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When the storage materials have been depleted, the endosperm cells undergo programmed cell death. Very little is known
about how the components of the dying cells are recycled and used by the growing seedling. To learn more about endosperm
degradation and nutrient recycling, we isolated soluble proteins from the endosperm of Euphorbia lagascae seedlings collected
2, 4, and 6 d after sowing. The protein extracts were subjected to two-dimensional gel electrophoresis. Proteins that increased
in amount in the endosperm with time were selected for further analysis with mass spectrometry. We successfully identified
17 proteins, which became more abundant by time during germination. Among these proteins were three E. lagascae lipid
transfer proteins (ElLTPs), ElLTP1, ElLTP2, and ElLTP3. Detailed expressional studies were performed on ElLTP1 and
ElLTP2. ElLTP1 transcripts were detected in endosperm and cotyledons, whereas ElLTP2 transcripts were only detected in
endosperm. Western blots confirmed that ElLTP1 and ElLTP2 accumulate during germination. Immunolocalization exper-
iments showed that ElLTP1 was present in the vessels of the developing cotyledons, and also in the alloplastic space in the
endosperm. ElLTP2 formed a concentration gradient in the endosperm, with higher amounts in the inner regions close to
the cotyledons, and lesser amounts in the outer regions of the endosperm. On the basis of these data, we propose that ElLTP1
and ElLTP2 are involved in recycling of endosperm lipids, or that they act as protease inhibitors protecting the growing
cotyledons from proteases released during programmed cell death.

The endosperm is a tissue that is destined to be
degraded, so when the storage materials are de-
pleted, the cells of the endosperm undergo senes-
cence by programmed cell death (PCD; Schmid et al.,
1999). In senescing tissues, the degree of processing
of dead and dying cells ranges from that apparently
limited to the nucleus or nDNA to complete autoly-
sis. One important route for recycling of proteins is
vacuolar autophagy, which takes place during star-
vation and PCD (Reggiori and Klionski, 2002). In
autophagy in yeasts, a portion of the cytoplasm is
enclosed by the autophagosome, which is a double-
membraned structure. The autophagosome then
fuses to the vacuole, where the cytoplasmic contents
are degraded. The system is similar in animal cells,
although here the lysosome acts as the degrading
compartment. One of the essential components of the
autophagic system in yeasts is a pair of conjugation
pathways that attach polypeptide tags to the lipid
phosphatidylethanolamine and the protein APG8
(Ichimura et al., 2000). By an unknown mechanism,

these modifications trigger autophagosome assembly
and fusion of the vesicles with the vacuole.

There is probably a similar system for autophagy in
plant tissues, because the genome of Arabidopsis
contain at least 25 APG genes that are homologous to
yeast genes essential for autophagy. Interestingly,
leaf senescence was shown to accelerate in Arabidop-
sis lacking a functional gene for APG9 (Hanaoka et
al., 2002). Premature leaf senescence was also ob-
served in Arabidopsis plants having a disrupted
APG7 (Doelling et al., 2002). Thus, there seems to be
a need for autophagy during certain situations that
require substantial nitrogen and carbon mobilization,
such as leaf senescence. It has also been shown that a
long period of Suc starvation induced autophagy in
suspension cultures of Acer spp. cells (Aubert et al.,
1996). In this case, autophagy was paralleled with a
massive breakdown of membrane lipids.

It is not known whether autophagy or other cellu-
lar activities are involved in the degradation and
recycling of cellular components from senescing en-
dosperm cells. Previously, we observed that tran-
scription of nonspecific lipid transfer proteins (LTPs)
was induced during germination, and we suggested
that LTPs may be involved in the recycling of lipids
from senescing endosperm cells (Edqvist and Farbos,
2002). LTPs are characterized by their structure and
ability to enhance the in vitro exchange of various
polar lipids between different membranes (Kader,
1996; Kader et al., 1984). The primary structure of
LTP is generally 90 to 95 amino acids, not including
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the N-terminal signal peptide directing the protein to
the apoplastic space (Tchang et al., 1988). The three-
dimensional structure has been determined for LTPs
from many species such as rice (Oryza sativa; Lee et
al., 1998), maize (Zea mays; Gomar et al., 1996), and
barley (Hordeum vulgare; Heinemann et al., 1996) and
reveals a very compact structure consisting of four
�-helices tightly connected by eight Cys residues
forming four sulfide bridges. The four helices form a
hydrophobic cavity, which is the binding site for
fatty acids, acyl-CoA, or phospholipids (Lee et al.,
1998). The cavity can adapt its volume to bind one or
two monoacyl lipids, diacylated lipids, or a wide
variety of hydrophobic molecules (Douliez et al.,
2000, 2001). When the interaction between a wheat
(Triticum aestivum) LTP and phospholipids was stud-
ied using the monolayer technique, it was shown that
the incorporation of the LTP within the lipid mono-
layers was surface pressure dependent (Subirade et
al., 1995). This finding may indicate that LTPs cannot
load lipids from intact membranes under normal
physiological conditions (Blein et al., 2002).

LTPs are not specified to any certain tissue or or-
gan, instead they have been found in various tissues
throughout the whole plant but in some tissues only
at certain developmental stages. For example, LTPs
have been found in potato (Solanum tuberosum) tubers
(Horvath et al., 2002), in the epicuticular waxy layer
of broccoli (Pyee et al., 1994), and in the epidermal
cells of Arabidopsis (Thoma et al., 1994), during for-
mation of vascular tissues (Endo et al., 2001) and
during pathogen attack (Segura et al., 1993; Garcia-
Olmedo et al., 1995). These findings provide sugges-
tions on the biological function, or functions, of LTPs
in plant tissues, but so far no biological role has been
firmly established. LTPs are thought to be involved
in processes like formation and reinforcement of
plant surface layers (Sterk et al., 1991) and in defense
against pathogens (Garcia-Olmedo et al., 1995). LTPs
are also reported to serve as anti-microbial factors
(Cammue et al., 1995) perhaps functioning as an
elictin antagonist (Buhot et al., 2001). Recently, it was
also shown that LTP may be involved in systemic
resistance signaling (Maldonado et al., 2002).

