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Prior to and/or accompanying lipolytic degradation of tria-
cylglycerols (TAGs) during seed germination in oilseeds, certain
enzymatic and non-enzymatic signaling molecules are expressed on
the oil body membranes. These include certain proteases, lipoxy-
genase, phospholipase A, and lipase. Although enough biochemical
investigations have demonstrated their activities, recent develop-
ments in the in situ localization of these signaling molecules in
germinating oilseeds, have enhanced our understanding in this
field. This is evident from the temporal and spatial changes
observed in the expression pattern of some of these molecules.
Present review aims at providing an up-to-date account of these
recent developments in the author’s and other laboratories, which
are largely based on fluorescence microscopic and confocal laser
scanning microscopic (CLSM) imaging of the molecular changes
using specific fluorescent probes. A model for the molecular events
associated with oil body mobilization is also being presented.

Introduction

Oilseeds store triacylglycerols (TAGs) as food reserves for udili-
zation during seed germination and seedling growth. TAGs are
confined to small, spherical organelles called ‘oil bodies’ which are
enclosed in a phospholipid monolayer embedded with some unique
proteins.'> Oil bodies, averaging 0.5-2 {m in diameter, are remark-
ably stable both in cells and in isolated preparations, as a consequence
of the steric hindrance and electronegative repulsion provided by the
membrane proteins.® The most thoroughly characterized proteins
embedded in the oil body membranes are the oleosins’
other minor proteins—caleosins!® and steroleosins.>* Oleosins are

and two

alkaline plant proteins with molecular mass ranging from 15 to 30
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kDa.? Each oleosin molecule comprises of three structural domains:
(i) an N-terminal amphipathic domain; (ii) a central, hydrophobic
oil-body anchoring domain with a proline knot motif,>19 and
(iii) a C-terminal amphipathic o-helical domain. The central, 70
amino acid long anchoring domain of oleosins is highly conserved
in diverse plant species. Presence of oleosins in seed oil bodies is
consistent with their role in oil body biogenesis, their stabilization
and maintenance of an appropriate size and surface/volume ratio for
gradual oil body mobilization.#!! Caleosins are a recently discov-
ered class of calcium and lipid-binding oil body surface proteins.!®
Different caleosin isoforms are present on the specific sub-domains
of the ER and lipid bodies.!? Like oleosins, caleosins comprise of
three domains: an N-terminal with a single Ca?*-binding EF hand
domain, a central hydrophobic region and a C-terminal region with
several protein kinase phosphorylation sites.!? They are believed to
play a role in lipid trafficking and membrane expansion.'* They
may also be involved in the docking of peroxisomes to lipid bodies
and degradation of storage lipids during seed germination.s’&15’16
Steroleosins, with a conserved NADPH-binding sub-domain and

a divergent sterol-binding sub-domain,*

represent a class of dehy-
drogenase/reductase, involved in signal transduction events for
a specialized function related to seed oil bodies.> A steroleosin
molecule consists of two structural domains: an N-terminal, oil
body anchoring domain and sterol binding dehydrogenase domain.
Unlike oleosins and caleosins, steroleosins are unable to individually
stabilize the oil bodies.!”

Upon lipolysis, TAGs stored in oil bodies provide energy and
membrane building blocks during early stages of seedling growth
in oilseeds.!® This process occurs by the sequential and/or collec-
tive action of many hydrolytic enzymes, such as phospholipases,
lipoxygenase and lipase, at different stages of seed germination.!?22
Lipase is the principle enzyme involved in oil body mobilization
during seed germination, which catalyzes the cleavage of carboxyl
ester bonds of TAGs, releasing free fatty acids (FFAs) and glyc-
erol. According to Feussner et al.?? lipoxygenase activity leads to
oxygenation of storage TAGs to their corresponding hydroperoxy

