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CHAPTER 1

INTRODUCTION

Plant development is a complex process which basically comprises cell
division, cdl differentiation and growth. Unlike animals, where development
is highly controlled and exactly specified, plant development and organization
is extraordinarily plastic. Plant development is continuous and indeterminate
since growth and differentiation are localized throughout the plant body at
meristematic zones (Steeves and Sussex, 1989). The appearance of new organs
such as leaves or flowers results from organized cel division and
differentiation in these meristems (Medford, 1992). During the course of cdll
division in apical meristems, the organ primordias are initiated continually,
constituting of a large number of cells, which act in synchrony to follow a
programmed sequence of division, expansion and differentiation to form a
determinate appendage such as the leaf. In most cases once an organ is
differentiated and.cell expansion is completed, it does not grow further, and
performs its function till the onset of senescence. In this respect, monocot |eaf
development differs from development in other organs, as the monocot leaf is
under a continuous state of differentiation, as it possesses a basal meristem

which continuously contributes new cells at the leaf base.

Though the process of leaf initiation and development is genetically
determined, the acquisition of a photoautotrophic mode of nutrition in the leaf

is solely dependent on availability of an environmental factor-light. In the



absence of light, leaf development follows a strategy called scotomorphogenesis
wherein leaves are yellow in color due to absence of chloroplasts, and plastid
differentiates to etioplast. In the presence of light, a normal photomorphogenic
development is initiated wherein the leaf develops normal chloroplasts. In
higher plants, greening of leaves involves a series of distinct morphological and
biochemical processes |leading to differentiation of cells and organelles such as
chloroplasts. Chloroplast development requires a complex interaction between
nuclear and plastid genomes which is triggered by light and a chloroplast-
derived plastidic signal. In addition, light is also required for photoreduction
of protochlorophyllide to chlorophyll (Hoober, 1984). In C, plants leaf
development is further accompanied by differentiation of two photosynthetic
cdll typesviz., bundle sheath and mesophyll cells. The photosynthetic reactions
are split between these two cdl types with each cell type accumulating a

specific complement of photosynthetic enzymes (Langdale and Nelson, 1991).

Leaves are the principal site of photosynthetic carbon fixation,
depositing excess of fixed carbon in the chloroplast in the form of polymeric
carbohydrates like starch, which is subsequently degraded and mobilized to
different parts of the organism. The starch deposited in chloroplasts is
mobilized via the action of starch degrading enzymes like amylases and
phosphorylases. While there have been a number of investigations outlining
photoinduced leaf development and chloroplast biogenesis in relation to
synthesis of enzymes and proteins involved in trapping of light energy, carbon
fixation and generating sugars etc., the development, extent and role of starch

degrading enzymes during leaf development is poorly understood. Most



importantly, little is known about the influence of cellular position on

development of these enzymes.

The monocot leaf offers an ideal system to study the interrelationship
between cell development and intercellular regulation of cytosolic and plastidic
enzymes. The monocot leaf lends itself best to study different developmental
stages along the leaf axis, as it possesses a continuous gradient of maturing
cells from the base to tip of the leaf. Moreover, parallel to the cdl-
differentiation gradient, a gradient of chloroplasts in different developmental
states also exists from the base to the tip of these leaves. In the present study
the relationship between leaf development and starch degrading enzymes was
studied by using the leaves of monocotyledon plant, pearl millet (Pennisetum
americanum). Being a C, plant, the pearl millet also possesses dimorphic
chloroplasts. The studies were directed towards deciphering the
interrelationships between cellular position, gradient of cell maturation,
chloroplast differentiation and photoregulation of starch degrading enzymes,
viz., amylases and phosphorylases. The possible role of these enzymes in
mobilization of photosynthetically generated transitory starch was also

examined.
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CHAPTER 2

REVIEW OF LITERATURE

In land plants, the leaf is the site for trapping light energy via
photosynthesis. To be fully effective as a photosynthetic organ, leaf has to trap
light, with the inevitable consequence that it is also exposed to infrared
wavelengths that causes heating, and to ultraviolet radiation that causes
genetic damage (Dale, 1992). The development of the leaf lamina is an
important process in relation to the interception of light and the
accomplishment of photosynthetic competence (Leech and Baker, 1983).
Though leaf development is genetically determined (Freeling, 1992; Freeling
et ed., 1992), the acquisition of photosynthesis and differentiation of leaf cells
is triggered by an environmental factor-light. The several facets of lesf
development influenced by light are seen most remarkably during de-etiolation
of seedlings e.g., light-stimulated unrolling of cereal leaves (Virgin, 1989), and
cotyledon or leaf expansion in dicot seedlings (Sangeetha and Sharma, 1988).
Additionaly, light also influences several metabolic processes in leaf cells via
regulation of gene expression, and by controlling activities of enzymes
regulating metabolic pathways. In the present review, the role of light in the
development of the monocot leaf is summarized with particular emphasis on

regulation of starch degrading enzymes.



21 LEAF DEVELOPMENT

In angiosperms, leaves originate at shoot apical meristems, which
consist of three distinct cel layers L1, L2 and L3 from which plant organs are
derived (Poethig, 1987). These layers have a distinct pattern of cel divisions,
eg., intheL1 layer, which isthe outermost, cell division is anticlinal and gives
rise to the epidermal tissue of the differentiating organ. The cells in the L2
layer divide mostly in the anticlinal plane, but also in the periclinal plane, and
cells of the L3 layer divide both in anticlinal and periclinal planes. In
monocots, leaves are derived from L1, L2 and L3 layers of apical meristems.
In dicots, two tunica layers, L1 and L2, are present, out of which only the L1
layer contributes to epidermis, and the L2 and L3 layers give rise to the

internal tissue of the leaf (Poethig, 1987; 1989).

In maize, cells from both L1 and L2 layers of the apical meristem divide
to form the leaf primordium (Poethig, 1987). Subsequent growth occurs
predominantly from a basal intercalary meristem, where polarized patterns of
cdl division and expansion produce the elongated structure characteristic of
a mature leaf (Sharman, 1942). Clonal analysis has shown that the monocot
leaf epidermis is derived from the L1 layer of the apex, whereas the internal
leaf structures, vascular tissue, photosynthetic bundle sheath (B) and
mesophyll (M) cells are derived primarily from the L2 layer (Poethig, 1987). At
the leaf margins, both the epidermis and the internal tissue are often derived
from the L1 layer (Langdale et al., 1989). After the formation of leaf
primordium further growth of the leaf is largely restricted to a basal meristem,

and the leaf possesses a gradient of cell maturation, showing al stages of



development from the most immature at the base to the fully functional and

differentiated cells at the tip of the leaf (Sharman, 1942).
211 Cdl differentiation in C, plants

In C,4 plants, leaf development is more complex than in Cq4 plants due
to chloroplastic and cellular dimorphism. C, differentiation depends largely on
cel position and light-induced signals. In C, monocot |eaves, the cellular
differentiation of ‘kranz anatomy' is associated with the development of the
basic framework of avascular system. Vascular development is initiated as the
midvein develops from procambium in the shoot apex and differentiates
towards the tip of the leaf (acropetally), dividing leaf in haf, longitudinally
(Sharman, 1942; Esau, 1943). Once procambial meristems become discrete,
veins enlarge as aresult of periclinal (radial increase) and anticlinal (longitudi-
nal increase) divisions within the procambial strand. As the leaf primordium
expands, lateral (large, acropetal) and then intermediate (small, basipetal)
veins progressively subdivide the leaf. The overall age-gradient in the
vasculature is also seen from the tip (oldest) to the base of the leaf. Bundle
sheath and mesophyll cells around the medium vein maturesfirst (acropetally);
cells around the lateral veins then develop both acropetally and basipetally.
Finally, cells around the intermediate veins mature basipetally. This is the
same order in which the cells become morphologically differentiated (Easu,

1943; Sharman, 1942; Russall and Evert, 1985).

The development of bundle sheath cells takes place from cell division of

either procambial cells or ground meristematic cells of mesophyll. The



maturation of bundle sheath cells and mesophyll cells is closely linked to
vascular development and follows vascular differentiation (Langdale et al.,
1987). The bundle sheath cells differentiates coordinately, partly from the
outermost layer of the procambium, and partly from the adjacent ground
meristem. These divisions generate ‘half vein' units which comprise half of the
bundle sheath cells around a vein and a single adjacent mesophyll cell
(Langdale et al., 1989). Dengler et al., (1985, 1990) however, suggested that
bundle sheath cells are derived entirely from procambial meristems, and

mesophyll cells from ground meristem.

212 Regulation of leaf development

The identity of morphogenic factors which determine leaf initiation, and
its distinction from reproductive organsis still unknown. A number of mutants
have been described which are defective in leaf development, of these Knotted-
1(Knl)gene of maize is quite interesting. The product of Knl gene is present
in the nucleus of the shoot apical meristem cells, but is undetectable in leaf
and floral organ primordia of wild-type plants (Freeling et al., 1988; Smith
et al., 1992). Mutation at theKnl locus disrupts epidermal-layer development
to give finger-like projections on lesf surface. To date, Knl is the first gene
whose downregulation may be linked in some way to the earliest known events
in leaf initiation. The Knl locus was cloned and its cDNA sequence shows a
similarity to a homeo-domain protein present in animals, which acts as a
transcriptional regulator controlling animal development (Vollbrecht et al.,
1991). The ecotopic expression of theKnl gene product in developing leaf blade

interferes with normal leaf development: the regions expressing it differentiate



to the leaf sheath around the veins rather than the normal leaf blade. Similar
to the Knl gene product, ROUGH SHEATH-1 and LIGULELESS-3 genes also
encode homeo-domain proteins in maize (Smith and Hake, 1992). Similarly, the
production of juvenile leaves and adult leaves in maize is controlled by specific
gene loci. In maize, juvenile leaves are shorter than adult leaves and possess
epicuticular wax which is not present on adult leaves (Poethig, 1990). The
mutations controlling juvenile-leaf production in maize act on apical meristems
to delay its transformation to the floral stage and promote development of the
juvenile leaf (Bassiri et al., 1992). In the maize Tp 1 mutant, it has been shown
that Tpl controls the generation and distribution of a diffusible substance

which initiates development of juvenile traits (Poethig, 1988).

In addition to genetic regulation, leaf development is strongly influenced
by the hormonal status of the leaf. For example, in heterophyllic aguatic
species, ABA treatment of the submerged shoot initiates development of aerial
leaves, which normally requires exposure to an aerial environment (Mohanram
and Rao, 1982). It is proposed that the emergence of the shoot from water
results in osmotic stress leading to ABA production and, consequently, aerial
leaf development (Goliber, 1989). The young, expanding leaves have higher
abscisic acid levels than mature leaves (Raschke and Zeevaart, 1976; Zeevaart,
1980). In woody angiosperms gibberellic acid treatment can induce the

formation of juvenile leaves from adult shoots (Rogler and Hackett, 1975).