To learn more about endosperm degradation and
recycling and to elucidate the role of LTPs in such
processes, we decided to follow the development of
the endosperm proteome of Euphorbia lagascae during
germination. In E. lagascae, the endosperm contain
high amounts of the epoxidated fatty acid vernolic
acid, which has potential industrial usages in paint,
coating, and lubricant production as an alternative to
petroleum derived oils. Our research interest was
originally on enzymes participating in the metabo-
lism of vernolic acid during seed germination
(Edqvist and Farbos, 2002, 2003). But we have also
recognized that the large size of the E. lagascae seeds
make them attractive for proteomic and biochemical
studies in relation to endosperm depletion. In this

report, we describe that the E. lagascae LTPs ElLTP1,
ElLTP2, and ElLTP3 are accumulating in the en-
dosperm during seed germination. We also present a
detailed protein expression analysis of ElLTP1 and
ElLTP2. On the basis of our obtained results we
propose that ElLTP1 and ElLTP2 are involved in
recycling of endosperm lipids or that they act as
protease inhibitors protecting the growing cotyle-
dons from proteases released during PCD.

RESULTS

Endosperm Morphology of Germinating
E. lagascae Seedlings

The seed structure of E. lagascae resembles very
much that of castor bean (Ricinus communis), a well-
established model organism for studies on seed ger-
mination (Beevers, 1980). In these seeds, there are no
specialized digestive tissues, so the oils and proteins
are stored in a living endosperm laterally attached to
the cotyledons. During germination, the cotyledons
are carried above ground by the elongating hypo-
cotyl. In E. lagascae, the elongating hypocotyl forms a
hook, which straightens out and pulls the cotyledons
together with the endosperm and seed coat above
ground. The seed coat ruptures on d 0 to 1 after
sowing in moist vermiculite, and the radicle emerges
on d 1 to 2 (Fig. 1A). Four days after sowing, the
endosperm has become more oval-shaped and elon-
gated (Fig. 1B), and the hypocotyl is starting to reach
above ground. On d 6, a thin dry mantle encloses the
remaining endosperm as well as the cotyledons (Fig.
1C). Seven to 8 d after sowing, the last remains of the
endosperm is consumed and as the dry mantle rup-
tures the cotyledons are separated. The growth of the
hypocotyl is rapid (Fig. 1D), whereas the loss of fresh
weight from the endosperm tissues starts approxi-
mately 4 d after sowing (Fig. 1E).

Proteome Analysis

To identify proteins involved in endosperm degra-
dation, we extracted proteins from the endosperm at
2, 4, and 6 d of germination. The protein extracts were
precipitated with TCA and analyzed by two-
dimensional gel electrophoresis (Fig. 2). The 2-, 4-, and
6-d proteomes can easily be told apart by the pattern
of proteins with a molecular mass of approximately 25
kD and pI between 7 and 10. These proteins are prob-
ably mainly oleosins (Huang, 1996; Kim et al., 2002)
and different seed-storage proteins because they are
very abundant at the beginning of the germination
process and then decline as the endosperm is de-
graded (Shewry et al., 1995). To satisfy our curiosity
about these proteins, we sequenced peptides from
three spots that were abundant 2 d after germination,
but almost gone after 6 d (Fig. 2). Two of the identified
proteins were seed storage proteins, whereas the third
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spot corresponded to a protein related to an embryo-
specific protein from rice (Table I).

In the two-dimensional gels, we identified 17 spots,
which increased in size and density during germina-
tion (Fig. 2). We cut these spots, indicated in Figure 2,
B, C, and F, from the gels, digested the proteins with
trypsin, extracted the peptides, and finally sequenced
the peptides using a mass spectrometer equipped
with an electrospray ion source. The proteins from
these spots were mainly involved in basic metabo-
lism like glycolysis (enolase and triosephosphate
isomerase), gluconeogenesis (phosphoenolpyruvate
carboxykinase), citric acid cycle (cytosolic malate de-
hydrogenase), electron transport-chain (mitochondri-

al malate dehydrogenase), and �-oxidation (glyoxy-
somal �-ketoacyl-thiolase). We also identified one
chaperone, two seed storage proteins, one protein
similar to an unknown protein from Arabidopsis,
and one protein without significant similarities to
any protein in the public databases (Table I).

Some of the more obvious increases in spot size and
density could be seen in the lower right corner of the
15% (w/v) gels. Here, in the region of pI from 8 to 10
and molecular mass of around 10 kD, several spots
appeared clearly first after 4 d of germination, and
they also increased to d 6. Analysis of four spots from
this region (Fig. 3) resulted in the discovery of three
different LTPs, two of them being the previously char-
acterized ElLTP1 and ElLTP2 (Edqvist and Farbos,
2002). In fact, two of the spots corresponded to
ElLTP2, suggesting different isoforms or posttransla-
tional modifications (Table I). From spot 3, a total of
five different peptides were sequenced. All of these
peptides showed high similarity to ElLTP1 and
ElLTP2 as well as LTPs from other organisms. This
novel LTP, ElLTP3, also contains the pattern with
Cys residues that is characteristic for LTPs (Fig. 4).

Northern-Blot Analysis of ElLTP1 and ElLTP2 mRNAs

Previously, we found ElLTP1 and ElLTP2 tran-
scripts mainly in a fraction from germinating seeds
containing cotyledons and endosperm (Edqvist and
Farbos, 2002). To get a more detailed understanding
of the transcriptional regulation of ElLTP1 and
ElLTP2, we separated the endosperm from the coty-
ledons and isolated total RNA from both tissues. We
also analyzed RNA from young flowers and from
immature seed pods, to obtain a complementary
analysis to the data presented in Edqvist and Farbos
(2002), where a northern hybridization was per-
formed with RNA from stems, roots, and leaves from
adult plants as well as whole germinating seeds. Both
ElLTP1 and ElLTP2 transcripts are very abundant in
the endosperm after 4 d of seed germination, but
completely missing or below the detection level in
the adult flower and seed pod (Fig. 5). In the cotyle-
dons of 4-d-old seedlings, the ElLTP1 transcript was
expressed in a significant amount, whereas the tran-
script of ElLTP2 was not detected at all, indicating a
difference in expression patterns between ElLTP1
and ElLTP2. To verify that approximately the same
amounts of RNA had been loaded in each well, the
membrane was stripped from radioactivity and rehy-
bridized using a probe specific for E. lagascae elonga-
tion factor 1-� (Fig. 5, top panel).