derivatives in some oilseeds. These derivatives are subsequently
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cleaved by lipases. But before lipase or lipoxygenase gets access
across the oil body membrane for their action on the TAG matrix a
controlled proteolytic degradation of oleosin isoforms and lipolytic
degradation of phospholipids constituting the oil body membrane, is
quite expected. Tzen and Huang,?* observed that trypsin treatment
renders oil bodies susceptible to the action of phospholipase A, or C.
Matsui et al.?> observed that trypsin-assisted digestion of oil bodies
isolated from the cotyledons of cucumber seedlings renders them
more susceptible to lipoxygenase action. Both these reports led to
the hypothesis that proteolysis of oil body membrane proteins is a
prerequisite for oil body mobilization. Work in the author’s labora-
tory has shown the association of the activities of phospholipase A,
(PLA,) and a cytosolic protease with oil bodies during early stages
of seed germination in sunflower.??2% Lipase is synthesized in the
cytosol and gets associated with oil body membrane during seed
germination.>?” Lipase activity has also been shown to be initially
localized at its storage sites in the protein storage vacuoles (PSVs)
prior to seed germination, and its transfer to oil body surface during
early phase of seed germination in sunflower.?? The entire process
of oleosin processing and TAG mobilization is greatly enhanced in
light, relative to seed germination in dark.?® The probable association
of a thiol protease with oil bodies has also been demonstrated by us,
leading to gradual degradation of oleosins during seedling growth.?’
Maximum protease activity coincides with the phase of active TAG
hydrolysis. As a consequence of proteolytic mobilization of oil body
membrane proteins and subsequent TAG degradation, the remaining
oil body membrane and its contents subsequently tend to fuse with
the vacuolar membranes.

The present review aims at bringing together the currently avail-
able information on recently exploited novel fluorescence imaging
methods for understanding the temporal and spatial distribution
and roles of various signaling molecules during seed germination in
oilseeds.

Fluorescent Probes for the Localization of Oil Body-Associated
Signaling Molecules during Lipolysis

Fluorescence microscopy and confocal image analysis offer a
sensitive approach for a rapid and accurate detection of enzyme-
catalyzed events on/across the cellular and subcellular membranes. In
order to understand the biogenesis and/or degradation of oil bodies,
it is necessary to know the course of development and localization
of PSVs, and temporal and spatial localization of various enzymes
involved in signaling the lipid synthesis and degradation. Nile red
and acetomethoxy derivative of 2',7'-bis’(2-carboxyethyl)-5-(6)'-
carboxyfluorescien (BCECF-AM) are the probes for detection of
the sites of neutral lipid accumulation (principally oil bodies) and
PSVs, respectively, during seed development and germination. Some
enzymatic proteins are also synthesized during the formation of
lipid bodies in maturing seeds while a new set of proteins may be
detected on the surface of oil bodies at the time of lipid mobilization
during seed germination.23 In this context, specific probes have been
exploited in the recent past in the author’s laboratory. These include
‘glycerol-derived’ resorufin ester, PED, and fluorescein mercuric
acetate (FMA), for the localization of lipase, PLA, and thiol protease
activities, respectively.

Detection of oil bodies using nile red. Nile red is phenoxazone
probe which fluoresces upon interaction with lipids. It is an uncharged
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heterocyclic molecule and acts as a hydrophobic probe for lipids. Its
fluorescence maximum varies depending on the relative hydropho-
bicity of the surrounding environment. Nile red-treated samples
emit fluorescence ranging from green, golden, yellow, orange-red,
red and yellow-gold depending on the nature of phospholipids or
other lipids.>® This novel property of nile red makes it a sensitive
fluorescent probe for the analysis of tissue lipids.>*3! The excitation
and emission maxima of nile red in lipid suspensions also appear to
depend on the concentration of the dye. At low concentrations of
nile red, both the core hydrophobic and amphipathic components
of lipids interact with nile red, giving a shorter wavelength emission
maximum of approx. 580 nm. With increasing concentration of the
dye, the hydrophobic core may become saturated and the emission
maxima tend to shift towards higher wavelengths i.e., 620-650 nm.

Using these unique properties of nile red, oil bodies and neutral
lipids are detectable in the sections®? and protoplasts?®?” from the
cotyledons of oilseeds. Variable fluorescence (yellow-green, yellow
or red) from nile red treated oil bodies in protoplasts isolated from
different seedling tissues (cotyledons, hypocotyls and roots), has
been observed in sunflower?® (Fig. 1A) and safflower (Bhatla SC,
unpublished; Fig. 1B). This signifies a change in the composition of
neutral lipids present in these tissues. Recently, Nile red has also been
exploited for confocal imaging of oil bodies in the protoplasts from
sunflower seedling cotyledons®” (Fig. 1C) and also in the sections of
embryos of sunflower (Bhatla SC, unpublished) and Arabidopsis.>?