In several instances hormones have been implicated in regulation of leaf
expansion and differentiation. In many dicots the application of cytokinin

initiates expansion of cotyledong/leaf (Scolt and Liverman, 1957), which



normally requires exposure to light to trigger leaf expansion (Sangeetha and
Sharma, 1988; van Volkenburgh and Cleland, 1979, 1986). In grasses, the
unrolling of leaf in seedlings isinitiated by light and accompanied by a distinct

hormonal change like an increase in gibberellic acid level (Virgin, 1989).

Higher cytokinin contents have been found in immature leaves and
apical budsthan in mature leaves. Application of cytokinins could promote |leaf
unfolding and expansion in intact plants (Leech, 1985). It has been reported
that the young expanding leaves are the richest source of auxin. The highest
concentration of auxin has been found at the leaf base (Allen and Baker, 1980).
In basal tissue of the 6th leaf from the bottom in 28-day old maize plants, the
IAA level was 2 to 3 times more than that in the apical segments. The auxins
at high concentrations inhibited the development of the mesophyll without
affecting vein extension (Gifford, 1953). In many dicot species evidence has
been obtained that GA; may function in regulating leaf growth. GAg
application alters leaf shape in many species (Jones, 1987), and leaf growth is
altered in GA-deficient mutants of tomato (Koornneef et al., 1980) and pea
(Ross et al., 1993). Ethylene inhibits leaf expansion. The inhibition involves a
general reduction in leaf dimensions, rather thanjust a reduction in mesophyl|
tissue. The application of ethylene inhibits leaf expansion by inhibiting cel
division (Leopold and Kriedemann, 1978, Scott and Possingham, 1982).

The development of the leaf is strongly influenced by light, a
phenomenon which is most predominantly seen during seedling development.
The dark-grown seedlings of dicots possess a hypocotyl hook and unexpanded

leaves or plumules. Exposure to light initiates photomorphogenic devel opment
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of these seedlings where light activates plant photoreceptors like the UV-B
photoreceptor, UV-A\blue photoreceptor and phytochrome, leading to
leaf/cotyledon expansion in dicots, and unrolling of leaves in monocots
(Shropshire and Mohr, 1983). While the genotype of the plants determines size
and shape of ledf, light strongly influences cellular differentiation of leaves,
leading to the formation of chloroplasts and induction of several enzymes
(Kendrick and Krorenberg, 1986). While it is known that many of light's effects
are mediated by activation of plant photoreceptor phytochrome, the

components involved in the signal chain are not yet known.

Recently great emphasis has been laid on identification of components
which regulate photomorphogenetic development of leaf/cotyledon using
Arabidopsis as a model and selecting mutants which in dark possess the
phenotype of light-grown plants. In Arabidopsis, several loci have been
identified such asdetl,copl, 2, 3, 4, 5 and 9 (Chory, 1992; Chory et al., 1989,
1991; Deng et al., 1991, 1992) which initiate in dark-grown seedlings with a
phenotype characteristic of light-grown plants. Of these mutants cop2 , 3, 4
show the expanded cotyledon which is characteristic of light-grown plants, but,
at the same time, have undifferentiated plastids (Hou et al., 1993). Further,
the above cop mutations do not affect hypocotyl development but only regulate
cotyledon development.

It is apparent from these studies that the process underlying leaf
development is controlled by several regulatory factors, which are both
interdependent as well as independent of each other and lead to cdll

differentiation. Sun et al., (1993) have shown that the detl mutant lacks a
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phosphoprotein which specificaly binds to the promoter of cab 140 gene of
Arabidopsis. The protein acts as a repressor of the above gene, as mutant
seedlings express a high level of cab mRNA in darkness and do not respond to
brief red light. The gene product of the cop9 gene encodes a protein with the
characters of both G-proteins and Zinc binding proteins (Deng et al., 1992),
which may play arole in carrying a signal from photoreceptor to promoter of

light-regulated genes.

In addition to the above factors, the cellular position too can determine
the cellular differentiation process. The accumulation of photosynthetic gene
productsin B and M cells is associated with vascular development (Langdale
et al., 1987, 1988). The veins limit transport of factors essential for the
development of these cell-types. Maize cells that are close to the vein show a
C, type localization of Rubisco in B cells, whereas cells which are far off show
a C; type localization of Rubisco, which suggests that veins might produce a
signal which is needed for differentiation of B and M cdll specific localization
of C, enzymes. In the monocot leaf a magjor signal that influences a C, type
gene expression is light. In dark-grown plants Rubisco is present in both B and
M cells in a C4 pattern, but on exposure to light Rubisco decreases in M cells

and increases in B cells.
2.1.3 Chloroplast biogenesis

The development of chloroplast and leaf are two different processes, but
chloroplast development is coordinated and regulated by leaf development.
Chloroplasts are derived from small undifferentiated proplastids which are
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maternally inherited in plants. The proplastid is a small organelle, 0.5-1.0um
in diameter, without a distinct internal architecture characteristic of the
mature chloroplasts and possesses low amounts of nucleic acids and proteins.
The meristematic cells of plant possess only proplastid which differentiates
into chloroplast during leaf development. In differentiating mesophyll cells,
proplastids transform into chloroplast, a process which is light dependent. The
development of a fully functional chloroplast involves regulation of both
nuclear and plastidic genes (Mullet, 1988; Mayfield, 1990). However, signals

triggering chloroplast development are still not known.

Chloroplast development in angiosperms goes to completion only in the
presence of light (Thomson and Whatley, 1980). The development of proplastid
to etioplast or chloroplast is regulated by differentiation of leaf cells and
availability of light. In absence of light, development follows a different
strategy leading to an etioplast stage, characterized by the presence of
prolamellar bodies (Weier and Brown, 1970) and a small amount of
protochlorophyll. The etioplast to chloroplast differentiation requires the
phototransformation of the protochlorophyllide to chlorophyllide (Akoyunoglou
and Akoyunoglou, 1986). Light-dependent transformation of etioplasts to
chloroplasts may proceed without obvious changes in the rate of transcription
or the stability of transcripts of plastid genes (Krupinska and Apel, 1989).
However, etioplasts do not synthesize a limited set of chloroplast-encoded
polypeptides, major constituents of thylakoid membranes (Klein and Mullet,
1987).
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Monocot leaves offer a special model to study the process of chloroplast
biogenesis since, a a given stage of development, it consists of a gradient of
cells of differing maturity. Chloroplast development occurs during the
conversion of meristematic cells of the leaf base into mature mesophyll cells of
the expanded lesf. The plastid and nuclear gene expression is active in the
dividing cel of the meristem perpetuating the proplastid population (Mullet,
1988). Ultrastructural examination of different segments of light-grown barley
leaf showed different plastidic forms right from the leaf base, proplastids,
amyloplasts, amoeboplasts and protochloroplasts in the base region and
chloroplastsin the middle and tip region (Fig. 1). Plastid development in light-
grown plants involves an obligatory amyloplast stage athough eoplasts
themselves do not contain significant quantities of starch. After the
amoeboplast and protochloroplast stages of development the sizes and numbers
of starch grains fall and rise again when photoreduction, photophosphorylation
and CO, fixation become operational in the chloroplasts (Fig. 1) (Wellburn
et al., 1986). In dicots early amyloplast developmental stage has been observed.
The reported amoeboid stage that follows the amyloplast phase has not been
observed and starch persists until quite late in the development of the
chloroplast (Saito et al., 1990). During maturation of leaf cells a marked
increase in levels of chloroplast proteins has been observed (Ougham et al.,
1987).

In monocot plants, the developmental strategies of chloroplasts depends
on positional localization in cells. In the basal region of light-grown |leaves, B

and M chloroplasts are indistinguishable, do not possess starch, or granain B-



Figure 1. El ectron mi crograph show ng gradi ent of chl oropl ast
devel opnent al ong the | ength of barl ey | eaf (FromWel | burn
et al., 1986).
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chloroplast, and 2-4 grana in M-chloroplasts. In the center of the leaves there
is a differentiation of chloroplasts, and the M-chloroplasts have 810 lamelle
but no starch, while B-chloroplasts have starch in some cells but rarely have

grana (Perchorowicz and Gibbs, 1980).
214 Biochemical gradients in monocot leaves

The monocot leaf provides a spectrum of cells at different developmental
stages and has therefore been utilized to study various aspects of ledf
development in both C4 plants, e.g, barley (Viro and Kloppstech, 1980) and C,
plants, eg, maize (Aoyagi and Bassham, 1986). The biochemical specialization
of different cells is evident from possession of a distinct gradient of chloroplast
from base to leaf tip with diminutive proplastid at base and fully functional
chloroplast at tip (Baker and Leech, 1977).

Monocot leaf possess a distinct gradient of Rubisco accumulation parallel
to chloroplast development with maximal Rubisco protein to chloroplast
development with maximal Rubisco Protein being in apical region of lesf.
However the accumulation of the gene transcript for SSU and LSU of Rubisco
and the polypeptides in maize leaf do not correlate well in the basal region of
the lesf. While mRNA for LSU and SSU can be detected within 1 cm from leaf
base, the respective polypeptides accumulate only 2-4 cm from the leaf base
(Martineau and Taylor, 1985). In contrast, accumulation of PEP carboxylase
mRNA and its polypeptides commences 4-6 cm from the leaf base, and that of
LHCP, both mRNA, and polypeptide accumulates progressively from the leaf
base (Martineau and Taylor, 1985). It isbeen hypothesized that appearance of
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Rubisco polypeptides isin some way linked to differentiation of M and B cells.
In barley leaves, the expression of LU of Rubisco and Rubisco activase
transcripts follows a gradient with increasing level towards the tip, but cab
transcript level peaked at 2 cm from the leaf base and its level declined
towards the tip (Zielinski et al., 1989). Remarkably, the mitochondrial gene
expression and differentiation shows a gradient with a maxima at the leaf base
and a decline towards the tip of the leaf (Topping and Leeve, 1990), with
maximal activity in the basal 2-3 cm of the leaf. Obvioudly, the gradient of

mitochondria, and chloroplast development run opposite to each other.