Western-Blot Analysis of ElLTP1 and ElLTP2

Seedlings were collected 1.5, 2.5, 4, 6, and 7 d after
sowing (Fig. 6, top panel). The endosperm was sep-
arated from the cotyledons, and proteins were ex-
tracted from both tissues. Proteins were also ex-

Figure 1. Growth of E. lagascae seedlings. A, Seedling 2 d after
sowing. B, Seedling 4 d after sowing. C, Seedling 6 d after sowing. D,
Graph showing the length (cm) of the hypocotyl � root at 2, 4, and
6 d after sowing. E, The average weight (mg seed�1) of the en-
dosperm in each seed. Values are the means of at least 11 indepen-
dent measurements. Error bars indicate 1 SD.
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tracted from adult plant tissues, such as leaves,
stems, and roots. The amounts of both ElLTP1 and
ElLTP2 are increasing in the endosperm during seed
germination. The increase is most evident for ElLTP2
(Fig. 6, bottom panel). In the cotyledons, ElLTP1
protein shows a pattern resembling that of the en-
dosperm, thus the amounts are increasing from d 1.5
to d 7. In the light of the negative results from the
northern blots, we were surprised to obtain a positive
signal with the anti-ElLTP2 antibodies in the cotyle-
dons. The anti-ElLTP2 signal has a peak in cotyledon
abundance at d 4, with very low amounts at d 1.5 and
7. We did detect neither ElLTP1 nor ElLTP2 in the
tissue samples from adult plants.

Immunohistochemistry of ElLTP1 and ElLTP2

Immunohistochemistry of ElLTPs in endosperm
and cotyledon was performed on seedlings from 4 d
after sowing. Staining with the anti-ElLTP1 antibod-
ies is mainly localized to the vascular tissues, more
specifically the vessel elements, of the cotyledons
(Fig. 7, A and C), but also to the apoplastic space in
the endosperm (Fig. 7B). Furthermore, distinct anti-
ElLTP1 staining is observed in the region of the en-

dosperm that is closest to the cotyledons. This region
consists mainly of collapsed cells (Fig. 7A). There is a
gradient of the ElLTP2 protein seen across the en-
dosperm (Fig. 7D), with the stronger signal detected
in the inner region of the endosperm close to cotyle-
dons. This is not the case for ElLTP1, which is equally
distributed in the endosperm (Fig. 7A). An overview
of the ElLTP2 gradient in the endosperm is shown in
Figure 7E. The outer region of the endosperm with
minimal ElLTP2 abundance is shown in Figure 7F,
whereas the inner region of the endosperm with high
levels of ElLTP2 protein is shown in Figure 7G. The
accumulation of ElLTP2 in the collapsed cell region is
shown in Figure 7H. An interesting observation is
that the ElLTP2 protein seems to be present inside
endosperm cells located close to the collapsed cell
region (Fig. 7I). We did not detect any ElLTP2 in the
vessel elements in the cotyledons (Fig. 7J).

Detection of PCD by Terminal
Deoxynucleotidyltransferase-Mediated dUTP Nick End
Labeling (TUNEL) Analysis

It is known that after depletion of the storage ma-
terial, the endosperm cells undergo senescence by

Figure 2. Silver-stained two-dimensional gels that indicate the differences in the endosperm proteome during different stages
of seed germination. Proteins were extracted from E. lagascae endosperm 2, 4, and 6 d after sowing. Gels containing 15%
or 12.5% (w/v) polyacrylamide were used for second dimension electrophoresis. A, 2 d after sowing, 15% (w/v) polyacryl-
amide. B, 4 d after sowing, 15% (w/v) acrylamide. C, 6 d after sowing, 15% (w/v) polyacrylamide. D, 2 d after sowing, 12.5%
(w/v) polyacrylamide. E, 4 d after sowing, 12.5% (w/v) polyacrylamide. F, 6 d after sowing, 12.5% (w/v) polyacrylamide. All
six gels were made with the same low molecular mass protein standard having a range from approximately 97 to 14 kD. pI
values indicated in gel A, ranging from 3 to 10, apply to all gels. The numbers refer to the protein spot numbers in Table
I. Dashed squares in A and B indicate part of gels enhanced in Figure 3.
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PCD (Schmid et al., 1999). PCD is also required for
differentiation of tracheary elements (Fukuda, 1997).
The spatial and temporal localization of ElLTP1 or
ElLTP2 to vessels and endosperm indicated that the
proteins might be expressed in relation to PCD. To
learn more about the progress of PCD in germinating

E. lagascae seeds, we used the TUNEL assay (Groover
and Jones, 1999; Takahashi et al., 1999; Giuliani et al.,
2002) on fixed seedlings collected 4 d after sowing
(Fig. 8, A, C, and E). The assay involves end-labeling
of DNA fragments by using terminal deoxynucleoti-
dyl transferase with dUTP conjugated to a fluoro-
chrome. We obtained TUNEL-positive signals, as
shown by the red fluorescence in spots indicated by
an arrow in Figure 8A, in the outer regions of the
endosperm of the E. lagascae seedlings. It is known
that the autofluorescence from plant tissues in some
cases may be confused with the positive signal from
the DNA fragments in the nuclei. To verify that the
TUNEL-positive signals were from nuclei, we
counter stained the nuclei with 4�,6-diamino-
phenylindole (DAPI). As shown in Figure 8B, the
spots visualized in the TUNEL assay were also fluo-
rescent after staining with DAPI. Thus, our results
suggest that in the seedlings collected 4 d after sow-
ing the cells in the outer regions of the endosperm are
going through PCD. There were no TUNEL-positive
cells in the cotyledons or in the collapsed cell region
between endosperm and cotyledons. Seemingly,
there are more cells with nuclei in the outer region of
the endosperm, compared with the region more close
to the cotyledons. No nuclei were detected in the
collapsed cell region.