Localization of protein storage vacuoles. Storage tissues of many
fruits and seed cotyledons contain PSVs. They contain a variety of
globulin storage proteins, lectins, acid phosphatases and cysteine
and aspartic proteases. The H*-ATPase and H*-pyrophosphatase
activities on the tonoplast are responsible for hormone—(principally
GA)—induced acidification of PSVs during the phase of reserve
mobilization. In the absence of GA action, pH of the lumen of PSVs
in the aleurone cells of barley has been reported to be near neutral
and it becomes acidic with GA treatment.?3 Acidification of lumen
of PSVs increases protease activity in it since aspartic and cysteine
proteases have pH optima near 4.34 Thus, pH of the PSVs lumen
plays a critical role in regulating the various metabolic activities oper-
ating within and through them.

Keeping in view the above stated biochemical features of PSVs,
the in situ localization of PSVs in plant cells and protoplasts is largely
based on measuring the fluorescence from pH sensitive and aspartic
and/or cysteine protease-specific probes loaded as cell permeant
derivatives or by microinjection.’* ZFR-CMAC (7-amino-4-chlo-
romethyl coumarin benzyloxycarbonoyl-L-phenylalanyl-L-arginine
amide hydrochloride) is a non-fluorescent protease substrate used
to identify regions of proteolytic activity in plant protoplasts.>4 Tt
releases fluorescent CMAC when the peptide bond between the
CMAC fluorophore and arginine residue is cleaved. This probe can
be loaded into the cells/protoplasts non-invasively and is not cyto-
toxic. Its transport into the PSVs is facilitated by conjugation with
glutathione in the cytosol.

BCECEF and Lysosensor yellow/blue are the two commonly used
pH-sensitive probes to localize PSVs and determine their lumen
pH status. Lysosensor yellow/blue (pKa = 4.2) emits yellow/green
fluorescence at pH 3.5, blue/green fluorescence at pH 4.5, pale blue
fluorescence at pH 5.5 and dim-blue fluorescence near neutral pH.
BCECF-AM is a non-fluorescent lipophilic acetoxymethyl ester
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Figure 1. Fluorescence microscopic and CLSM detection of signaling molecules in protoplasts from sunflower and safflower cotyledons. (A-C) Fluorescence of
variable colors from oil bodies in response to nile red treatment indicating difference in neutral lipid composition. (A) Protoplast from a mature seed cotyledon
of sunflower. (B) Fluorescence microscopic image of a protoplast from the cotyledons of imbibed seeds of safflower. (C) A CLSM image of a protoplast from
sunflower seedling cotyledon (4 d old). (D) Fluorescence from PSVs in a protoplast from the cotyledons of mature sunflower seed, after treatment with BCECF-
AM. (E) Sites of thiol protease activity from oil bodies, as observed by red fluorescence upon FMA treatment of protoplast from 4 d old sunflower seedling
cotyledons. (F) A CLSM image of FMA-reated protoplast from sunflower seedling cotyledon (4 d old). (G) Epifluorescence image of a protoplast treated
with PED for localizing PLA, activity on the oil bodies. (H) A CLSM image of a sunflower seedling protoplast (4 d old) treated with PED,. (I) Fluorescence
microscopic image of lipase activity sites in sunflower protoplast from 4 d old seedling cotyledon after treating with resorufin ester. All protoplasts obtained

were from mature seeds or dark-grown seedlings fo avoid autofluorescence from chloroplasts.

that readily enters the cells. Inside the cell, the ester gets cleaved by
esterases producing fluorescent BCECF anions which get actively
sequestered into the vacuoles. BCECF anions emit blue fluorescence
upon excitation at 482 nm (em: 520 nm). BCECF-AM is widely
used in cellular and pharmacological studies without significant
toxicity. Leakage of BCECF out of the cells is negligible, thereby
greatly reducing the background fluorescence. Accumulation of
both glutathione-conjugated fluorescent probe (ZFR-CMAC) and
pH-sensitive probes (e.g., BCECF-AM) can be blocked by using
probenacid, an inhibitor of organic anion transport.