The establishment of the distinct gradient of biochemical specialization
mentioned above depends on two factors, viz., cdl position and illumination;
particularly with respect to the development of chloroplasts and associated
proteins. Dark-grown barley leaves possess a distinct gradient of plastid
development with diminutive proplastids (1.0 um) at the base and well-
differentiated etioplasts (4.5um) at the tip. Moreover, the tip cells have more
plastids per cell than the basal region. The illumination of plants stimulates
plastid differentiation in al segments of leaf and within 48 h the plastids are
more or less of the same size and different cells possess the same number of
plastids per cell (Robertson and Laetsch, 1974). Along with plastid differen-
tiation, illumination also increases expression of nuclear and plastidic genes
encoding for plastidic proteins in leaf cells (Nelson and Langdale, 1992). The
appearance of these mRNA and polypeptides along the leaf length follows a
distinct gradient, eg, light stimulates PEP carboxylase mRNA from the basal
level with an increased leve of transcript towards the tip (Nelson et ed., 1984,
1989).
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The requirement of light is not obligatory for the accumulation of these
proteins and a small amount of Rubisco is found in dark-grown maize
seedlings, but it is present in both B and M cells (Sheen and Bogorad, 1987,
Langdale et al., 1987). Since Rubisco in light-grown leaves is only localized in
B cells, it is apparent that in dark-grown maize leaves, the influence of cdl
position on Rubisco expression is not evident. However, on illumination of
maize leaves, there is a suppression of Rubisco in M cells and expression in B
cells leading to the appearance of the observed distribution gradient of the
plastidic enzymesin B cells alone (Nelson and Langdale, 1992). Moreover, after
onset of illumination, Rubisco in M cells is degraded at a faster rate than that
in B cells.

Cell position also determines the expression of genes associated with
biochemical specialization of Kranz anatomy. It was observed that veins exert
an influence on biochemical specialization of nearby cells, and accumulation of
C, proteinsis maximal near veins. Further, as cells are distinct from veins, the
level of these proteins declines and as a consequence, even parenchyma cells
far from the vein express the gene for Rubisco which is supposed to be
restricted to B cells (Langdale et al., 1988). It has been suggested that
positional control of B cells on expression of C4 enzymes is positive and acts
locally within a small radius of each vein (Nelson and Langdale, 1992). The
influence of light was related to its intensity and low light favored
accumulation of Rubisco in M cells while high light favored accumulation of
both Rubisco and PEP carboxylase (Usuda et al., 1985). It is evident that light
plays a dual role in the monocot C, ledf: it stimulates the level of plastidic
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enzymes and also suppress the expression of genes (e.g., Rubisco) in incorrect

cdl types.

Evidently, the expression of genes in the developing leaf occurs after
integrating the information about cell types, position and light level. There
have been many studies to identify cis-acting elements and trans-acting factors
in order to understand how this information is generated and expressed at the
molecular /genetic level. While the studies on light regulatory promoter
elements are quite advanced and have been extensively reviewed (Gilmartin
et al., 1990; Thompson and White, 1991), the information about elements
responsible for M or B cell specific expression is very limited. Since many C,
genes, such as ppc, ppdk, rbcS, can express in dicot C, plants like tobacco
(Matsuoka and Sanada, 1991), it is evident that the B and M cell's specific
expression is dependent on endogenously encoded trans-acting factors
(Matsuoka and Numazawa, 1991). It has been suggested that C, genes are
differently methylated in M and B cells and may help to explain expression
pattern of C, genes (Ngernprasirtsiri et al., 1989; Langdale and Nelson, 1991).
Bansal and Bogorad (1993), using gene bombardment on maize-leaf cells,
identified four sequence elements which are involved in differential regulation
of cab-m-1 gene expression in M and B cells. sequence | (-1026 to - 989) and
[1 (-949 to -937) are needed to repress the gene in B cells, and sequences I, 111
(-936 to -897) and 1V (-896 to -850) are needed to strongly enhanced expression
in M cells. The factors determining suppression and enhancement in B and M

cells are yet to be identified.
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22 STARCH MOBILIZATION

In green leaves, the surplus carbohydrates generated during
photosynthesis are stored in the form of starch in chloroplasts. Starch content
is higher during the day, during which photosynthesis favors starch
accumulation in chloroplasts its level declines during the night, when the
sugars are generated by its degradation. Starch is mobilized to other plant
parts viapholem. In tissues like seeds/tubers, starch is continually present till
onset of a new phase of growth and development and is called ‘storage’
carbohydrate. The photosynthetically generated starch is called 'transitory’
starch to signify diurnal oscillation in its level in active photosynthesizing

tissues.

The studies on starch degradation in seeds/tubers have revealed that
breakdown of starch is mediated mainly by a small number of enzymes, viz.,
starch debranching enzyme, phosphorylase and amylases, which act on starch
to generate sugars. The process of starch biosynthesis and its degradation have
been extensively reviewed (Preiss, 1984; Beck and Ziegler, 1989). In the
present review, an overview of presence, localization, regulation and molecular
properties of amylases and phosphorylase in green leaves is presented, and is

compared with properties of enzymes present in storage tissues.

AMYLASES

Amylases are principal starch degrading enzymes and are present in

both plants and animals. In plants, amylases can be distinguished into two
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principal forms on the basis of their action on starch molecules, which are long
linear polymers of glucose with a high degree of branching. The amylase
hydrolyzing internal glycosidic bonds of starch leading to fragmentation of
molecule is called as x-amylase or endoamylase, while the one selectively
removing reducing-disaccharide maltose from the non-reducing end of the
starch is called as p-amylase. The properties of both enzymes from green

leaves are reviewed below.
2.2.1 «-amylase

«-amylase (1,4-x-D-glucanglucanohydrolase, E.C.3.2.1.1) catalyzes the
endohydrolysis of 1,4-x-D-glucoside linkages of starch and related poly- and
oligo-saccharides. On incubation with starch, «-amylase action is

characteristically seen as a decrease in the viscosity or liquification of starch.
2211 Physicochemical properties

«-amylase iS a metalloprotein (Fischer and Stein, 1960), possessing one
atom of Ca®* per molecule of enzyme (Bush et al., 1989). The structure of the
Ca?* binding domain is nearly similar in al «-amylases. The presence of Ca
is essential for «-amylase activity, as removal of bound Ca2* by incubation
with either EDTA or EGTA results in a complete loss of its enzymatic activity
(Thoma et al., 1971; Koshiba and Minamikawa, 1983). The activity of x-
amylase can be restored by removing the chelator and providing Ca%* (Huang
and Kao, 1992). The role of Ca%* in maintaining amylase stability is now well

recognized and therefore Ca?* isincluded in the incubation medium alongwith
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<-amylase to stabilize its activity. It has also been shown that in presence of
calcium (10 mM) «x-amylase can be subjected to heating at 70°C for 5 min to
5 h, without any significant loss of catalytic activity (Stein and Fischer, 1958;
Koshiba and Minamikawa, 1983; Beers and Duke, 1990) and this property has
been used to distinguish «x-amylase from other starch hydrolyzing enzymes.
However, it is now recognized that x-amylases may exist in two sub-groups,
Amy1 and Amy2 and one of it possesses lower affinity for Ca2* and is largely
insensitive to chelation by EDTA (Bush et al., 1989). For instance, Jacobsen
et al., (1986) found that EDTA inactivates Amy2 of barley seed but not Amyl.
Likewise, endoamylase from spinach chloroplast too has no apparent
requirement for Ca , lacks heat stability, and is sensitive to sulfuhydral

oxidizing agents (Okitaet al., 1979).

«-amylase is stable in pH ranges 55 - 8 (Beers and Duke 1990), but
denatures rapidly at acidic pH, eg., a 3.6 (Thoma et al., 1971). x-amylases in
many plant species are devoid of cysteine and therefore are not susceptible to

damage by SH reagents (Preiss and Levi 1980).
2212 Seed =-amylase

The molecular properties and regulation of x-amylase in plant systems
are best characterized in barley, summarized below, where GA-induced =x-
amylase synthesis has been investigated in great detail to decipher molecular
mechanisms of hormone action. In essence, in barley, x-amylase is encoded by
2 multigene families, located on chromosome 1 and chromosome 6 respectively

(Knox et al., 1987). The gene family located on chromosome 6 consists of four
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genes which encode polypeptides for x-amylase whose isoelectric point is about
5 and are caled low pl amylases (Muthukrishnan et al., 1983). The gene family
located on chromosome 1 is more complex and consists of at least 7 genes,
which encode for polypeptides of «-amylase bearing higher isoelectric point of
about 6 and are therefore called high pI amylases (Khursheed and Rogers,
1988). Both groups of amylases are characteristically different in terms of their
regulation by hormones, and requirement of Ca2* for stability and secretion.
It is pertinent to note that x-amylase iS a secretary protein and after synthesis
it is translocated to the cell exterior via the endoplasmic reticulumgolgi body
pathway (Jones and Jacobsen, 1991). The role of gibberellins in inducing =-
amylase synthesis and secretion in barley seed is well known and has been

extensively reviewed (Beck and Ziegler, 1989; Fincher, 1989).
2213 Leaf x-amylases

There have been relatively few studies concerning «-amylases in leaf. In
comparison to seed amylases, only a little information is available regarding
the physicochemical properties and regulation of leaf amylases. Basically, «-
amylase isolated from leaf/cotyledons possesses similar physicochemical
properties as seed amylase; however knowledge about them is fragmentary.
The presence of «=-amylase in green leaves has been detected in many plant
species (Gates and Simpson, 1968) such as spinach (Okita and Preiss, 1980),
pea (Ziegler, 1988), barley (Jacobsenet al., 1986), Arabidopsis (Lin et al., 1988),
mai ze (Echeverria and Boyer, 1986) to name but a few. However, in view of its

low activity in leaves, its purification and molecular characterization have been
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done only in pea (Ziegler, 1988), spinach (Okita and Preiss, 1980) and
Arabidopsis (Lin et al , 1988).

The properties of pea leaves x-amylase is summarized below. The
molecular weight of purified pea x-amylase is 45 kD, which is also close to the
molecular weight of seed amylases, which range between 40-50 kD. The
enzyme activity depends on the presence of Ca?* ion in incubation media, as
inclusion of 10 mM EDTA results in a rapid loss of activity pointing out the
Ca?* metalloprotein nature of the leaf enzyme. As is the case with cereal seed
oc-amylases, excess calcium stabilizes purified «-amylase against denaturation,
effect of heat and low pH. There is no inhibition of amylolytic activity of the
above amylase by =-,8- or y-cyclodextrins but heavy metal ions, particularly
mercury, strongly inhibits «-amylase activity. Similarly, maltose also inhibits
oc-amylase activity. On other hand, the activity of the enzyme is unaffected by
the presence of sulfuhydryl reagents like DTT, and sulfhydryl oxidizing or
alkylating reagents lead to only a moderate loss of activity. The substrate
specificity and activity patterns of pea oc-amylase on various substrates is akin
to seed x-amylase. The pH maxima of amylase is at 6.0 in Na-acetate buffer.
It is clearly evident that physicochemical properties of «-amylase purified from
pea leaves are very similar to seed amylase and it possesses aimost al the
characteristic properties of oc-amylases. The molecular properties of x-amylase
isolated from shoots and cotyledons of pea (Swain and Dekker, 1966; Beers and
Duke, 1990) are identical to pea leaf amylase (Ziegler, 1988), as the peptide

maps and molecular weights of these amylases are the same.
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It is now known that within the oc-amylase enzyme family, two kinds of
amylase can be recognized: type B which are EDTA sensitive but insensitive
to -SH reagents, and type A which are insensitive to EDTA but sensitive to -
SH reagents (Jacobsen et al., 1986). It has been reported that while pea =-
amylase belongs to type B, in barley (Jacobsen et al., 1986) and spinach |leaves
(Okita and Preiss, 1980), x-amylases are of the A type. In spinach leaves,
though x-amylases have almost all the typical properties of oc-amylases, such
as substrate specificity and atypical action pattern on amylose. But unlike the
typical x-amylase, itisresistant to EDTA or EGTA, it is completely inactivated
on heating at 65°C even in the presence of Ca?*, and -SH modifying reagents
also reduces its activity (Okita and Preiss, 1980). Similarly, oc-amylases from
Arabidopsis leaves lose its activity on heating at 60°C even in the presence of
20 mM Ca (Lin et al,1988). In Arabidopsis lesf, while x-amylase was detected
on the basis of its capacity to hydrolyze p-limit dextrin, analysis of its products
revealed generation of only maltose (Lin et al , 1988). It is evident that
depending on the species, leaf amylases may basically constitute 2 groups

which can be distinguished as type A and B.