To obtain a positive control of the assay, we also
performed TUNEL assays and DAPI counterstaining

Figure 3. Close-up of the lower right part (indicated in Fig. 2, A and
B, by a dashed square) of the 2- and 4-d gels, showing the identified
LTP spots in greater detail. The numbers refer to the spot numbers in
Table I. The position of the 14.4-kD molecular mass marker as well
as approximate pI values of 8 to 9.5 are displayed.

Table I. Identified endosperm proteins from E. lagascae

Spota Expressionb Identityc Scored Molecular
Masse pIe Species Accession No.

kD

1 � Lipid transfer protein 2 339 9.6 8.2 E. lagascae AAM00273
2 � Lipid transfer protein 2 276 9.6 8.2 E. lagascae AAM00273
3 � Lipid transfer protein A 276 9.3 8.7 Castor bean P10973
6 � Lipid transfer protein 1 336 9.3 9.2 E. lagascae AAM00272
7 � Cytoplasmic malate dehydrogenase 461 35.6 6.4 Alfalfa (Medicago sativa) AAB99756
8 � Triosephosphate isomerase 533 27.1 5.5 Petunia (Petunia hybrida) CAA58230
10 � Chaperone 10-like protein 195 26.8 7.8 Cotton (Gossypium hirsutum) AAM77651
12 � Unknown protein 124 13.6 9.2 Arabidopsis AAM65457
13 � Lipid transfer protein 1 256 9.3 9.2 E. lagascae AAM00272
15 � Enolase 487 47.8 5.5 Rubber tree (Hevea brasiliensis) CAC00532
23 � Phosphoenolpyruvate dehydrogenase 135 74.4 6.1 Cucumber (Cucumis sativus) AAM00814
36 � Mitochondrial malate dehydrogenase 137 36.5 8.7 E. gunnii CAA55383
37 � Embryo-specific protein 133 26.4 5.6 Rice AAD02495
38 � Legumin B 392 58.8 8.2 Cotton AAD09844
39 � Legumin B 226 58.8 8.2 Cotton AAD09844
42 � Unidentified
43 � S-Adenosylmethionine:

2-demethylmenaquinone
methyltransferase

232 17.6 5.3 Arabidopsis BAB09117

44 � Legumine-like protein 74 51.9 8.4 A. europaeum CAA64761
45 � Globulin 98 53.7 8.6 M. salcifolia CAA57847
47 � Glyoxysomal �-ketoacyl-thiolase 187 48.7 8.5 Canola (Brassica napus) CAA63598

a The number refer to the numbers given in Figures 2 and 3. b Only protein spots with a time-dependent variation were analyzed. Spots
that accumulated by time are denoted �, whereas � indicates that the spot is decreasing during germination. c Identifications are based on
the results from submitting the obtained peptide sequences to MS BLAST. d The scores are the MS BLAST score obtained from submitting the
obtained peptide sequences to MS BLAST. e The molecular mass and pI values are the theoretical values of the most similar protein.
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on slides treated with DNase I (Fig. 8, C and D).
TUNEL assays done without terminal deoxynucleo-
tidyl transferase served as the negative controls of
the experiments (Fig. 8, E and F). It is generally
accepted that a positive TUNEL assay is an insuffi-
cient criterion for defining PCD because TUNEL pos-
itive nuclei can be formed by nonspecific chromo-
some breakage (Collins et al., 1992; Jones and Dangl,
1996). However, based on studies in castor bean
(Schmid et al., 1999), we can presume that our posi-
tive results are characteristics of a somewhat ordered

process of chromatin degradation, in which the DNA
has been broken down by an endonuclease.

DISCUSSION

Here, we have shown that ElLTP1 and ElLTP2 are
accumulating in the endosperm as the endosperm
cells undergo senescence by PCD. In endosperm of
4-d-old seedlings, ElLTP2 is mainly localized to inner
regions of the endosperm. The TUNEL assay and
DAPI staining showed that at this time point PCD
had progressed to the outer regions of the en-

Figure 5. Northern-blot analysis of RNA isolated from E. lagascae.
RNA was isolated from endosperm (E) and cotyledons (C) of germi-
nating seeds 4 d after sowing and from the flowers (stamens and
carpels) of adult plants. Old (O) and young (Y) indicates stages in
flower development were Y is a bud and O an immature seed pod.
The top panel shows hybridization to a probe specific for E. lagascae
elongation factor 1-� (EF1�), to verify that roughly the same amounts
of RNA had been loaded in each well. The middle panel displays
hybridization to the ElLTP1 probe, and the bottom panel displays
hybridization to the ElLTP2 probe. The numbers to the left indicates
approximate transcript sizes.

Figure 6. Western-blot analysis of ElLTP1 and ElLTP2. The diagram
(top panel) shows average hypocotyl lengths of the seedlings used in
the western-blot experiment. Total proteins were extracted from
cotyledons (C) and endosperm (E) collected from seedlings at 1.5,
2.5, 4, 6, and 7 d after sowing. Stems (S), roots (R), and leaves (L)
were from adult plants. Protein detection was performed using
affinity-purified anti-ElLTP1 (middle panel) or anti-ElLTP2 (bottom
panel) antisera. Approximate protein sizes according to the protein
standard are indicated to the left.