It is necessary to monitor the development and mobilization of
PSVs in germinating oilseeds not only because they are a store house
of various proteins and enzymes but also because PSVs have been
reported to store lipase prior to its migration to oil body surface
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during seed germination in oilseeds. Using BCECF-AM as a probe
for fluorescence microscopy of protoplasts, changes in the size
and number of PSVs have been reported in sunflower, cotton and
peanut.?> Protoplasts from the young sunflower seedling cotyledons
show a number of PSVs of variable sizes (Fig. 1D). With advancing
age of the seedlings, PSVs coalesce into a larger vegetative vacuole
which are depleted of their contents.?

Localization of thiol-protease activity. Spatial distribution of
protein degradation enzymes can enhance specificity and timing of
proteolysis, generate asymmetry and maintain subcellular compart-
mentation of protease activity. FMA is known to be a highly
fluorescent reagent which reacts with thiol-groups. It is also a
SH-protease inhibitor and its fluorescence is quenched upon binding
with proteins containing thiol groups.3® This reagent is, therefore,
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Figure 2. Mechanism of binding of FMA with thiol protease, leading to detection of FMA-protease complex by fluorescence microscopy and CLSM.

useful for the analysis of intracellularly localized thiol groups.’” FMA
is believed to catalyze conformational changes in the SH-proteases by
forming a mercaptide bond with a cysteine sulphahydryl group (Fig.
2). It has also been explored as a possible reagent for ultrastructural
detection of SH-proteases in animal systems.®

A simple and highly sensitive fluorometric method for the deter-
mination of SH-proteases using FMA, was recently developed by
Morenkova and Nagler.? This method allows the determination
of the amount of SH-groups up to 0.1 nmol/mg proteins. FMA
has been used in the author’s laboratory to localize thiol protease
activity from sunflower seedling cotyledon by in vivo labeling of
viable protoplasts.?? It involves the uptake and binding of FMA at
the intracellular thiol-protease activity sites in protoplasts, leading
to fluorescence emission at 523 nm, following excitation at 499
nm (Fig. 2). The observations provide evidence for the expression
of the said thiol-protease activity on the oil body surface, leading
to gradual proteolysis of oleosins during seed germination (Fig. 1E
and F). Biochemical investigations in the author’s laboratory have
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demonstrated the activity of a 65 kDa, cytosolic protease from
sunflower seedling cotyledons, coinciding with the degradation of
oleosins during seed germination.?? Further investigations from this
laboratory have also indicated the probable association of a thiol-
protease with oil bodies, leading to gradual degradation of oleosins
during seedling growth.?’

Detection of PLA, activity. Phospholipases play a pivotal role
in releasing a diverse array of lipid-derived products by degrading
membrane phospholipids. PLA, is an acyl hydrolase that catalyzes
phospholipid hydrolysis at the sn-2 position, thereby generating a fatty
acid and a lysophospholipid. A transient, temporal and tissue specific
expression of PLA, activity is associated with oil bodies during seed
germination in cucumber.?® Hendrickson et al.* developed PED-a
PLA, specific substrate analog. PED incorporates a BODIPY FL-dye-
labeled-sn-2-acyl chain and a dinitrophenyl quencher group. Cleavage
of this PED -labeled acyl chain by PLA, results in the formation of
non-fluorescent lysophospholipid and fluorescent fatty acid tagged to
the fluorophore-Bodipy FL (Fig. 3A). This product can be localized
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Figure 3. (A) Mechanism of localization of intracellular PLA2 activity sites, using a synthetic substrate (PED&). (B) Mechanism of intracellular lipase action
on plant cells/protoplasts incubated with a ‘glycerol-derived’ resorufin ester (synthetic substrate for lipase), leading to the release of fluorescent resorufin at

the sites of lipase activity.

by fluorescence upon excitation at the appropriate wavelength (505
nm). In animal system, PED6 has been used for in vivo assay of intes-
tinal PLA, metabolism in zebra fish larvae.4! This probe is reported to
have affinity for both cytosolic and secretory PLA, activities.*? Thus,
this method will prove useful to localize intracellular PLA, activity of
both kinds in plant cells as well.