In green leaves, in view of generation and localization of starch in the
chloroplast, it is expected that the oc-amylase of the leaf is a plastidic enzyme.
However, the localization of oc-amylase in plastids has still not been
unequivocally demonstrated: e.g., while the presence of an oc-amylase in
chloroplasts has been reported for sugar cane (Bourne et al., 1970), pea
(Ziegler, 1988), other reports are equivocal about its presence (Beers and Duke,

1990). In barley, no oc-amylase could be detected in chloroplast (Jacobsen et al.,
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1986). Most reports favor the view that a part of a-amylase activity of green
leaves may be plastidic in nature, and this plastidic enzyme may possess
properties of either type-A or type-B «-amylases. In spinach leaves, Okita and
Preiss (1980) detected both chloroplastic and extrachloroplastic x-amylases
which had characteristics of type-B amylases, and about 5% of a-amylase was
in chloroplasts. In pea leaves, while a mgjor amount of a-amylase is present
in the extracellular compartment, chloroplast possesses about 5% of total «-
amylase activity (Ziegler, 1988). The extracellular a-amylase is predominantly
present in apoplasts in the cell walls of pea leaves and shoots, but plastidic =-
amylase has been envisaged as a contamination (Beers and Duke, 1990). In
Vicia fab a leaves, about 40% of a-amylase activity is likely to be associated
with chloroplasts while the rest is localized outside plastids (Ghiena et al.,
1993). The presence of x-amylase in chloroplasts in many species is still

doubtful due to lack of convincing experiments.

The location of extraplastidic a-amylase is presumed to be cytosol.
However, Ziegler (1988), on isolating protoplasts from pealeaves observed that
in comparison to lesf, protoplast contained much lower x-amylase activity,
suggesting that a significant amount of a-amylase may be located in
extracellular compartments. The infiltration experiments conducted on pea
stem indicate that about 87% of a-amylase activity is located in the apoplast
in cell walls (Beers and Duke, 1990).

The regulation of a-amylase activity by GA in barley seeds, now a classic
observation, signifies hormone-mediated gene expression of a-amylase in

aleurone layers. In comparison, the role of hormones in induction of a-amylase
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in green leaves is not evident. In the same barley leaves, water stress rather
than GA stimulated accumulation of «-amylase in leaves (Jacobsen et al.,
1986). The above accumulation results via stress-mediated induction of «-
amylase mRNA which lead to de novo synthesis of «-amylase protein, which
belongs to only type-A «-amylase. It is interesting to note that while barley
seeds have low pl and high pl amylases, in leaves only low pl amylase is
present, and it is not translocated to the chloroplast but rather is present in
the extraplastidic compartment. The question whether the signal peptide of «-
amylase, which directs its secretion in aleurone layer cells, isredundant in leaf
cells still needs to be examined. In pea leaves, the level of x-amylase, which is
principally located in the apoplast, is in some way determined by chloroplast
density and function (Saeed and Duke, 1990b). In fact, the loss of functional
chloroplast by Norflurazon treatment increased the «-amylase level in the
apoplast by about 80-fold (Saeed and Duke, 19904). It has been postulated that
chloroplast produces a negative signal for regulation of oc-amylase activity in
pea, and in some organs, eg. Senescening leaves, increase in x-amylase
activity may result due to loss of chloroplasts (Saeed and Duke, 1990a,b). Since
«-amylase purified from different organ of pea such as cotyledon/stem/leaves
appears to be the same (Ziegler, 1988; Beers and Duke, 1990), the putative

signal directing secretion of x-amylase to the apoplast is also not known.

While hormonal involvement in regulation of «<-amylase activity in green
leaves is not seen, hormones have been implicated in the regulation of «-
amylase activity in hypogeal cotyledons of pea seedling, which serves as a

storage organ, where the axis induces de novo synthesis of x-amylase in pea
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cotyledons (Hirasawa, 1989; Hirasawa and Yamamoto, 1991). In contrast to
barley where water stress promotes accumulation of a-amylase, in deep- water
rice submergence of shoot promotes an increase in a-amylase activity at the
internodes (Smith et al., 1987), which can also be induced by GA4 or ethylene
treatments to excised internodes. In bean stem, the modulation of a-amylase
level correlates with cellular disassembly (Davis, 1984). In mung bean
cotyledons, a-amylase development is blocked by an endogenous inhibitor
whose action can be blocked by auxins, or imbibition of the cotyledon in water
(Morohashi et al., 1989). In tobacco leaves too, activity of two apoplastic «-
amylases greatly increases on infection with tobacco mosaic virus (Heitz et al.,
1991) and the a-amylase induction is characteristically similar to other

pathogenesis-related proteins.

One important factor which may influence the x-amylase activity in
shoot/green tissue is light. Light may have a two-fold effect on amylase
activity, first, by promoting photosynthetic generation of starch, and second,
by stimulating chloroplast biogenesis, aprincipal site of a-amylase localization.
In spinach chloroplast, amylolytic activity oscillates in a diurnal fashion in
light/dark phase, the activity being twice as high in the dark phase. It has
been presumed that diurnal oscillation of stromal pH may modulate the
amylolytic activity of chloroplasts. In leaves of developing maize seedlings, very
little influence of light has been observed on the activity of «x-amylase
(Subbarao, 1992). However, a detailed analysis of the a-amylase level along the
axis shows that in maize leaves a-amylase activity is photostimulated

particularly at the base of the leaf (Datta, 1992) and is present in both B and
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M cells (Echeverria and Boyer, 1986). In contrast, in maize coleoptile and
radicle on transfer to light an induction of isozyme band is observed, which has
been interpreted as photoinduction of an amylase isozyme which could be a g-
amylase (Segundo et al., 1990). However, the interrelationship between

chloroplast biogenesis and =-amylase induction is yet to be investigated.
2.2.2 p-Amylase

p-amylase (1,4-D-glucanmaltohydrolase, E.C. 3.2.1.2), was named after
the product p-maltose, by Kuhn (1925) and Ohlsson (1930). It is present in a
few species of higher plants and microbes, but is absent in animals (Thoma
et al., 1971). It hydrolyzes amylose from its non-reducing end, releasing p-mal-
tose, and leading to a complete hydrolysis of amylose. Since, it can not bypass
«-1,6-glucoside linkages; thereby, the hydrolysis of amylopectin results in g-
limit dextrin. B-amylase is unable to hydrolyze native starch grains from pea

and glucans smaller than maltotetraose (Lizotte et al., 1990).

2221 Physicochemical properties

B-amylase has abroad pH optima of 4.0-5.5, and requires free sulfhydryl
groups for activity. It is believed that the active center of B-amylase contains
a -SH group, because on incubation with SH reagents like p-
chloromercurybenzoate, N-ethylmaleimide, B-amylase activity is inhibited
(Thoma et al., 1971). However, it has aso been suggested that there is no
direct involvement of -SH groups in the enzyme reaction (Mikami and Morita,

1983). p-amylase has no disulfide bridges and 2 -SH groups were deeply buried
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inside the enzyme. Heavy metals as well as other thiol binding reagents inhibit
B-amylase activity (Thoma et al., 1971).

2222 Seed B-amylase

As with =-amylase, the molecular properties of g-amylase summarized
below, have been best studied from the storage organs particularly from barley
seeds. B-amylase in barley is encoded by 2 genes, one located on chromosome
4 (Jonassen et al., 1981) and a second locus on the short arm on chromosome
4 (Kreis et al., 1988). The MW of barley p-amylase, predicted from its cDNA
sequence from barley is 63 kD, which is also close to MW of purified g-amylase
protein. However, in the presence of reducing agents 4 forms can be purified
from seeds having MW 59.7 kD, 58 kD, 56 kD and 54 kD with corresponding
isoelectric points 5.2, 5.3, 5.5 and 5.7 respectively. These multiple forms of p-
amylase result from C-terminal processing of a single gene product of g-
amylase by proteases (Lundgard and Sevensson, 1987). Unlike x-amylase,

which is induced de novo during barley seed germination, p-amylase in barley

endosperm is synthesized during seed development along with storage proteins,
and is stored in a latent form which is activated during germination by post-
translational modification (Lundgard and Sevensson, 1987). The majority of 8-
amylase in barley endosperm exists in a bound form which is considered to be
latent or inactive. The proteolysis or reducing agents rel eases the enzyme from
bound form and also increases its activity (Sandergren and Klang, 1950). The
notion that bound p-amylase is latent and free p-amylase is active has been
guestioned recently as it has been shown that reduced activity of bound B-

amylase is due to steric hindrances (Sopanen and Lauriere, 1989).
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2223 L eaf B-amylases

In barley, the developing endosperm possesses 2 B-amylase isoforms.
One appears early in endosperm development and is followed by the other
which is the mgjor enzyme of barley endosperm. Both enzymes are encoded by
different population of mRNA whose levels correspond to development of two
respective f-amylase proteins (Shewry et al., 1988). It has been found that the
p-amylase encoded by the locus on chromosome 4 is the major seed form of -
amylase while other enzyme encoded by chromosome 2 constitutes the protein
expressed in the leaves and shoots (Shewry et al . 1988; MacGregor and
Dushickn, 1989). Similarly, two distinct p-amylases have also been reported
in wheat and rye, one which was specific to starchy endosperm, and another
present in root, leaves or green tissue (Daussant and Lauriere, 1990; Daussant
et al., 1991). It is found that while one B-amylase has an endosperm-specific
promoter and is expressed only during seed development, the other B-amylase
is ubiquitously expressed and therefore is also present in other organs of

plants.