Figure 4. Multiple sequence alignment of ElLTP1 and ElLTP2 with MS/MS acquired peptides of the putative ElLTP3. Black
boxes indicate that identical amino acids are present in at least two-thirds of the sequences compared, whereas gray boxes
indicate that amino acids with similar physiochemical properties are present in two-thirds of the compared sequences.
Peptides sequenced obtained in MS/MS analysis of ElLTP1 and ElLTP2 are underlined. The presumptive N terminus of the
mature ElLTP1 is indicated by an asterisk. It should be noted that when sequencing with MS/MS, it is not possible to tell the
difference between residues of equal molecular mass, like Leu (L) and Ile (I) or Phe (F) and oxidated Met (M). ElLTP1 and
ElLTP2 have the accession numbers AAM00272 and AAM00273 in the National Center for Biotechnology Information
database.
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dosperm. Thus, it seems that ElLTP2 is most abun-
dant in dying tissues. Lipids and fatty acids are major
building blocks for cell membranes and for the cutic-
ular waxes. The expanding cotyledons need a suffi-
cient supply of such building blocks to ensure proper
growth and development. Many complex lipid struc-
tures of the dead cells, such as parts of cellular and
organellar membranes, are probably turned over and
re-used in the growing parts of the plant. This im-
plies that there must be an active transport of lipids
from the dead endosperm cells to the growing coty-
ledons. The ElLTP2 gradient in the endosperm may
indicate a movement of ElLTP2, and perhaps also
lipids, from the endosperm to the epicuticulary cell
layer where the lipids are absorbed by the growing
cotyledons. Interestingly, we detected anti-ElLTP2
signals in protein extracts isolated from the cotyle-

dons, even though we did not detect any ElLTP2
transcripts there. In this context, we suggest that
ElLTP2 function as a apoplastic carrier when lipid
components from the senescent cells of the en-
dosperm are relocalized to the growing cotyledons.
A reasonable hypothesis is that the lipids transferred
by ElLTP2 are used in epidermal growth and
development.

It has previously been shown that during PCD of
plant cells, proteases are released from dying cells
and may damage and cause necrosis of neighboring
cells (Beers and Freeman, 1997; Kuriyama and
Fukuda, 2002). Plant cells may have a regulated
mechanism to protect its cells from autolytic enzymes
released from dying or dead cells. The nature of such
a mechanism that limit the damage caused by auto-
lytic enzymes is not known. However, a putative LTP

Figure 7. Immunohistochemistry using antibod-
ies against ElLTP1 and ElLTP2 on sectioned
seedlings collected 4 d after sowing. Red color
indicates detection of antigen, and blue color is
counter staining of nuclei with Mayers hematox-
ylin. A through C, Result after staining with the
anti-ElLTP1 antibody. D through J, Result with
the anti-ElLTP2 antibody. K, Negative control,
which is stained without primary antibody. A,
Overview of anti-ElLTP1 staining in the en-
dosperm (en), collapsed cell region (cc), and
cotyledons (co). B, Detection of the ElLTP1 in
apoplastic space in the middle part of the en-
dosperm. C, Detection of ElLTP1 in the vessel
elements (ve) of the cotyledons. D, Overview of
anti-ElLTP2 staining in the endosperm and col-
lapsed cell region. E, A closer view of the de-
tection of ElLTP2 in endosperm, cc region and
the cotyledons. F, The weak anti-ElLTP2 staining
in the outmost part of the endosperm. G, A
strong anti-ElLTP2 signal was obtained from the
inner part of the endosperm. H, Detection of
ElLTP2 in the cc region. I, In the endosperm,
ElLTP2 was detected between and also inside
cells. J, ElLTP2 was not detected in vessel ele-
ments or other cells of the cotyledons.
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called TED4, which is specifically expressed in cells
differentiating into tracheary elements in zinnia (Zin-
nia elegans) cultures, forms a complex with a protea-
some and thereby inhibits proteasome activity (Endo
et al., 2001). LTPs have also been shown to inhibit
protease activities in green malt (Jones and Marinac,
1997). Here, we have shown that ElLTP1 is present in
the vessel elements in the developing cotyledons. We
suggest that this may indicate that ElLTP1, like
TED4, is functioning as a protease inhibitor during
the differentiation of tracheary elements. ElLTP1 is
also present in the apoplastic space of the endosperm
and in the collapsed cell region between the en-
dosperm and cotyledons. This localization pattern
could indicate a function as a protease inhibitor
forming a protective barrier. This barrier would then
prevent the cells from necrosis as nearby endosperm
cells are going through PCD, releasing destructive
proteases to the surrounding environment. However,
it is also possible that ElLTP1, like we have suggested
for ElLTP2, is involved in transferring lipids from
dead cells to growing tissues.

In the silver-stained two-dimensional gels, several
spots were shown to correspond to ElLTP1 and
ElLTP2. Moreover, to the left of the ElLTP3 spot there
is a very weak neighboring spot (Fig. 4) that we
speculate also correspond to ElLTP3. These compli-
cated patterns indicate that there are multiple iso-
forms or that posttranslational modifications are
present in the LTPs. The pattern of the tandem
ElLTP2 spots resembles that of a phosphorylation
where the modified, and thus more acidic protein
have a higher Mr. The tandem mass spectrometry
(MS/MS) sequence data have not supplied any fur-
ther information on the reason for the change of pI
and mass. So, to obtain a better view of possible
phosphorylation sites in the LTPs of this study,
ElLTP1 and ElLTP2 sequences were submitted to the
NetPhos 2.0 prediction server at the Centre for Bio-
logical Sequence Analysis (Blom et al., 1999; http://
www.cbs.dtu.dk/services/NetPhos/). NetPhos eval-
uates all Ser, Thr, and Tyr residues in their context,
and reports a score for phosphorylation possibility.
According to the NetPhos server ElLTP1 has a pos-
sible phosphorylated Ser residue at position 45 and
ElLTP2 has a candidate in the Thr at position 22. The
NetPhos scores for these two positions are 0.948, for
the ElLTP1 Ser, and 0.979 for the ElLTP2 Thr. These
scores are both high above the threshold, close to the
maximum score of 1.0, suggesting that both ElLTP1
and ElLTP2 may contain phosphorylated residues. It
was previously shown that four wheat LTPs were
substrates for a calcium-dependent protein kinase
purified from wheat germ (Neumann et al., 1994).
Moreover, a lipid-like modification was recently dis-
covered in barley LTP1 (Lindorff-Larsen et al., 2001).
The biological relevance for posttranslational modi-
fications of LTPs remains to be analyzed.

