in soft agar, 
and then fixed in osmium tetroxide, embedded in plastic, 
thin-sectioned, and stained for examination under a Phillips 
300 transmission electron microscope operated at 60 kV 
(Glauert, 1965). In other experiments, isolated lipid-protein 
particles were mounted directly on grids, stained with uranyl 
acetate, air-dried, and examined under a Phillips 300 trans- 
mission electron microscope operating at 60 kV (Yao et al., 
1991a). Isolated lipid-protein particles were sized by dynamic 
light scattering using a helium-neon laser (model l25, Spectra 
Physics, San Jose, CA) as described by Hallett et al. (1989). 

Gel Filtration Chromatography and Biochemica I and 
Chemical Analyses 

Isolated lipid-protein particles were further puiified by gel 
filtration chromatography using Sephacryl 5-300 (Pharma- 
cia). Two milliliters of lipid-protein particles (approximately 
0.80 mg of protein) were loaded onto a l.6-c1n X 95-cm 
column and eluted with buffer A. Protein was quantified 
according to Ghosh et al. (1988) using BSA (fraction V, Sigma) 
as a standard. Proteins were fractionated by SDS-PAGE 
(Laemmli, 1970) and stained with silver (Wray et al., 1981). 
Selected thylakoid proteins were visualized on westem blots 
using monospecific polyclonal antibodies (Ghosh et al., 
1989). Lipids were extracted according to Bligh and Dyer 
(1959) and separated by TLC on Silica Gel 60 plates (Mande1 
Scientific, Guelph, Ontario, Canada) as described by Yao et 
al. (1991a). The separated lipids were identified by co-chro- 
matography using authentic standards. Total fatty acids were 
measured by GLC after transmethylation using 13F13-metha- 
no1 (Momson and Smith, 1964). Rubisco activity was assayed 
as described by Ghosh et al. (1989). 
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RESULTS

Lipid-protein particles were isolated from the stroma of
intact chloroplasts by ultrafiltration. This involved concen-
trating 200 mL of stroma, which had been rendered free of
residual membrane by protracted high-speed centrifugation,
to 20 mL by ultrafiltration and washing the 20 mL of sus-
pended particles retained by the filter three times by adding
20 mL of buffer and reducing each volume to 20 mL by
ultrafiltration. Thus, the procedure gave rise to a preparation
of purified lipid-protein particles, which did not pass through
the filter, and a filtrate consisting of particle-free stroma (Fig.
1A). In some experiments, the lipid-protein particle suspen-
sion was washed with buffer containing 3 M sodium bromide
to remove any residual stromal proteins that remained ioni-
cally associated with the particle surfaces. However, this
treatment did not further reduce the protein content, nor did
it alter the SDS-PAGE banding pattern of the lipid-protein
particle preparation (data not shown).

Isolated lipid-protein particles visualized by EM after stain-
ing with uranyl acetate were spherical in nature (Fig. 2, A
and B), and they were also of variable size, suggesting either
fusion or budding of smaller particles from the larger ones
(Fig. 2B). Indeed, dynamic light-scattering measurements in-
dicated that the particles range from 10 to 320 nm in radius
(Fig. 3A). The isolated lipid-protein particles also appeared
uniformly stained in thin section (Fig. 2C). Uniformly stained
spherical particles within this size range were also evident in
thin sections of corresponding intact chloroplasts (Fig. 2D).
Particles were not detected in the purified stroma by light
scattering or EM (data not shown). Lipid-protein particles
formed in vitro from isolated thylakoids ranged from approx-
imately 100 to 220 nm in radius (Fig. 3B).

TLC of lipid extracts from stromal and in vitro-generated
lipid-protein particles indicated that they contain MGDG and
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Figure 3. Light-scattering measurements of the size distribution of
stromal lipid-protein particles (A) and in vitro-generated lipid-
protein particles (B). Data are from one of three separate experi-
ments showing the same results.