A perusa of cDNA sequence of the ubiquitous and endosperm-specific
B-amylase seguence of rye reveals that ubiquitous B-amylase is only 77%
homologus with endosperm B-amylase (Sadowski et al., 1993; Rorat et al.,
1991). It is also distinct from dicot B-amylases and on comparison with
Arabidopsis leaf B-amylase, it shows only 61% homology (Monroe and Preiss,
1990) and shows 62% homology with sweet potato tubers p-amylase.
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In contrast to cereals however, sweet potato p-amylase gene is encoded
by only one gene (Yoshida et al., 1991, 1992). Recently, Ishiguro et al., (1993)
detected a nuclear factor which binds 6’ upstream seguence of p-amylase gene

in sweet potato and is a member of bZIP family.

The cDNA clones of the ubiquitous p-amylase of rye have been obtained
and its properties have been compared with endosperm-specific p-amylase
(Sadowski et al., 1993). It codes for 503 amino acids and has a deduced MW of
56,700 daltons. It differs characteristically from endosperm specific p-amylase
of cereals as it lacks gly-rich repeat sequences in the C-terminal of p-amylase.
In contrast to endosperm specific p-amylase which undergoes as C-terminal
specific proteolytic processing, ubiquitous p-amylase (lacks C-terminal repeat

region) does not undergo this processing (Daussant et al., 1991).

In green tissue, p-amylase has been purified from Vicia faba leaves
(Chapman et al.. 1972), mustard cotyledons (Subbaramaiah and Sharma,
19873, 1987b, 1988), Arabidopsis (Lin et al., 1988), pea epitocyl (Lizotteet al.,
1990) etc. The leaf p-amylase basically possesses molecular properties similar
to the p-amylase of storage tissue, but differs in a few aspects. The pH optima
of mustard p-amylase is 5.8-6.2 which is more towards neutral pH then that
of potato or barley which range between pH 4 to 5 (Subbaramaiah and
Sharma, 1990; Lin et al ,1988; Greenwood and Milne, 1968). Also mustard p-
amylase is not susceptible to inhibition by cyclodextrins which are competitive
inhibitors of p-amylase (Thoma and Koshland, 1960), while pea p-amylase is
slightly inhibited (Lizotte et al , 1990). The specific activities of leaf p-amylase
is aso lower than that of seed p-amylase (Lin et al., 1988).
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f-amylases from leaf constitute a heterogenous group with molecular
weights in range of 50 - 65 kD (Subbaramaiah and Sharma, 1988; Lizotte
et al., 1990), with Vicia faba p-amylase being an exception with a MW of 27
kD: in contrast to other p-amylases which exist as monomer, it is present as
atetramer in leaves. p-amylase from mustard cotyledon (Subbaramaiah, 1987),
and pea shoot (Lizotte et al., 1990), do not bind to concanvalin A and are not
glycoproteins. p-amylase from mustard (Subbaramaiah and Sharma, 1987b),
and pea (Lizotte et al., 1990), also have isoelectric points more towards the
acidic side, than that of p-amylase storage tissues. Both mustard and pea p-

amylase do not require SH-groups for catalytic activity of enzyme.

Analogous to «-amylase, in the majority of plant species, p-amylase in
leaves is located in extraplastidic fractions. In afew cases, the presence of 8-
amylase has been detected in chloroplasts, eg., in Arabidopsis (Lin et al.,
1988), pea (Kakefuda, et al., 1986; Levi and Preiss, 1978), but a cytoplasmic
contamination contributing to presence of p-amylase in chloroplast can not be
ruled out (Beers and Duke, 1990). Moreover others have failed to detect p-
amylase activity in pea chloroplasts (Ziegler, 1988). In mustard cotyledons, p-
amylase activity is localized exclusively in cytosolic fraction; no p-amylase
activity has been detected in chloroplast (Manga and Sharma, 1990). While
chloroplastic localization of p-amylase is uncertain, vacuoles isolated from
protoplasts of pea, wheat and Arabidopsis (Monore and Preiss, 1990), showed
high activity of p-amylase (Ziegler and Beck, 1986). However, in spinach and
Chenopodium, p-amylase is cytosolic in nature (Ziegler and Beck, 1986). The

distribution of p-amylase activity in different tissue has not been analyzed in



32

detail. In sweet potato roots p-amylase was present throughout the root
(Hagenimana et ed., 1992), but in broad bean leaves, p-amylase is localized
specifically in the epidermal cell layers (Chapman et ed., 1972).

In general, p-amylase in most species is found in extraplastidic
compartments, but in view of its localization in vacuoles of pea, Arabidopsis
and wheat, the possible vocuolar localization in other species needs to be
examined. The signal directing p-amylase to the vacuole is, however, not
known. Though p-amylase of Arabidopsis is located in vacuoles, its sequence
is also very similar to N-terminal of soybean and sweet potato (Monroe and
Preiss, 1990).

The information on regulation of p-amylase activity in leaf is scanty and
most studies have been concerned only with its detection and localization.
Further, most available information on p-amylase pertains only to cereal seeds
(Panetal., 1988). In mustard cotyledonsinvolvement of GA has been ruled out
in photoregulated increase in amylase activity in leaves. The photoregulated
P-amylase activity results from phytochrome-mediated enhancement of p-
amylase synthesis (Sharma and Schopfer, 1982, 1987). Unlike in cereal seeds,
no inactive form of p-amylase, could be immunochemically detected in mustard
cotyledons, and increase in activity of the enzyme strictly correlated with the

increase in its protein level (Subbaramaiah and Sharma, 1989).

The photoregulation of p-amylase seems to be a characteristic feature
of monocot seedlings too, as it has also been detected in maize seedlings

(Subbarao, 1992). In barley leaves, though water stress enhanced x-amylase
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activity, there was no induction of 6-amylase activity (Jacobsen et al., 1986).
In pea seedlings, chloroplast destruction which specifically elevated «-amylase
activity, showed only a slight stimulation of 6-amylase (Saeed and Duke,
1990b). The most significant elevation of 6-amylase activity has been noticed
in Arabidopsis mutants having altered starch metabolism. Activity upto 40-fold
higher than in wild types has been noticed in mutants, only when it was grown
under 12 h photoperiod, but not under continuous light (Casper et al., 1985).
Interestingly, both starchless and starch-overproducing mutants possessed the
elevated 6-amylase activity. Casper et al., (1989) suggest that sucrose acts as
an inducer of 6-amylase activity in the Arabidopsis mutant. The role of sucrose
on 6-amylase induction is evident in sweet potato petiole cuttings, where
sucrose induces an accumulation of 6-amylase by de novo synthesis of enzymes
(Nakamuraet al., 1991). In addition to sugar, a slight induction of 6-amylase
has also been noticed with respect to light (Nakamuraet al., 1991).

The functional role of extraplastidic 6-amylase in shoots is not yet
known. It is likely that 6-amylase located in the extraplastidic fraction may
have a defense related function (Ohto et al., 1992), as chitosan and galactosan
fragments can induce 6-amylase synthesis in leaf petiole cuttings of sweet
potato (Ryan and Farmer, 1991). Moreover, expression of 6-amylase gene can
also be induced by ABA and induction by all of above promoters can be
suppressed by GA (Ohto et al., 1992). However, more information is needed to

establish a clear role of extraplastidic 6-amylase.



2.2.3 Phosphorylase

Phosphorylases (1,4-x-D-Glucan:orthophosphate D-glucosyltransferase,
E.C. 24.1.1.) are transglucosylases that catalyze the reversible transfer of
glucose residues between (1 >4) =-D glucan and inorganic phosphate.
Phosphorylase activity can be detected in al starch-containing plant tissues.
Phosphorylase can act both as glucan degrading and glucan-synthesizing
enzyme (Beck, 1985; Tsai and Nelson, 1968, 1969), depending on relative
concentrations of glucose-1-phosphate and iP. But primarily, it is adegradative
enzyme (Steup, 1988, 1990). It degrades linear chains of (1 >4) x-linked
glucose residues in the presence of inorganic phosphate, with the formation of
glucose-1-phosphate. Like «=-amylase, phosphorylase is also present in animals
and plants, and the most characterized phosphorylase is the one purified from
rabbit muscle. In plants most information about molecular properties of
phosphorylase, summarized below, has been obtained from potato tuber

phosphorylase.

2231 Tuber phosphorylase

Potato phosphorylase (type 1) is alarge molecule containing 916 amino
acids with a MW of about 103916 daltons, and in vivo, it exists as a dimer
(Nakano et al., 1989; Lee, 1960a). Phosphorylase also contains one molecul e of
pyridoxal phosphate per monomer as a cofactor (Lee, 1960b). Potato
phosphorylase can be distinguished from rabbit muscle phosphorylase by lack
of allosteric regulation; and its activity is aso unaffected by AMP (Lee, 19604).
It also has no phosphate and is not phosphorylated by phosphorylase kinase
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from rabbit muscle (Lee, 1960a). It acts on maltose, dextrin, amylose,
amylopectin, but poorly on glycogen (Smith, 1977). Potato tuber also contains
another type of phosphorylase called type Il which has a MW of 90,000
daltons. Unlike type | phosphorylase, it has high activity for glycogen. The type
I phosphorylase is a minor phosphorylase of potato tubers and its level is 100-
fod lower than type | phosphorylase (Gerbrandy and Verleur, 1971,
Shimamura et al., 1982).

The cDNA of potato phosphorylase type | is cloned, it encodes for 966
amino acids, of which 50 amino acids constitute signal peptides directing its
translocation to chloroplast/amyloplasts (Nakano et al., 1989). It is pertinent
to note that 51% and 40% of the amino acid sequence of the above
phosphorylase is identical with rabbit and E.coli phsphorylase, respectively.
However, plant phosphorylase is unique in having an amino acid seguence
consisting of 78 amino acids mostly hydrophobic, near the central portion of

protein sequence (Nakano et al., 1989).

2232 L eaf phosphorylase

Leaf phosphorylase has been purified from a number of plant species
such as maize (Mateyka and Schnarrenberger, 1984, 1988), spinach and potato
(Steup and Schachtele, 1981). In potato lesf, both type | and type Il
phosphorylase are detectable and are located in cytosol and plastid respectively
(Conrads et al., 1986). In ledf, platidic phosphorylase exists as a dimer, has a
subunit of 104 kD, and immunologically cross-reacts to type | tuber

phosphorylase. The minor, type Il phosphorylase of tuber cross-reacts with
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cytosolic phosphorylase of potato leaves and has a molecular weight of 94 kD.
The leaf plastidic and cytosolic phosphorylase represent two antigenically
distinct enzymes as they do not cross-react with each other (Conrads et al.,
1986).