Together, these results indicate that the work initi-
ated here is important for the future investigations
into the recycling and degradation of cell compo-
nents during senescence. It will be of high interest to
investigate in further detail the function of LTPs
during PCD. Future research will include an analysis
of the expression of LTPs during PCD in other tissues
than endosperm, but we will also search for interact-
ing partners to the ElLTPs. Also, a more detailed
investigation of the role of the probable posttransla-
tional modifications could prove productive. Further,
the creation of loss-of-function mutants in Arabidop-
sis could illuminate the physiological role of the
LTPs.

MATERIALS AND METHODS

Plant Material

Euphorbia lagascae Spreng. seeds were soaked with tap water for approx-
imately 4 h and then grown in moist vermiculite in a greenhouse facility
during one to 7 d. Other seeds were cultivated in soil to adult plants. Tissues
were stored at �80°C, for shorter periods of time, until used. The E. lagascae
seeds were a kind gift from Prof. Sten Stymne (Department of Crop Science,
SLU, Alnarp, Sweden).

Figure 8. nDNA fragmentation in germinating E. lagascae seedlings.
The progress of PCD was analyzed using the TUNEL-assay that
detects DNA-fragmentation. Sections were prepared from endosperm
and cotyledons from seedling collected 4 d after sowing. A, DNA-
fragmentation was detected in the outermost layers of the en-
dosperm. The arrows point toward TUNEL-positive nuclei. B, The
section from A was counter stained with DAPI to visualize the nuclei.
The arrows in A and B point toward the same nucleus after detection
of the red fluorochrome from the TUNEL assay (A) or after detection
of the DAPI staining (B). C, The positive control slides were treated
with DNase I. D, DAPI staining of the positive control slide. E, In the
negative control of the TUNEL assay, terminal deoxynucleotidyl-
transferase was omitted from the experiment. F, Results from counter
staining of the negative control slide with DAPI.
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Preparation of Protein Extracts for Two-Dimensional
Gel Electrophoresis

Total protein extracts were prepared from the endosperm of 2-, 4-, and
6-d seedlings. After disruption of the endosperm cells, using a mortar and
pestle in liquid nitrogen, total protein was extracted by a trichloroacetic acid
(TCA) method described by Tsugita and Kamo (1999). Frozen plant tissue
powder (0.1–0.2 g) was suspended in 5 mL of TCA solution (20 mm dithio-
threitol [DTT; Amersham Biosciences, Uppsala] and 10% [w/v] TCA
[Merck, Darmstadt, Germany] in acetone). After 45 min at �20°C, the
suspension was centrifuged at 35,000g for 15 min at 4°C. The precipitate was
resuspended in 5 mL of wash solution (20 mm DTT and 2 mm EDTA [Merck]
in acetone) and placed at �20°C for 1 h. This suspension was centrifuged
(35,000g, 15 min, and 4°C), and the pellet was again resuspended in wash
solution immediately followed by another centrifugation. After centrifuga-
tion, the precipitate was lyophilized until absolutely dry. All of the precip-
itate was suspended in 0.5 mL of electrofocusing buffer (8 m urea, 2% [w/v]
CHAPS, and traces of bromphenol blue) and heavily stirred at room tem-
perature for several hours followed by centrifugation at 19,000g for 10 min.
The supernatant was removed and stored in �20°C until used in two-
dimensional gel electrophoresis.

First and Second Dimension Gel Electrophoresis

An appropriate amount of TCA-precipitated proteins were diluted with
fresh electrofocusing buffer to obtain 20 mg of TCA precipitate in 350 �L of
buffer. To these 350 �L, DTT and IPG buffer (Amersham Biosciences AB)
were added to concentrations of 20 mm and 0.5%, respectively. The protein
solutions were loaded on to dry polyacrylamide gel strips with immobilized
pH gradients of 3 to 10 (Immobiline Dry Strip, pH 3–10 NL, 18 cm, Amer-
sham Biosciences AB) put in IPGphor strip holders placed on an IPGphor
Isoelectric Focusing System (Amersham Biosciences AB). Gels were then
rehydrated for 10 min, and isoelectric focusing was done according to the
following scheme: 50 V for 12 h, 500 V for 1 h, 1,000 V for 1 h, and finally
8,000 V for 36,000 volthours up to a total of 38,101 volthours. Equilibration
of gel strips was performed in an SDS equilibration buffer (50 mm Tris-Cl,
pH 8.8, 6 m urea, 30% [w/v] glycerol, 2% [w/v] SDS, and bromphenol blue)
with DTT (10 mg mL�1) for 15 min and then with iodoacetamide (25 mg
mL�1) for 15 min. Second dimension gel electrophoresis was performed on
15% and 12.5% (w/v) polyacrylamide gels (0.4 m Tris, pH 8.8, and 1% [w/v]
SDS) with a low Mr protein standard (SDS-PAGE Molecular Weight Stan-
dards, Bio-Rad Laboratories, Hercules, CA) used according to manufactur-
er’s instructions, using a 0.1% (w/v) SDS running buffer (25 mm Tris, 192
mm Gly, and 0.1% [w/v]SDS).