DGDG, the major thylakoid lipids, as well as diacylglycerol
and free fatty acids (Fig. 4). The lipid composition of the
lipid-protein particles, however, is clearly distinguishable
from that of thylakoids. In particular, there is approximately
an 18-fold enrichment of free relative to esterified fatty acids
in the particles compared to thylakoids. Specifically, the free-

Figure 2. Transmission EM of uranyl acetate-
stained mounts of stromal lipid-protein parti-
cles (bar indicates 70 nm) (A and B); thin-
sectioned stromal lipid-protein particles (bar
indicates 140 nm; inset illustrates associated
particles) (C); and thin-sectioned chloroplasts
(bar indicates 140 nm) (D).
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lites were detectable in particle-free stroma or in the in vitro
filtrate (Fig. 5A, lanes 4 and 6). By contrast, the 37-kD y
subunit of ATPase was present in the thylakoids (Fig. 5B,
lanes 1 and 2) and in stromal and in vitro lipid-protein
particles (Fig. 5B, lanes 3 and 5), and again it was not
detectable in particle-free stroma or in the in vitro filtrate
(Fig. 5B, lanes 4 and 6). Cyt / (34 kD) was present in
thylakoids (Fig. 5C, lanes 1 and 2), but stromal lipid-protein

1 2 3 4 5 6

- *OG06

Figure 4. TLC of total lipid extracts from stromal and in vitro-
generated lipid-protein particles. Lane 1, Lipids from stromal lipid-
protein particles isolated from intact chloroplasts (50 mg of Chl);
lanes 2 through 4, lipids from in vitro-generated lipid-protein par-
ticles formed from thylakoids (50 mg of Chl equivalents) during
illumination for 2, 4, and 6 h, respectively. E, Esters; U, unknown;
FFA, free fatty acids; DC, diacylglycerols. Data are from one of
three separate experiments showing the same results. D

to-esterified fatty acid ratio was 1.06 ± 0.04 (SE) in the lipid-
protein particles and only 0.06 ± 0.003 (SE) in thylakoids.
There was also an increase in the formation of in vitro-
generated lipid-protein particles with time of incubation as
reflected by increased levels of lipid (Fig. 4, lanes 2-4),
indicating that the formation of lipid-protein particles from
thylakoids under in vitro conditions is time dependent. These
data were obtained by illuminating the thylakoid suspension.
In the absence of light, the yield of lipid-protein particles was
reduced by approximately 50%, and prior heat denaturation
(10 min at 100°C) of the thylakoids inhibited the formation
of lipid-protein particles by 98%. Additionally, illumination
(175 ^imol m~2 s~') of isolated chloroplasts in buffer A (8 j*g
Chl mL"1) for 1 h increased the yield of isolated lipid-protein
particles by approximately 65%.

The finding that lipid-protein particles generated from
thylakoids under in vitro conditions have the same lipid
composition as those isolated from the stroma of intact chlo-
roplasts suggests that the stromal lipid-protein particles are
formed by blebbing from thylakoids. This contention is fur-
ther supported by western blot analyses showing that stromal
lipid-protein particles and those formed in vitro from thyla-
koids both contain thylakoid photosynthetic proteins and, in
some cases, catabolites of these proteins. Specifically, the 56-
kD /? subunit of ATPase was detected in untreated thylakoids
as well as in thylakoids that had been illuminated in buffer
for 2 h to generate in vitro lipid-protein particles (Fig. 5A,
lanes 1 and 2). However, a 54-kD catabolite of the /3 subunit
of ATPase rather than the native protein was detectable in
both stromal and in vitro lipid-protein particles (Fig. 5A,
lanes 3 and 5), and neither the native protein nor its catabo-