The properties of cytoplasmic and plastidic phosphorylase purified from
spinach leaves have been compared and found similar in many respects such
as activity towards inorganic phosphate during phosphorolysis, and pH optima
of glucan synthesizing and degrading activities (Steup and Schachtele, 1981;
Shimamura et ed., 1982). However, their activity towards glucans varies con-
siderably whereas chloroplastic phosphorylase has &ffinity for linear low
molecular weight maltodextrins and very low affinity for branched polyglucans
glycogen, cytoplasmic phosphorylase possesses high affinity for branched
polyglucans and has low affinity for maltodextrins (Steup et al., 1980, Steup
and Schachtele, 1981). Unlike plastidic phosphorylase, the cytosolic
phosphorylase is effectively inhibited by maltotetrose on cyclodextrins, both
acting as competetive inhibitors (Steup and Schachtele, 1981; Shimamura
et al., 1982). The two phosphorylases are not interconvertible proteins; possess
different primary structure as is evident from the difference in immunological

properties and peptide patterns (Conrads et al., 1986).

The regulation of phosphorylase activity in plant leaves has not been
investigated in detail. In pea cotyledons both cytosolic and plastidic
phosphorylases have been detected and plastidic phosphorylase has been
detected in both proplastids and amyloplasts. The amount of either enzyme

depends on the developmental state of the organ. During seed development,
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cytosolic enzyme is a minor enzyme but plastidic phosphorylase is a mgor
enzyme. However, during germination, the level of plastidic enzyme remains
constant but the level of cytosolic enzyme increases significantly (Berkel et al.,
1991). The plastidic phosphorylase possesses a distinct N-terminal transit
peptide which is processed during its translocation to chloroplast, asis evident
from the fact the MW of precursor and mature polypeptide is 116 kD and 105
kD respectively. In pea, chloroplasts possesses two types of plastidic
phosphorylases, one of which is present in etioplasts and the other appears
during photo-induced in chloroplast biogenesis (Berkel et ed., 1991). Plastidic
phosphorylase in pea cotyledon is localized in the stromal space of the
chloroplast (Berkel et al., 1991). In potato tuber, the location of plastidic
phosphorylase depends on tuber age. In the young tuber, it is present in the
stroma of amyloplasts, and in mature tubers, it is localized outside the

amyloplasts near the membrane of the amyloplasts (Brisson et al., 1989).

In maize leaves, phosphorylase enzyme is present in two distinct
locations, i.e., mesophyll and bundle sheath cdlls, the cytosolic one being
confined to mesophyll, and plastidic one is located in bundle sheath
chloroplasts (Mateyka and Schnarrenberger, 1984; 1988). Both enzymes have
a pH optima around pH 7 and their affinity for substrate is similar to spinach
phosphorylases and akin to cytosolic and plastidic phosphorylase, respectively
(Mateyka and Schnarrenberger, 1988). However, there is no information about
the regulation of phosphorylase in both monocot and dicot leaves during leaf
development. In the only study done, it was observed that, in spinach leaves,

the activity of cytosolic phosphorylase increased after 35 days of sowing by 4-8
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fold, which declined back to initial level by 45th day from sowing. On the other
hand, the level of plastidic phosphorylase remained nearly constant (Hammond
and Preiss, 1983).

Functional role of Starch degrading enzymes

The multiplicity of starch degrading enzymes viz x-amylase, p-amylase
and starch phosphorylase have engendered the question regarding relative
importance and role of these enzymes in the process of starch degradation in
plant tissues. A clear role for x-amylase in degradation of starch is evident in
cereal seeds germination, where de novo synthesized «-amylase after secretion
to endosperm is responsible for the degradation of starch stored in endosperm
(Beck and Ziegler, 1989). The degradation of starch in endosperm is initiated
by «-amylase although other enzymes also participates in this response. The
role of p-amylase in cereal seeds germination is less clear and has been
speculated that due to presence of an excess amount of p-amylase, it may have
a nutritive role as a storage protein (Shewry et a., 1988). In potato tuber
phosphorylase plays a major role in starch mobilization (Steup, 1988; Steup,
1990).

The close association of p-amylase and starch grain in cereal seeds
indicates its logical role in starch degradation during seed germination. Even
dry cereal seeds consist of a low level of free p-amylase which may participate
in the initial degradation of starch during seed imbibition (Pan et al., 1988).
Although p-amylase can not degrade intact starch grains, it can act on

gelatinized starch after boiling (Lizotte et al., 1990). However, p-amylase has
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been demonstrated to attack native starch granules that have not been partly
degraded by other enzymes or solubilized by boiling (Nakamura €t al., 1991;
Sun and Henson, 1991).

Enzyme extracted from resting barley seeds is able to convert the entire
starch content of grain into maltose in less than half an hour at 20°C.
Therefore, it appears that the enzyme present in grain isin large excess with
regards to its enzymatic function. §-amylase activity in cereal seedsis 500-fold
more than needed. A 100-fold reduction would still have enough B-amylase for

the mobilization of endosperm starch (Sopanen and Lauriere, 1989).

The functional role of these enzymes is less clear in photosynthetic
tissues such as leaves. Since a magjor portion of amylolytic enzymes both «-
amylase and B-amylase is localized in extraplastidic compartment, which does
not contain a suitable carbohydrate polymer, there have been doubts about
their importance in mobilization of photosynthetic starch (Dunn, 1974). In
green leaves, B-amylase is reported to be present predominantly in cytosol
(Manga and Sharma, 1990), in few cases in the vacuole (Ziegler and Beck,
1986) and in chloroplasts (Kakefuda et al., 1986; Okitaet al., 1979). Due to the
location of this enzyme outside the chloroplasts, its function is unclear (Monroe

and Preiss, 1990).

Moreover, in most species a clear demonstration of localization of x-
amylase in chloroplasts has not been shown (Beers and Duke, 1988). In case
of B-amylase, it is now firmly established that above enzyme in green leaves

is extraplastidic in nature (Manga and Sharma, 1990) and the reports
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describing its localization in chloroplastic may result from contamination of
cytosolic B-amylase. Moreover precursor to f-amylase lack aN-terminal transit
peptide which is needed to decrease its import to chloroplasts (Kreis et al.,
1988, Mikami and Morita, 1983). Similar to amylases in vivo function of
cytosolic phosphorylase is also unclear (Yang and Steup, 1990). Not with
standing these reports, it is now assumed that «-amylase by virtue of its
capacity to hydrolyze native starch granule, isthe primary enzyme responsible
for initiating starch degradation in chloroplasts, on which other starch
degrading enzyme act. Therefore, it has been proposed that phosphorylase
rather than amylase present in chloroplast is important for mobilization for

photosynthetic starch.
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CHAPTER 3

MATERIALS AND METHODS

31 GENERAL METHODS

Pear| millet (Pennisetum americanumvar WCG-75) seeds obtained from
the Andhra Pradesh State Seed Corporation, Hyderabad, were used for the

experiments.

3.1.1 Seed Storage and Seedling Growth

Seeds were stored at 4°C in closed polythene bags and were germinated
on four layers of Krepe Kraft paper (Jayshree Traders, New Delhi) which were
presoaked in distilled water (DW) for 4 h. Papers were cut slightly shorter
than the size of the plastic box or tray so that after soaking, the size of the
sheets was nearly equal to the interior bottom of boxes or trays. Seeds were
first extensively washed with DW and were soaked in DW for 8 h at 25°C
before sowing on papers. The time of washing of the seeds was considered as

the time of sowing.

Pearl millet seeds were sown either in transparent plastic boxes (9.5 cm
/X 95cmbX5cmh) orinplastictrays (40 cm Z X 30 cm b X 7cm h), as per
the requirement of experimental material. In plastic boxes 25 seeds were sown
in 5 rows (5 x 5) and in plastic trays 375 seeds were sown in 25 rows (15 x 25).
After sowing, 5 ml DW was added to plastic boxes and 90 ml DW was added
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to plastic trays. The top of the boxes and trays were covered with plastic lids
and glass plates, respectively, and were kept under red light or in darkness at
25 + 1°C. After 4 daysfrom sowing, 5 ml and 50 ml DW was added daily to the
boxes and trays respectively. Seedlings were normally grown in plastic boxes
for most experiments. Seedlings were grown in trays when a large amount of
plant material was needed, e.g., during chloroplast isolation. The temperature
was maintained at 25°C + 1°C throughout the growth of the seedlings. Since
after 5 days of growth, the height of the seedling is nearly equal to box/tray
height and seedlings start touching the lids, the covering lids were removed

and seedlings were grown in open boxes/trays.
3.1.2 Light Sources

The red light source consisted of two 47" long cool-white fluorescent
tubelights (40 W x 2), whose output was filtered through 2 layers of 6 mm
thick red plexiglass sheets (A__. 650 nm) (Manga and Sharma, 1988). The

max

distance between plants and light source was about 53 cm, and the intensity
of red light at the top of the plants was 0.67 Wm . The ends of the tubelights
were wrapped in black paper to prevent far-red light leakage. Long wave-
length far-red light was obtained by filtering the output of a 300 W projector
through Schott RG-9 interference filters (A

max

756 nm). At the top of the
seedlings, far-red light intensity was 6.0 Wm"2 Blue light (\... 450 nm) was

max

obtained using a setup similar to obtaining red light except that red plexiglass

sheets were replaced by blue plexiglass sheets (A,

450 nm). Blue light

n2

intensity was 0.13 Wm" at the top of seedlings. For dark controls, after sowing
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of seeds, plastic boxes or plastic trays were wrapped in black cloth and were
kept in a black cardboard box at 25° + 1°C.

All manipulations of seedlings were done under a dim-green safe light,
obtained by filtering the output of a cool-white fluorescent tubelight (40 W)
through six layers of green cellophane paper (%,,, 530 nm). The ends of the
tubelights were covered with black paper. The intensity of the green light was
not greater than 0.01 Wm™ and light exposure did not last longer than 2 min

at any given time.
3.1.3 Herbicide Treatment

For herbicide treatment, the seeds were soaked in Norflurazon (0.4 mM)
solution, 12 h prior to sowing and then were germinated on Krepe Kraft papers
(papers were presoaked with Norflurazon solution for 4 h). Control seedlings

were treated and grown similarly with DW, in place of NF solution.