Recently, using PED, a novel protocol has been developed in the
author’s laboratory for in situ localization of development-associated
changes in the expression of PLA, activity on the surface of oil bodies
in protoplasts from sunflower seedling cotyledons.?! Intracellular
PED -binding sites fluoresce bright green upon excitation at 505 nm.
This work reports the first use of a fluorogenic substrate to localize
PLA, activity in plant protoplasts. The principal intracellular sites
exhibiting PLA, activity in the oilseed cotyledon protoplasts are the
oil bodies and the enzyme is apparently expressed or activated on the
surface of oil bodies during early phase of seedling development, prior
to lipase action (Fig. 1G and H). PED fluorescence is also evident
in the cytoplasm surrounding the oil bodies, along with oil bodies
themselves. This indicates the possibility of preferential accumulation
of PLA, on/around the oil bodies for the degradation of the oil body
membranes at a specific stage of seed germination. A PLA, might
possibly be causing alteration or hydrolysis of the oil body membrane
phospholipids, rendering the oil bodies susceptible to the action of
lipases, leading to TAG mobilization from the oil body matrix during
seed germination. The observation of PED, affinity sites (PLA,
activity) in the protoplasts from sunflower seedling cotyledons has
been made in the author’s laboratory, using epifluorescence micros-
copy and confocal laser scanning microscopy (CLSM).?!

Fluorometric and fluorescence microscopic methods for local-
izing lipase activity. The principal enzyme associated with oil body
mobilization during seed germination is lipase (triacylglycerol acyl-
hydrolase, E.C 3.1.1.3), which catalyzes the hydrolysis of carboxyl
ester bonds of TAGs, releasing FFAs and glycerol. Most lipases have
optimum activity for the primary ester groups of TAGs. While some
lipases remove fatty acyl groups from either the C; or C; positions,
others remove both C, and C; acyl groups. The first fluorometric
determination of lipase activity was undertaken by the lipase-catalyzed
hydrolysis of fluorescein esters.*> Ishiyama et al.#4 used a synthetic
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substrate—a resorufin derivative (7-isobutyloxycarbonyloxy-3
H-phenoxazin-3-one) for the fluorometric determination of viability
in human leukemia cells (HL 60) and mouse lymphocytes (P 388).
This resorufin derivative is non-fluorescent with an absorption
maximum below 500 nm but produces an intense fluorescence at
590 nm when cleaved by endogenous esterases at pH 7.4. Resorufin
(in primary alcohols) exists in dissociated form as free anion (R°),
with absorption maxima at 580 nm and prominent emission at 600
nm.* The emission corresponds to that of resorufin and fluorescence
is due to the deprotonated anion of resorufin.

Resorufin derivatives permeate the membranes of viable cells
because of their lipophilicity and get hydrolyzed by intracellular
esterases to produce fluorescence. Beisson et al.#>47 assayed lipase
activity from the crude tissue extracts of Arabidopsis seedlings,
using three sensitive methods (radioactivity, fluorescence and colo-
rimetry). Specific activity of the enzyme (lipase) was found to be
similar with all the three methods. Unlike the radioactivity assay,
however, the fluorescence assay can be monitored continuously.
Hydrolysis of a synthetic, “glycerol-derived” lipase substrate-(1,2,0-
diluaryl-rac-glycero-3-glutaric acid-resorufin ester) involves a series
of steps, starting with a lipase-catalyzed formation of 1,2-o-dilauryl
glycerol and glutaric acid-resorufin ester, followed by the sponta-
neous intramolecularly-assisted hydrolysis of the latter product to
release fluorescent resorufin (Fig. 3B). Time course of the reaction
corresponds to the release of resorufin, monitored at 572 nm.%
Sensitive monitoring of lipase activity in live cells has also been
accomplished using the fluorescent substrate-1,2-dioleolyl-3-(pyren-
1-yl) decanoyl-rac-glycerol (Marker Gene Technologies, Inc., USA).
Upon enzymatic cleavage, the fluorescent fatty acid, pyrenedecanoic
acid, is released at the site of lipase action. The fluorescence of the
product shifts to a longer wavelength and can be distinguished from
that of the substrate, because it forms eximers inside the membrane
(ex: 390 nm, em: 470 nm).