Figure 5. Immunological identification of thylakoid proteins and
their catabolites in western blots prepared from thylakoids (lane 1),
thylakoids after illumination for 2 h to generate in vitro lipid-protein
particles (lane 2), stromal lipid-protein particles (lane 3), particle-
free stroma (lane 4), in vitro-generated lipid-protein particles (lane
5), and particle-free supernatant from the in vitro generation of
particles (lane 6). The blots were treated with antisera against CFi
0 subunit of ATPase (56 kD) (A); CF, y subunit of ATPase (37 kD)
(B); Cyt f(34 kD) (Q; 33-kD protein of PSII (D); D2 protein of PSII
(31 kD) (E); light-harvesting complex of PSII (26 kD) (F); and PSI
core protein (26 kD) (G). The locations of these thylakoid proteins
and their catabolites are indicated by arrows. Data are from one of
three separate experiments showing the same results.
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Figure 6. Sephacryl chromatography of lipid-protein particles. A,
Profiles of eluted protein (jtg fraction"1; •, stromal; •, in vitro-
generated) and Rubisco (dpm x 10~3 fraction"1; O, stromal; D, in
vitro-generated). B, SDS-PACE of eluted lipid-protein particles.
Lane 1, Combined fractions 22 and 23; lane 2, combined fractions
24 and 25; lane 3, combined fractions 26 and 27; lane 4, combined
fractions 28 and 29; lane 5, combined fractions 30 and 31; lane 6,
combined fractions 32 and 33; lane 7, combined fractions 34 and
35; lane 8, thylakoid membranes; and lane 9, unfractionated in
vitro-generated lipid-protein particles. Lanes 1 through 7 were
loaded with equal volume of column fractions, lanes 8 and 9 were
loaded with 1 ^g of protein and the gels were stained with silver.
C, Western blot detection of the large (top arrow) and small (bottom
arrow) subunits of Rubisco in eluted stromal lipid-protein particles.
Lane 1, Combined fractions 20 and 21; lane 2, combined fractions
22 and 23; lane 3, combined fractions 24 and 25; lane 4, combined
fractions 26 and 27; lane 5, combined fractions 28 and 29; lane 6,
combined fractions 30 and 31; and lane 7, combined fractions 32

particles and particle-free stroma contained only 31- and 26-
kD catabolites of this protein (Fig. 5C, lanes 3 and 4). The in
vitro lipid-protein particles generated from isolated thyla-
koids exposed to light stress and the corresponding filtrate
had detectable levels of the 31-kD catabolite of Cyt/, but the
26-kD catabolite was not present (Fig. 5C, lanes 5 and 6). As
noted previously (Roberts et al., 1987), the 33-kD protein of
PSII appeared as a doublet in the thylakoid membranes (Fig.
5D, lanes 1 and 2), but only the upper band of the doublet
was clearly discernible in the lipid-protein particles, particle-
free stroma, and in vitro filtrate (Fig. 5D, lanes 3-6). Two
catabolites of the 33-kD protein of PSII were also detected in
the lipid-protein particles (Fig. 5D, lanes 3 and 5) and in the
particle-free stroma and in vitro filtrate (Fig. 5D, lanes 4 and
6). The 31-kD (D2) protein of PSII was present in all of the
fractions, but catabolites of this polypeptide were not de-
tected (Fig. 5E). The 26-kD protein (LHCP) of PSII and the
26-kD core protein of PSI were present in the thylakoids, but
neither the native proteins nor their catabolites were detected
in the lipid-protein particles, the particle-free stroma, or in
the in vitro filtrate (Fig. 5, F and G).

SDS-PAGE indicated that the polypeptide profile of the
stromal lipid-protein particles is complex (Fig. 6B, lane 5) and
clearly distinguishable from that of corresponding thylakoid
membranes (Fig. 6B, lane 8). The polypeptide composition of
in vitro-generated lipid-protein particles (Fig. 6B, lane 9) was
similar, although not identical, to that of stromal lipid-protein
particles (Fig. 6B, lane 5) and again clearly distinguishable
from that of corresponding thylakoid membranes (Fig. 6B,
lane 8). Polypeptide bands corresponding to the large and
small subunits of Rubisco were also evident in the stromal
lipid-protein particle fraction, indicating contamination by
stromal protein (Fig. 6B). This was particularly evident when
a 300,000-D filter was used for isolating the lipid-protein
particles from the stroma. However, Rubisco could be sepa-
rated from the lipid-protein particles through further purifi-
cation by Sephacryl chromatography. This was confirmed by
measurements of Rubisco activity in the protein-containing
fractions eluted from the column (Fig. 6A), by SDS-PAGE of
the separated fractions (Fig. 6B), and by western blots using
monospecific polyclonal antibodies raised against the large
and small subunits of Rubisco (Fig. 6C). It was also apparent
from western blot analyses that thylakoid proteins and their
catabolites were detectable in the eluted fractions containing
purified lipid-protein particles and not in the contaminating
Rubisco protein peak. Additionally, native thylakoid proteins
and their catabolites co-eluted during the column purification
of the lipid-protein complexes, confirming that they are in a
complex. This is illustrated for the 33-kD protein of PSII in