3.2 ENZYME ASSAYS
3.2.1 Amylase

Plant organs 1 g or organelle consisting of 500 mg protein were
homogenized in a precooled mortar and pestle on ice along with 500 mg sea-
sand (2:1, tissue/sea sand ratio) in 60 mM sodium acetate buffer pH 6.1, (5 ml
buffer/gm.FW) containing 10 mM CaCl,, 5 mM B-mercaptoethanol and 1 mM
phenylmethylsulfonyl fluoride. The homogenate was clarified by centrifugation
at 7,600¢ for 30 min. Unless otherwise mentioned, all steps were carried out

at 4°C. Amylase activity was assayed in a4 ml reaction mixture containing 30
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mM Na-acetate buffer, pH 4.6, 8 mg amylose, 0.1 mM NaF and an aiquot of
supernatant. The enzyme assay was carried out at 35°C for 60 min, and at 30
min. intervals, 500 wul diquots were withdrawn. The amount of matose
liberated in the aliquots was measured by using dinitrosalicylic acid as a
reducing agent (Bernfeld, 1955). The increase in reducing sugars weas
determined by measuring absorbance at 540 nm using matose as the standard
(Fig. 2.

x-amylase activity was measured by using its specific substrate g-limit
dextrin (4 mg/ml) in place of amylose in the above assay mixture. p-limit
dextrin was prepared as per the procedure described by Whelan (1964). The «-
amylase assay was carried out after thermal inactivation of -amylase activity
in extract by heating the supernatant for 10 min in the presence of 10 mM
CaCl, at 70°C.

3211 Optimization of Amylase Assay
32111 Optimum pH

The pH optima for amylases was determined by assaying amylase
activity in different buffers containing 4 mg/ml amylose at 30°C. The buffers
used were: sodium-citrate, 50 mM (pH 4 - 6.3), sodium-acetate, 50 MM (pH 4 -
5.8) and Tris-HCl, 50 mM (pH 7.2-9).

32112 Optimum Temperature

The optimum temperature for amylase assay was determined by

assaying amylase activity in 50 mM Na-acetate buffer, pH 4.6, containing 5
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Maltose was estimated by the method of Bernfeld (1955).
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mM CaCl,, 4 mg/ml amylose, 15 mM NaF at different temperatures for 30
min in a water bath. The constancy of temperature was continuously

monitored with a thermometer.
3.21.1.3 Stability of Amylase Activity

The stability of amylase during prolonged storage was investigated by
storing 15 nkat amylase at 4°C and at 35°C for 5 days. Amylase activity was

assayed daily using the standard assay protocol.
3.2.1.1.4 Effect of Calcium

20 nkat of amylase in 60 mM Na-acetate buffer, pH 4.6, was incubated
at 70°C for 15 min in the presence or absence of 10 mM CaCl,. The solution
was cooled to 30°C and amylase activity was assayed using standard assay

protocol.
3.21.15 Effect of EDTA

20 nkat of amylase was dialyzed against 5 mM EDTA for 2 h at 4°C.

Thereafter, amylase activity was assayed using the standard protocol.

3.22 PHOSPHORYLASE
3221 Biosynthetic Pathway

The biosynthetic assay of phosphorylase was based on phosphorylase-
mediated polymerization of substrate glucose-1 -phosphate on primer (n-

Glucose), leading to amylose synthesis and liberation of inorganic phosphate.
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The orthophosphate set free during amylose synthesis was measured
colorimetrically using the standard protocols. The phosphorylase assay was
carried out essentially as per Whelan's (1955) procedure. The leaves were
homogenized in a precooled mortar and pestle on ice with an equal amount of
sea-sand in 50 mM Tris-HCl buffer, pH 8 (3 ml buffer/gm.FW). The
homogenate was clarified by centrifugation at 10,000 g for 30 min at 4°C.
Phosphorylase was assayed in areaction mixture containing 25 mM glucose-1-
phosphate, 15 mg amylose, 60 mM Na-citrate pH 5.0, 20 mM NaF, 0.3 mM
HgCl,, and 0.1 mM ammonium molybdate in a final volume of 3.5 ml, along
with an aliquot of supernatant not exceeding 1 mg protein, or 5 units of
phosphorylase activity. A 1 ml aliquot was withdrawn immediately after the
addition of supernatants, to determine zero time value, thereafter 1 ml aliquots
were withdrawn at 15 and 30 min. After withdrawing, the aliquot was quickly
mixed with 1 ml 10% TCA, to inactivate phosphorylase and the mixture was
centrifuged at 8000g for 15 min at 4°C. The amount of released inorganic
phosphate into the clear supernatant was determined using the procedure

described by Le Bd et ed., (1978).

3222 Degradative Pathway

Phosphorylase activity was also measured using a coupled photometric
enzyme assay following the procedure described by Steup and Latzko (1979)
with a few modifications. The seeds or vegetative tissue (ledf, coleoptile, root),
or cells or cell organelle were homogenized in amortar and pestle on ice along

with an equal amount of sea sand in 5 ml of 50 mM K-phosphate buffer, pH



a7

7.5. The homogenate was centrifuged for 30 min at 25,000¢g at 4°C, and an

aliquot from clear supernatant was used for the phosphorylase assay.

The assay mixture contained, in afina volume of 5 ml, 100 mM HEPES
pH 7, 50 mM K-phosphate pH 7, and 15 mg amylose, and assay was carried
out for 15 min at 30°C. The aliquots were withdrawn at the beginning and at
the end of the assay and were boiled at 100°C for 4 min. After cooling,
denatured protein was removed by centrifugation at 1000g for 30 sec and,
thereafter, an aliquot was withdrawn from the supernatant to determine the

amount of glucose-1-phosphate formed by coupled enzyme assay.

The aliquot (0.1 ml) was assayed in 1 ml assay mixture, containing 30
mM Tris-HCl, pH 7.5 10 mM MgCl,, 18 mM NADP, 145 units of
phosphoglucomutase (sigma) and 0.15 units of Glucose-6-phosphate
dehydrogenase (sigma). The reaction was initiated by addition of NADP and,
thereafter, the increase in absorbance due to NADPH formation was measured
at 340 nm. The phosphorylase activity was calculated by using the NADPH

molar extinction coefficient: E = 6.2 mM™! cm'.

3223 Optimization of Phosphorylase Assay
32231 Optimum pH

The optimum pH for phosphorylase activity was determined by
homogenizing pearl millet leaves in Tris-buffer, 50 mM (pH 6 to 9). The pH

optimum for phosphorylase activity was determined by assaying in different
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buffers at 30°C. The buffers used were Na-acetate, 50 mM (pH 3.5 to 6), Na-
Citrate, 50 mM (pH 3.5 to 6) and Tris-HCl, 50 mM (pH 7 to 10).

3.22.3.2 Optimum Temperature

Optimum temperature for phosphorylase assay was determined by
assaying phosphorylase activity in TrissHCl buffer, 50 mM (pH 7.5 for
degradative pathway, pH 8 for biosynthetic pathway) at different

temperatures.

3.2.3 PHOSPHATASES

The phosphatase activity was assayed after homogenizing 2 g leaves in
6 ml, 50 mM MES-Tris buffer, pH 6.5, along with an equal amount of sea sand
in a precooled mortar and pestle. The homogenate was centrifuged for 30 min
at 25,000g at 4°C. The phosphatase assay was conducted with using 5 mM g-
glycerophosphate as substrate in a 500 ul reaction mixture at 30°C for 30 min.
The 50 ul aliquots were withdrawn at the zero time and at 30 min, and
phosphatase activity was terminated by mixing with an equal amount of 10%
cold TCA, thereafter the volume was made upto 1 ml with DW. The amount
of phosphate released was estimated using the method described by Le Bd
et al., (1978).

3.24 PEP carboxylase

Phosphoenol pyruvate carboxylase (PEP) activity was estimated following
the procedure described by Nott and Osmand (1982). PEP carboxylase activity



49

was assayed by a coupled enzyme assay using malate dehydrogenase and
measuring NADH oxidation at 340 nm. The reaction mixture (1 ml) contained
25 mM Tricine-KOH, pH 7.8, 5 mM MgCl,, 10 mM NaHCOj,, 2 units malate
dehydrogenase (MDH), 0.2 mM NADH, and 2.5 mM phosphoenolpyruvate. The
reference cuvette contained the above reaction mixture minus PEP. PEP
carboxylase activity was measured using the extinction coefficient of NADH
E=62mM? cm™.

33 ESTIMATIONS

3.3.1 Protein Estimation

The Bradford (1976) method was used to estimate protein content
ranging between 5-40 ug (Fig. 3). The Lowry et at., (1951) method was used to
estimate protein, ranging between 10-120ug. Before estimating by the Lowry’s
method, proteinsin the supernatant were precipitated by mixing with an equal
amount of 10% TCA and the precipitate was redissolved in 1 N NaOH, to avoid
inhibitory compounds in crude extracts (Peterson, 1983). The standard curve
was drawn using the bovine serum albumin fraction V as a standard protein
(Fig. 3A).

3.3.2 Chlorophyll Estimation

Chlorophyll content was determined by using extension coeffecient
derived by Bruinsma (1961). Chlorophylls were extracted from leaf tissue by
homogenization in 80% acetone and centrifugation. The chlorophyll content of

chloroplast was estimated after diluting the 50 ul chloroplast suspention with
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5 volumes of 80% acetone. In either sample chlorophyll content was estimated
by reading its absorbance at 652 nm and the chlorophyll concentration was

calculated by using the formula: Agg, X 27.8 X Dilution Factor /g FW.
3.3.3 Inorganic Phosphate Estimation

Inorganic phosphate content was estimated using the method described
by Le Bel et al . (1978). The proteins in aliquots were first precipitated by
mixing with an equal volume of 10% TCA and centrifuging the mixture at 4°C
for 10 min. The phosphate content of supernatant was estimated, after mixing
1 ml of the supernatant with 3 ml of reagent A [Copper acetate, pH 4, pre-
pared with 0.25% copper sulphate pentahydrate and 4% sodium acetate
trihydrate (w/v), in 2 N acetic acid (v/v)], 0.5 ml of reagent B [5% ammonium
molybdate (w/v)], and 0.5 ml of reagent C [2% metol or elon in 5% sodium
sulfite] with a vortex mixture. The phosphate content was calculated after
measuring the absorbance of the mixture at 700 nm after 7 min. The standard
curve was prepared by using anhydrous KH,PO,, (438 mg/100 ml) in DW (Fig.
3B).