Silver Staining and Analysis of Two-Dimensional Gels

Gels were stained with silver nitrate essentially according to a protocol
by Shevchenko et al. (1996). The gels were fixed by immersing them into a
fix solution (methanol:acetic acid:water at 45:5:45) overnight. The acid was
then removed by rinsing the gels for 1 to 2 h in water. To increase the
sensitivity of the staining, the gels were incubated for 1 min in 0.8 mm
sodium thiosulphate. After washing with water, gels were bathed in a 6 mm
silver nitrate solution for 20 min at 4°C in darkness. Residual silver ions
were removed with two washes of water. Reduction of protein-bound silver
ions was performed using a development solution (0.015% [v/v] formalde-
hyde and 0.25 m sodium carbonate) until a sufficient level of staining had
been reached. The development solution was replaced with a fresh portion
when the first one turned brownish. Development was quenched using 1%
(v/v) acetic acid, and the gels were then stored at 4°C for several months in
the acid. For longer storage, the gels were dried in a Drygel Sr. (Hoefer, San
Francisco). Silver-stained gels were scanned using a scanner (GS-710 Cali-
brated Imaging Densitometer, Bio-Rad Laboratories) equipped with
PDQuest Two-Dimensional Gel Analysis Software (Bio-Rad Laboratories).

In Gel Digestion and Gel Extraction of Peptides

A slightly modified version of a method described by Wilm et al. (1996)
was used. Protein spots of interest were excised using a sharp knife, cut into
smaller parts, and then washed in water. To dry the gel pieces, 100 �L of
acetonitrile was added to each tube followed by shaking for 15 min at room

temperature, removal of liquid, and then vacuum centrifugation for 15 min.
Gel pieces were rehydrated in 20 �L of digestion buffer (100 mm sodium
bicarbonate, 5 mm calcium chloride, and 25 ng �L�1 trypsine [Invitrogen,
Carlsbad, CA]) at 4°C for 1 h. Excess liquid was removed, and another 20 �L
of digestion buffer, without trypsine, was added. Reactions were incubated
in 37°C overnight. The supernatant was collected, and gel pieces were
incubated in 50 �L of 25 mm sodium bicarbonate for 15 min with shaking at
37°C, this was followed by removal of liquid from the gel with 50 �L of
acetonitrile as previously described. Fifty microliters of 5% (v/v) formic
acid was added, and the gel pieces were incubated as above. The gel pieces
were again dried with acetonitrile and stored at �20°C. All supernatants
from the same gel pieces were collected and pooled. The liquid was evap-
orated in a vacuum centrifuge, and the pellets were stored at �20°C.

Peptide Analysis by Mass Spectrometry

Peptide pellets were resuspended in 1 �L of 80% (v/v) formic acid and
then quickly diluted to an 8% (v/v) solution by adding 10 �L of water.
Peptide solutions were sonicated for 5 min before loading 5 �L of it to a
nanoelectrospray glass capillary (Protana Engineering A/S, Odense, Den-
mark) with an R2 resin (POROS 20 R2, Applied Biosystems, Foster City,
CA), binding proteins by hydrophobic interactions. R2 capillaries were
prepared by loading 1.5 �L of R2 suspension, giving approximately 300 to
400 nL of resin, to the capillary. Excess fluid was removed by centrifugation.
The resin was washed twice with 5 �L of 0.5% (v/v) formic acid. After the
wash solution had been centrifuged through the capillary the peptide sam-
ple was added followed by two washes with 5 �L of 0.5% (v/v) formic acid.
Peptides were eluted, by adding 0.5 �L of 25% (v/v) acetonitrile in 0.5%
(w/v) formic acid and then 0.5 �L of 50% (v/v) acetonitrile in 0.5% (w/v)
formic acid followed by centrifugation, into Au/Pd-coated nanoelectros-
pray glass capillaries (Protana Engineering A/S). This method is a modified
version of that described by Wilm et al. (1996). To acquire peptide sequence
data, capillaries were inserted into a quadropole time-of-flight mass spec-
trometry instrument (Micromass Q-Tof, Micromass Ltd., Manchester, UK)
with a nanospray ion source. The capillary voltage was set to 800 to 900 V,
and the cone voltage to 40 V. Argon was used as collision gas and the kinetic
energy was set to between 20 and 40 eV. Peptide sequence data was
analyzed using the BioLynx program of the MassLynx NT software package
(v3.4, Micromass Ltd.).

Bioinformatics

Peptide sequences obtained by MassLynx were subjected to BLAST using
blastp (Altschul et al., 1997) at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/BLAST/) and MS BLAST
(Shevchenko et al., 2001) at the European Molecular Biology Laboratory
(http://dove.embl-heidelberg.de/Blast2/msblast.html). Multiple sequence
alignment was created using ClustalX (Thompson et al., 1997), and the
resulting similarities were then visualized by subjecting the alignment to
Boxshade (K. Hofmann and M. Baron, unpublished data).

RNA Isolation and Northern Hybridization

E. lagascae total RNA was isolated from the endosperm and cotyledons of
4-d-old seedlings and from young flowers and seed pods from adult plants.
Isolation was performed using a guanidine hydrochloride method previ-
ously described by Logemann et al. (1987). For northern-blot analysis, 10 �g
of total RNA from each sample was dissolved in sample buffer (20 mm
MOPS, 1 mm EDTA, 5 mm sodium acetate, 50% [v/v] formamide, and 2.2 m
formaldehyde, pH 7.9) and separated by electrophoresis on an agarose gel
(1.2% [w/v] agarose, 3% [v/v] formaldehyde, 20 mm MOPS, 1 mm EDTA,
and 5 mm sodium acetate). The RNA was transferred onto a nylon mem-
brane (HybondN�, Amersham Biosciences) and fixed to the membrane by
UV-cross-linking (UVC 500, Hoefer) according to the manufacturer’s in-
structions. Immobilized RNA was hybridized with gene-specific probes
from the ElLTP1 and ElLTP2 genes (Edqvist and Farbos, 2002) and with an
E. lagascae elongation factor 1-� (EF1-�) probe. Labeled membranes were
then subjected to autoradiography. Before reprobing, radioactivity was
stripped from the membrane by immersing it into boiling 0.5% (w/v) SDS
for a few minutes until no radioactivity could be detected. Stripping was
verified by autoradiography.
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Preparation of Antibodies against ElLTP1 and ElLTP2

On the basis of the three-dimensional structures of maize (Zea mays) and
rice (Oryza sativa) LTPs (Lee et al., 1998), the L3 loop and parts of H4 helix
were chosen as an appropriate target due to its exposed position. Synthetic
peptides were created based on the amino acid sequences of this region with
the addition of a Cys residue in the N-terminal for coupling to bovine serum
albumin (BSA). The BSA-coupled peptides had the following sequences:
ElLTP1 CKNMPGLNPAN and ElLTP2 CASHYTINEKA. AgriSera (Vännäs,
Sweden) performed peptide synthesis, coupling to BSA, immunization of
rabbits, bleedings, serum preparations, and affinity purifications of the
ElLTP1 and ElLTP2 antibodies. The procedures are described by Bergman et
al. (2000).