and 33. D, Western blot detection of the 33-kD protein of PSII (top
arrow) and its catabolites (lower arrows) in eluted stromal lipid-
protein particles. Lane 1, Combined fractions 28 and 29; lane 2,
combined fractions 30 and 31; lane 3, combined fractions 32 and
33; lane 4, combined fractions 34 and 35; lane 5, combined fractions
36 and 37; lane 6, combined fractions 38 and 39; and lane 7,
combined fractions 40 and 41. E, Western blot detection of the 33-
kD protein of PSII (top arrow) and its catabolites (lower arrows) in
eluted in vitro-generated lipid-protein particles. Lanes are as in D.
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Figure 6, D and E. The free-to-esterified fatty acid ratio of 
the column-purified lipid-protein particles was again 1 .O1 
compared to only 0.06 for thylakoid membranes, and the 
column-purified lipid-protein particles were spherical and 
comparable in size to those loaded on the column (data not 
shown). 

DISCUSSION 

Lipid-protein particles isolated from the stroma of intact 
chloroplasts contain thylakoid photosynthetic proteins and, 
in some cases, catabolites of these proteins, but have an 
overall polypeptide composition that is distinguishable from 
that of thylakoid membranes. The lipid-protein particles are 
also distinguishable from thylakoid membranes on the basis 
of their lipid composition and, in particular, their high con- 
centration of free fatty acids. Indeed, the ratio of free to 
esterified fatty acids in the lipid-protein particles proved to 
be 1.06 compared to a corresponding ratio of only 0.06 for 
thylakoids. This high concentration of free fatty acids pre- 
sumably also accounts, at least in part, for the nonsediment- 
able nature of these lipid-protein particles. 

Several lines of evidence support the view that these 
stromal lipid-protein particles are formed in situ by blebbing 
from thylakoids. First, they are isolated from the stroma of 
intact chloroplasts and contain MGDG and DGDG, the two 
dominant lipid species of the thylakoid membrane. Second, 
essentially similar lipid-protein particles can be generated in 
vitro from isolated, light-stressed thylakoid membranes, and 
their formation under these conditions is time dependent and 
inhibited by prior heat denaturation of the thylakoids. The 
in vitro-generated lipid-protein particles have the same lipid 
composition as those isolated from the stroma of chloroplasts, 
and westem blot analyses indicate that they also contain 
photosynthetic proteins and their catabolites in the same 
pattem that was evident for stromal lipid-protein particles. 
Of particular interest is the finding that not all of the thyla- 
koid photosynthetic proteins tested by westem blotting were 
present in the lipid-protein particles, which suggests that the 
blebbing process is selective in nature. This view is reinforced 
by the fact that the lipid-protein particles do not contain Chl, 
although the prospect that catabolites of Chl may be present 
has not been examined. It is not clear what prompts the 
blebbing process, but the observation that stromal and in 
vitro-generated lipid-protein particles both contain diacyl- 
glycerol may be significant because diacylglycerol has been 
shown to promote microvesiculation from erythrocytes (Allan 
et al., 1975, 1976). Finally, the fact that these lipid-protein 
particles are isolated from stroma obtained by lysis of intact 
chloroplasts suggests that they are not homogenization arti- 
facts. Indeed, this contention is supported by the observation 
that uniformly stained particles of a similar size and mor- 
phology are evident in the stroma of thin-sectioned intact 
chloroplasts, often in close proximity to thylakoids. 