Measurement of lipase activity is sometimes difficult in tissue
homogenates of oilseeds due to lipase inhibitors released during tissue
homogenization.*>>% In order to overcome this problem, a novel
method has been devised in the author’s laboratory for in vivo local-
ization of lipase activity in plant cells.?> The non-destructive nature of
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Figure 4. A model depicting the biomolecular events on the surface of oil bodies from imbibed seeds and young seedling cotyledons (light and dark-grown)

during seed germination in sunflower.

this methodology overcomes the problem of lipase inhibitors released
during tissue homogenization. Using this protocol, lipase activity is
detectable in protoplasts from oilseeds. A ‘glycerol-derived’ resorufin
ester (1,2,0-dilauryl-rac-glycero-3-glutaric acid-resorufin ester), used
for assaying lipase activity in mammalian, fungal and plant tissue
extracts. 46475152 was adopted for localizing lipase activity in proto-
plasts from sunflower seedling cotyledons by fluorescence microscopy
(Fig. 11).20-3 The resorufin ester, being lipophilic, permeates plasma
membranes of plant protoplasts. Uncleaved lipase substrate, i.e.,
resorufin ester, is non-fluorescent in solution. The resorufin ester
is hydrolyzed by intracellular lipase, producing fluorescence due to
resorufin formation at its intracellular locations (A_™: 569 nm,
A, 584 nm).

Using this probe (resorufin ester), fluorescence due to lipase
activity on the oil bodies in protoplasts from the cotyledons of
germinating seeds of peanut and cotton has also been reported from
the author’s laboratory.3®> Thus, resorufin acts as a marker of lipase-
specific intracellular locations. Excitation and fluorescence emission
of resorufin also exhibit a slight shift in A™* for excitation and emis-
sion when analyzed in intact protoplasts or in ethanolic solutions and
also a pH-dependent shift.?? Investigations from the author’s labora-
tory were further employed to investigate the spatial and temporal
changes in lipase activity sites during oil body mobilization in proto-
plasts from sunflower seedling cotyledons during seed germination.?
Subcellular distribution of lipase activity in the seedling cotyledons
was observed to shift from PSVs to oil bodies, with advancing stages
of seedling development.
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A Model for Signaling Events Accompanying Lipolysis in
Oilseeds during Germination

A model depicting the expression of the probable signaling mole-
cules on the oil body membranes in light and dark-grown seedlings,
is presented in Figure 4. It is based on the current knowledge and
the author’s recent findings on sunflower as a model system for local-
ization of the various oil body-associated molecules, using specific
fluorescent probes. The model shows that an imbibed seed oil body
possesses the required components of oil body membrane proteins
i.e., oleosins, caleosins and steroleosins, on the monolayer of phos-
pholipids. This is followed by the action of protease, lipoxygenase
and lipase which are transiently expressed on the oil body surface by
migration from other intracellular locations. Imaging of these molec-
ular events by fluorescence microscopy has provided evidence for an
earlier expression of protease than any other enzyme. Subsequent
events (PLA,,lipoxygenase and lipase action) seem to be occurring
soon thereafter more or less simultaneously, but the role of caleosins
and steroleosins in this phase of lipolysis still needs to be investigated.
Dark-grown seedlings exhibit a lower activity of these enzymes then
those grown in light. Investigations on the photomodulation compo-
nent of the above-stated lipolysis-associated signaling molecules are
also likely to bring to light significant findings.

Future Scope

Significant progress has been made in the development of fluores-
cent probes and protocols for the temporal and spatial localization
of oil bodies, PSVs, PLA,,thiol proteases and lipase activity during
seed germination in oilseeds. Further work is, however, required
to be undertaken for developing protocols for imaging the pattern
of expression of lipoxygenase, steroleosins and caleosins. Current
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investigations in the author’s laboratory are focusing on developing
the protocols for imaging the possible changes in the expression
pattern of calcium channel proteins as well as co-localization of
physiologically and biochemically compatible fluorescent probes, for
deciphering the various signaling molecules associated with oilseed
biogenesis and germination. Such and similar future investigations
are likely to highlight more signaling molecules having a possible role
during lipolysis in oilseeds. Lastly, all the probes under present and
future investigations need to be further investigated for exploitation
using suitable laser lines of CLSM. Protein-protein interaction also
needs to be investigated on the oil body membranes, using tech-
niques like fluorescence resonance energy transfer (FRET), coupled
with multiphoton fluorescence lifetime imaging. This is likely to
provide crucial information on the oil body membrane protein inter-
action with various signaling proteins such as proteases.
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