Protein Extraction and Western Blotting

Total protein extracts were prepared from endosperm and cotyledon
from seedlings collected 1.5, 2.5, 4, 6, and 7 d after sowing. Additionally,
protein extracts from stems, leaves, and roots were generated from adult
plants. Ten milligrams of each tissue sample was grinded in 100 �L of 2�
SDS sample buffer (125 mm Tris-HCl, pH 6.8, 4% [v/v] SDS, 20% [v/v]
glycerol, 0.01% [w/v] bromphenol blue, and 20 mm DTT) and then diluted
with 100 �L of phosphate-buffered saline (PBS; 80 mm disodium hydrogen
phosphate, 20 mm sodium dihydrogen phosphate, and 100 mm sodium
chloride) at pH 7.4. Before loading on a gel, the sample was heated to 90°C
for 5 min and then centrifuged. Five microliters, corresponding to 250 �g of
fresh tissues, from each sample was loaded to the gel as well as a protein
standard (MultiMark Multi-Colored Standard, Invitrogen), used according
to manufacturer’s instructions. Proteins were separated by electrophoresis
on 8% to 16% (w/v) SDS-polyacrylamide gels (Novex Pre-Cast Gels, In-
vitrogen; Laemmli, 1970) using an SDS running buffer (0.1% [w/v] SDS, 25
mm Tris, and 192 mm Gly). Proteins were then transferred to a membrane
(Hybond ECL nitrocellulose membrane, Amersham Biosciences) by elec-
troblotting (Towbin et al., 1979) at 400 mA for 2 h at 4°C, as described by the
manufacturer, using a protein transfer buffer containing methanol (25 mm
Tris, 20 mm Gly, and 20% [v/v] methanol). After transfer, the membranes
were removed and used directly in subsequent immunodetection. Nonspe-
cific binding of antibodies to the membranes was blocked by immersing the
membranes in 5% (w/v) dry-milk powder in Tris-buffered saline plus
Tween 20 (20 mm Tris-HCl and 0.2 m sodium chloride at pH 7.6 with 0.1%
[v/v] Tween 20) at 4°C overnight. After washing, the membranes were
treated with affinity-purified rabbit antibodies against the synthetic pep-
tides ElLTP1 and ElLTP2. The primary antibodies were diluted 1:1,000.
Subsequent detection of primary antibodies was performed using the ECL
detection system from Amersham Biosciences. Secondary anti-rabbit anti-
bodies were diluted 1:2,000. All dilutions and washes were in Tris-buffered
saline plus Tween 20.

Immunohistochemistry

Four-day-old seedlings were used for all immunohistochemistry experi-
ments. The root and hypocotyl were removed from the seedling with a
knife. After that the endosperm with comprised cotyledons were fixed (4%
[w/v] paraformaldehyde and 0.25% [w/v] glutaraldehyde in 0.1 m phos-
phate buffer pH 7.0) for approximately 16 h in room temperature. Subse-
quently, the seedlings were rinsed in water and then dehydrated in a graded
ethanol series from 70% to 99.5%. Ethanol was finally completely removed
by soaking the tissue in two changes of xylene for 1 h each before imbedding
in Paraplast Plus (Sigma-Aldrich, St. Louis). Sections of 5 �m were cut using
a steel blade (Rotary Microtome HM330, Microme, Heidelberg Germany),
transferred to a 37°C water bath to smooth down, and then put on
3-aminopropyltriethoxysilane (Sigma-Aldrich)-precoated glass slides. Slides
were incubated overnight at 37°C. Sections were deparafinized by washing
in xylen for 20 min and then rehydrated in an ethanol series followed by
washing in water for 1 min.

For immunohistochemistry, sections were rinsed in PBS at pH 7.4 for 5
min followed by blocking of unspecific binding using PBS with 5% (w/v)
dry-milk powder. Subsequent to blocking, primary antibodies from affinity-
purified rabbit sera, diluted in PBS with 5% (w/v) dry-milk powder, were
distributed to the sections. Detection of primary antibodies was performed
using the LSAB detection kit from DAKO (Glostrup, Denmark), according to
the manufacturer’s instructions. Counterstaining was performed using

Mayers hematoxylin (Histolab, Göteborg, Sweden), coloring all nuclei blue,
according to instructions. All washes were in PBS at pH 7.4.

In Situ Detection of DNA Fragmentation

DNA fragmentation was detected in 5-�m sections of the same material
used for immunocytochemistry, by TUNEL analysis (Gorczyca et al., 1993).
This assay was performed essentially according to Filonova et al. (2000)
using the In Situ Cell Death Detection Kit, TMR red from Roche Diagnostics
(Mannheim, Germany). Permeabilization was performed using Proteinase K
(10 �g mL�1 in 10 mm TRIS-HCl, pH 7.6), and the positive control was
treated with DNase I (Amersham Biosciences) for 10 min to induce DNA
fragmentation; negative control was treated omitting terminal deoxynucle-
otidyltransferase according to the manufacturer’s instructions. nDNA was
stained with 1 �g mL�1 of DAPI (Roche Diagnostics) in PBS for 5 min at
room temperature. Slides were then washed with PBS and distilled water,
covered by Fluorsave (Calbiochem, San Diego), and examined with a
microphot-FXA fluorescence microscope using FICT and UV-2A sets of
filters for TUNEL detection and DAPI, respectively.
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