Plastoglobuli are also thought to originate from thylakoids 
and have morphological features in common with the lipid- 
protein particles of chloroplasts from young leaves character- 
ized in the present study in that they are also osmiophilic 
spherical bodies present in the chloroplast stroma 
(Greenwood et al., 1963; Hansmann and Sitte, 1982; McRae 

et al., 1985; Steinmuller and Tevini, 1985; Roiining et al., 
1991). However, plastoglobuli are present in the chloroplasts 
of senescing leaves, and their formation is thought to be 
associated with the breakdown of thylakoids that accompa- 
nies senescence (McRae et al., 1985; Steinmuller and Tevini, 
1985; Ronning et al., 1991). Their composition is not com- 
pletely known, but it has been reported that {hey contain 
prenyl quinones, carotenoids, glycerolipids, and protein 
(Greenwood et al., 1963; Hansmann and Sitte, 1982; Stein- 
muller and Tevini, 1985). Plastoglobuli are also much larger 
than the lipid-protein particles isolated in the present study, 
ranging from 80 to 1250 nm in diameter (Steinmuller and 
Tevini, 1985). Despite these differences, howevtr, it remains 
possible that the lipid-protein particles isolated in the present 
study from young nonsenescing leaves are fundamentally 
similar to plastoglobuli. It would appear that idastoglobuli 
are formed during actual dismantling of thylakoids (McRae 
et al., 1985; Steinmuller and Tevini, 1985; Ronning et al., 
1991), whereas formation of the lipid-protein particles in 
young chloroplasts may be an inherent feature of normal 
thylakoid membrane tumover. 

It has been suggested previously that protein and lipid 
impurities may adsorb to plastoglobuli during their isolation 
(Steinmuller and Tevini, 1985). In the present study, prepa- 
rations of stromal lipid-protein particles did con :ain Rubisco, 
which could be removed by Sephacryl chromatography, in- 
dicating that it was not adsorbed to the particles. As well, 
particles of similar size and morphology containing the same 
lipids, as gauged by TLC, the same high propclrtion of free 
to esterified fatty acids, and the same pattem of photosyn- 
thetic electron transport proteins and their catabolites can be 
formed under in vitro conditions from purified thylakoid 
membranes. This supports the contention that these lipids 
and proteins are inherent components of the particles. 

Nonsedimentable lipid-protein particles have also been 
isolated from the cytosol of plant tissue (Yao et al., 1991a, 
1991b) and rat liver (Yao et al., 1993). These cytosolic lipid- 
protein particles resemble chloroplast stromal lipid-protein 
particles in that they contain protein catabolites and are 
enriched in free fatty acids, but they also contain phospho- 
lipids rather than galactolipids (Yao et al., 1991a, 1991b, 
1993). Nonsedimentable lipid-protein particle:; resembling 
those isolated from the cytosol can also be formed in vitro 
from isolated microsomal membranes under conditions in 
which phospholipid catabolism has been activated by the 
addition of Ca2+ (Yao et al., 1991a, 1993). It hls been pro- 
posed that these cytosolic lipid-protein particle:; are formed 
by blebbing from membranes and may serve as a vehicle for 
removing catabolites from membranes that wou id otherwise 
destabilize the bilayer (Yao et al., 1991a). They have been 
termed deteriosomes to connote this putative function (Yao 
et al., 1991a, 1991b, 1993). It is conceivable that the lipid- 
protein particles present in the stroma of nonsenescing chlo- 
roplasts play a similar role in removing destalAizing lipid 
and protein catabolites from thylakoids. This view is sup- 
ported by the fact that they are enriched in free fatty acids, 
a major galactolipid catabolite, and that they contain catab- 
olites of certain thylakoid photosynthetic proteins, notably 
the p subunit of ATPase, Cyt f, and the 33-kD pxotein of PSI1 
that are not detectable in thylakoid membranes. 



Release of Thylakoid Protein Catabolites 1553 

Received March 3, 1994; accepted August 8, 1994. 
Copyright Clearance Center: 0032-0889/94/106/1547/07. 

LITERATURE CITED 

Allan D, Billah MM, Finean JB, Michell RH (1976) Release of 
diacylglycerol-enriched vesicles from erythrocytes with increased 
intracellular Ca2+. Nature 261: 58-60 

Allan D, Low MG, Finean JB, Michell RH (1975) Changes in lipid 
metabolism and cell morphology following attack by phospholi- 
pase C (Clostridium perfringens) on red cells or lymphocytes. 
Biochim Biophys Acta 413 309-316 

Anderson JM, Melis A (1983) Localization of different photosystems 
in separate regions of chloroplast membranes. Proc Natl Acad Sci 

Aro E-M, Virgin I, Andersson B (1993) Photoinhibition of photo- 
system 11. Inactivation, protein damage and tumover. Biochim 
Biophys Acta 1143 113-134 

Ben-David H, Nelson N, Gepstein S (1983) Differential changes in 
the amount of protein complexes in the chloroplast membrane 
during senescence of oat and bean leaves. Plant Physiol 73: 

Berry J, Bjorkman O (1980) Photosynthetic response and adaptation 
to temperature in higher plants. Annu Rev Plant Physiol 31: 

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction 
and purification. Can J Biochem Physiol37: 911-917 

Dalling MJ, Nettleton AM (1986) Chloroplast senescence and pro- 
teolytic enzymes. In M Dalling, ed, Plant Proteolytic Enzymes, Vol 
11. CRC Press, Boca Raton, FL, pp 125-153 

Galzer AN, Melis A (1987) Photochemical reaction centers: struc- 
ture, organization, and function. Annu Rev Plant Physiol 3 8  

Gepstein S (1988) Photosynthesis. In LD Nooden, AC Leopold, eds, 
Senescence and Aging in Plants. Academic Press, New York, pp 

Ghosh S, Gepstein G, Glick BR, Heikkila JH, Dumbroff EB (1989) 
Thermal regulation of phosphoenolpyruvate carboxylase and ri- 
bulose-1,5-bisphosphate carboxylase in CB and C, plants native to 
hot and temperate climates. Plant Physiol90 1298-1304 

Ghosh S, Gepstein G, Heikkila JH, Dumbroff EB (1988) Use of a 
scanning densitometer or an ELSA plate reader for measurement 
of nanogram amounts of protein in crude extracts from biological 
tissues. Anal Biochem 169 227-273 

Girotti AW (1990) Photodynamic lipid peroxidation in biological 
systems. Photochem Photobiol 51: 497-509 

Glauert AM (1965) The fixation and embedding of biological speci- 
mens. In DH Kay, ed, Techniques for Electron Microscopy. Black- 
well, Oxford, UK, pp 116-212 

Greenwood AD, Leech RM, Williams JP (1963) The osmiophilic 
globules of chloroplasts. I. Osmiophilic globules as a normal com- 
ponent of chloroplasts and their isolation and composition in Vicia 
faba. Biochim Biophys Acta 7 8  148-162 

Hallett FR, Craig T, Marsh J, Nickel B (1989) Particle size analysis: 
number distribution by dynamic light scattering. Can J Spectrosc 

Hansmann P, Sitte P (1982) Composition and molecular structure 
of chloroplast globules of Viola tricolor. Plant Cell Rep 1: 111-114 

Henrysson T, Sundby C (1990) Characterization of photosystem I1 
in stroma thylakoid membranes. Photosynth Res 2 5  107-117 

Hundal T, Virgin I, Styring S, Andersson B (1990) Changes in the 
organization of photosystem I1 following light-induced D1-protein 
degradation. Biochim Biophys Acta 1017: 235-241 

Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227: 680-685 

USA 8 0  745-749 

507-510 

491-543 

11-45 

84-109 

3 4  63-70 

Martinoia E, Dalling MJ, Matile PH (1982) Catabolism of chloro- 
phyll: demonstration of chloroplast-localized peroxidative and ox- 
idative activities. Z PflanzenphysiollO7: 269-279 

McRae DG, Chambers JA, Thompson JE (1985) Senescence-related 
changes in photosynthetic electron transport are not due to alter- 
ations in thylakoid fluidity. Biochim Biophys Acta 810 200-208 

Melis A (1991) Dynamics of photosynthetic membrane composition 
and function. Biochim Biophys Acta 1058 87-106 

Millner PA, Marder JB, Gounaris K, Barber J (1986) Localization 
and identification of phosphoproteins within the photosystem I1 
core of higher-plant thylakoid membranes. Biochim Biophys Acta 

Mishra RK, Singhal GS (1992) Function of photosynthetic apparatus 
of intact wheat leaves under high light and heat stress and its 
relationship with peroxidation of thylakoid lipids. Plant Physiol 

Morrison WR, Smith LM (1964) Preparation of fatty acid methyl 
esters and dimethylacetals from lipids with boron fluoride-meth- 
ane. J Lipid Res 5 600-608 

Nash D, Miyao M, Murata N (1985) Heat inactivation of oxygen 
evolution in photosystem I1 particles and its acceleration by chlo- 
ride depletion and exogenous manganese. Biochim Biophys Acta 

Pardo AD, Chereskin BM, Castelfranco PA, Franceschi VR, 
Wezelman BE (1980) ATP requirement for Mg chelatase in devel- 
oping chloroplasts. Plant Physiol65 956-960 

Roberts DR, Thompson JE, Dumbroff EB, Gepstein S, Mattoo AK 
(1987) Differential changes in the synthesis and steady-state levels 
of thylakoid proteins during bean leaf senescence. Plant Mol Biol 
9 343-353 

Ronning CM, Bouwkamp JC, Solomos T (1991) Observations on 
the senescence of a mutant non-yellowing genotype of Phaseolus 
vulgaris L. J Exp Bot 42: 235-241 

Sanders CE, Melis A, Allen JF (1989) In vivo phosphorylation of 
proteins in the cyanobacterium Synechococcus 6301 after chromatic 
acclimation to photosystem I or photosystem I1 light. Biochim 
Biophys Acta 976 168-1 72 

Schuster G, Even D, Kloppstech K, Ohad I (1988) Evidence for 
protection by heat-shock proteins against photoinhibition during 
heat-shock. EMBO J 7: 1-6 

Simpson DJ, Wettstein DV (1989) The structure and function of the 
thylakoid membrane. Carlsberg Res C o m "  5 4  55-65 

Steinmuller S, Tevini M (1985) Composition and function of plas- 
toglobuli. I. Isolation and purification from chloroplasts and 
chromoplasts. Planta 163 201-207 

Thomas H (1982) Control of chloroplast demolition during leaf 
senescence. In PF Wareing, ed, Plant Growth Substances. Aca- 
demic Press, London, pp 559-567 

Virgin I, Hundal T, Styring S, Andersson B (1990) Consequences 
of light induced D1-protein degradation on thylakoid membrane 
organization. In M Baltscheffsky, ed, Current Research in Photo- 
synthesis, Vol 11. Kluwer Academic Publishers, Dordrecht, The 
Netherlands, pp 423-426 

Wray VP, Boulikas T, Wray VP, Hancock R (1981) Silver staining 
of proteins in polyacrylamide gels. Anal Biochem 118 197-203 

Yao K, Paliyath G, Humphrey RW, Hallett FR, Thompson JE 
(1991a) Identification and characterization of nonsedimentable 
lipid-protein microvesicles. Proc Natl Acad Sci USA 8 8  2269-2273 

Yao K, Paliyath G, Thompson JE (1991b) Nonsedimentable micro- 
vesicles from senescing bean cotyledons contain gel phase-forming 
phospholipid degradation products. Plant Physiol97: 502-508 

Yao K, Wu X, Thompson JE, Carlson JC (1993) Isolation and 
characterization of deteriosomes from rat liver. J Cell Biochem 51: 

852 30-37 

9 8  1-6 

807: 127-133 

488-494 