3.4 INTERCELLULAR FRACTION ATI ONS

3.4.1 Isolation of mesophyll and bundle sheath protoplasts

Leaves harvested from 7-10 day old seedlings were used for isolation
of mesophyll cells and bundle sheath strands.
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3411 Enzymatic Isolation of Mesophyll Protoplast and Bundle
Sheath Strands

Protoplasts were isolated, after incubating pearl millet tissue in a
digestion medium (Day et al 1981), containing 2% (w/v) cellulase Onozuka R-
10, 0.2% (w/v) macerozyme R-10, 10 mM sodium ascorbate, 0.2% (w/v) BSA, 20
mM MES-KOH pH 5.5, 1 mM CaCl,, 1 mM MgCl, and 0.6 M sorbitol. 1 gm
leaves were chopped to 1 mm segments and washed thrice with 10 ml of
digestion medium without enzymes (Medium A). The leaf segments were then
incubated in 10 ml digestion medium for 2 h at 25°C without agitation under
red light in petri dishes. After 2 h, the digestion medium was replaced with
medium B (10 mM MES-KOH, pH 6, 0.6 M sorbitol and 1 mM CaCl,) and the
dishes were gently tapped to liberate the protoplasts. The medium containing
the protoplasts was filtered successively through 300um, 100um, and finally
through a 80 um nylon mesh. The filtrate was centrifuged at 100g for 5 min,
and the pellet was gently resuspended in 6 ml of medium B in which sorbitol
was replaced by 0.6 M sucrose. On top of the medium B, containing
protoplasts, 2 ml of medium A was layered and the tubes were centrifuged at
300g for 5 min. The intact protoplasts present in the interface of the above step
gradient were collected. In this procedure bundle sheath strands remained
undigested and were retained on 80 um nylon mesh duringfiltration. Theyield
of protoplasts was 3-4 x 10 mesophyll protoplasts/gm.FW.
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34.1.2 M echanical |solation of Bundle Sheath Strands

For large scale preparation, bundle sheath strands were isolated using
the mechanica method followed by Chollet and Ogren (1973) with a few
modifications. 20 gm of leaves were cut into 5 cm segments and homogenized
in a pre-cooled blender at 4°C at low speed for 20 sec in a 100 ml isolation
medium containing 50 mM Tris-HCI (pH 8), 0.35 M sorbitol, 10 mM Na
ascorbate, 1 mM MnCl,, 5mM EDTA, and 0.2% (w/v) BSA. The homogenate
was filtered through a 350 um nylon mesh and the fragments that were
retained on the mesh were rehomogenized for 30 sec at full speed in 100 ml of
isolation medium. After the filtration, the fragments were processed as
described above. The last three filtrates were pooled and passed through a 80
pm nylon mesh. Bundle sheath strands retaining on nylon mesh were washed
with a wash buffer containing 50 mM Tris-HCI, pH 8, 0.35 mM sorbitol, 20
mM EDTA, 1 mM CaCl,.

34.1.3 Isolation of Bundle Sheath Protoplast

The protoplasts were isolated by incubating the bundle sheath strands
obtained by mechanical method for 4 h in a digestion medium. The digestion
medium and protocol for isolating protoplasts was essentially similar to the one

used for isolation of mesophyll protoplast (see section 3.4.1.1).



53

34.2 Isolation of intact chloroplasts
3.4.2.1 Isolation of Mesophyll Chloroplasts by Mechanical Method

The isolation procedure for chloroplasts was adapted from Palmer
(1986). Twenty grams of leaves were homogenized in a pre-cooled Waring
blender (5 sec homogenization X 5 times) in aisolation buffer containing 50
mM Tris-HCI buffer, pH 8.0, (6 ml buffer/gm.FW), 0.35 M sorbitol, 5 mM
MgCl,, 1 mM CaCl,, 2 mM ethylenediamine tetraaetic acid (EDTA), 5 mM -
mercaptoethanol, 10 mM Na-ascorbate. The homogenate was centrifuged at
1000g for 15 min and the pellet was washed 3 times with a wash buffer
containing 50 mM Tris-HCI, pH 8.0, 0.35 M sorbitol, 20 mM EDTA, and 0.1%
(viv) p-mercaptoethanol. Thereafter, the pellet was suspended in 4 ml of the
wash buffer and layered on top of a step gradient of 31% and 54% (W)
sucrose. The gradient was centrifuged at 30,000¢ for 40 min at 4°C. The intact
chloroplasts obtained at the interface of 31% and 54% sucrose were diluted 5
times with the wash buffer and were pelleted by centrifugation at 1000g for 15

min.
The procedure yielded 1.125 X 10 chloroplasts/gm.FW.

34.2.2 I solation of Chloroplasts from Mesophyll and Bundle Sheath

Protoplasts

Mesophyll and Bundle Sheath protoplasts were resuspended in a
medium containing 50 mM Tris-HCI, pH 8, 0.35 mM sorbitol, 20 mM EDTA,
and 1 mM CaCl, and, the protoplasts were disrupted by repeated filtering



54

through a 30 um nylon mesh. The nylon mesh was fitted to the nozzle end of
a 1 ml disposable syringe and protoplasts were broken by filling the protoplast
suspension two or three times in the syringe. This procedure broke the proto-
plasts but left chloroplasts intact. The released intact chloroplasts were
centrifuged at 2509 for 1 min to obtain a chloroplast pellet largely free of the
cytosolic fraction. Chloroplasts pellet were resuspended in 50 mM Tris-HCl
buffer, pH 7.5, containing 0.35 M sorbitol, 5 mM MgCl,, 1 mM CaCl,, 2 mM
EDTA, and 5 mM B-mercaptoethanol.

The procedure yielded 2.8 X 10" bundle sheath chloroplasts from 50 gm

of leaves.

3.4.3 CONFIRMATION OF CHLOROPLAST'S INTACTNESS
3431 Ferricyanide Reduction Test

The intactness of chloroplasts was confirmed by the ferricyanide
reduction test outlined by Lilley et al , (1977). Isolated chloroplasts suspended
in 50 mM Tris-HCl, pH 8.0, 5 mM MgCl,, 1 mM CaCly, 1 mM MnCl,, 2 mM
EDTA and 0.35 M sorbitol were subjected to the ferricyanide reduction test. K-
erricyanide solution (3 mM) was prepared in chloroplast wash buffer. The
intact chloroplast suspension (100ul) containing 100ug or less chlorophyll was
either mixed with 1 ml of chloroplast suspention buffer (intact chloroplasts) or
was lysed by (broken chloroplasts). Thereafter it was supplemented with 1.9
ml of potassium ferricynide solution and was assayed for Hill activity. The
reduction of ferricyanide was measured by noting Ageg,m &t zero and after 30

min.



3432 Phase Contrast Microscopy

The intactness of chloroplast was aso confirmed by phase contrast
microscopy. Under a phase contrast microscope, intact chloroplasts appeared
highly reflective and surrounded by a bright halo, whereas broken chloroplasts
appeared dark and granular. The chloroplast preparation consists largely
intact chloroplasts ( >90 %).

3433 Protoplast and Chloroplast Counting

The number of protoplasts and chloroplasts were counted using
Neubauer's chamber. The number of protoplasts and chloroplasts were

measured by using the formula

1

No of cells/ul = No of cdlsin 16 large squares X 10 X
dilution

34.4 ENZYME EXTRACTION FROM PROTOPLAST/CHLOROPLAST

3441 Osmotic Shock

The protoplasts were lysed by osmotic shock to yidd an intact
chloroplasts preparation and a cytosolic fraction. Protoplasts suspended in 0.6
M sorbitol medium were centrifuged at 100g for 3 min. The protoplasts were
osmoaticaly lysed by resuspending in a medium containing 0.35 M sorbitol, 50
mM Na-acetate, pH 4.6, 1% (wiv) BSA, 10mM EDTA, and 1 mM CaCl, for 10
min. and was centrifuged at 250g for 2 min. and supernatent was collected.

The supernatent so obtained was used for assaying cytosolic enzyme activity.
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The pellet containing intact chloroplasts was suspended in 100 u} of above

resuspension medium and was used for assaying plastidic enzyme activity.

For isolating amylases, protoplasts were resuspended in the 50 mM Na
acetate buffer, pH 4.6, and for phosphorylases, protoplasts were resuspended
in 50 mM Tris-HCI buffer, pH 7.5.

3442 Sonication

The protoplast or chloroplasts were also disrupted by sonication, at 4°C.
Protoplasts or chloroplasts were suspended in 2 ml 60 mM Na-acetate buffer,
pH 4.6 for amylases, or in 50 mM TrissHCI, pH 7.5 for phosphorylase
extraction. The samples were sonicated, in a 3.5 cm wide and 11 cm long test
tube surrounded with ice, by eight 20 sec bursts in a MSE 150 Watt sonicater
a 40% of its maximum amplitude (60 W). An interval of 30 sec was
maintained between each sonication burst. At the end of treatment, samples

were centrifuged at 8,000g for 5 min and supernatants were collected.

35 ELECTROPHORESIS
3.5.1 Native Gel Electrophoresis

Non-denaturing, discontinuous gel electrophoresis was performed in 15
mm thick slab gels using the electrophoretic buffer system of Davis (1964). The
running gel was prepared with 7% (w/v) acrylamide, 0.375 M Tris-HCI, pH 8.9,
0.07% (w/N) ammonium persulphate, and 0.05% (v~) N,N,N’,N-
tetramethylethylene diamine (TEMED). The running gl was overlaid with
stacking gel consisting of 2.5% (w/v) acrylamide, 61.25 mM Tris-HCI, pH 6.7,
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0.07% (w/v) ammonium persulphate, and 0.05% (v/v) TEMED. The running
buffer was made of 25 mM Tris-HCI, 192 mM Glycine, pH 8.3.

5 nkat of enzyme or 0.2 mg protein in 20% (v/v) glycerol, and 0.005%
(w/v) bromophenol blue was loaded in the wells. The electrophoretic run was
performed at 4°C for 8 h, with a constant voltage 90 V during migration
through the stacking gel and 120 V through the running gel. The voltage was

maintained constant till the completion of electrophoresis.

3.5.2 SDS-PAGE

The electrophoresis of denatured protein in polyacrylamide gel in the
presence of an ionic detergent sodium dodecyl sulphate (SDS) was essentially

carried out by following the procedure of Laemmli (1970).

10% (whv) Acrylamide was polymerized as 1 mm thick separating gel, in
0.375 M Tris-HCI buffer, pH 8.8, containing 0.1% (w/v) SDS, 0.05% (w/v)
ammonium persulphate, and 0.03% (w/v) TEMED. 4% (w/v) stacking gel was
made in 0.125 M Tris-HCI, pH 6.8, containing 0.1% (w/v) SDS, 0.05% (w/v)
ammonium persulfate, and 0.03% (w/v) TEMED. Samples were prepared in a
sample buffer containing 62.5 mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% (w/v)
Glycerol, and 5% (v/v) B-mercaptoethanol, and were boiled for 4 min at 100°C
for uniform coating of detergents. After cooling, the samples were loaded in the
wells of ge and overlaid with 0.375 M Tris-HCI, pH 8.8 buffer containing 1%
(wiv) SDS.
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Electrophoresis was carried out at 37°C for 8 h at 120 V. The running
buffer was made of 25 mM Tris, 192 mM glycine, pH 8.3, and 0.1% (w/v) SDS.
Thefollowing marker proteins were used: bovine serum albumin (MW, 66,000),
egg albumin (MW, 45,000), glyceraldehyde-3-phosphate dehydrogenase (MW,
36,000), carboxyanhydrase (MW, 29,000), trypsin inhibitor (MW, 14,000). All
the marker proteins were dissolved at 1 mg/ml concentration in the sample

buffer and a 10 u] mixture was loaded on SDS-PAGE gel.
3.5.3 Contact Prints

1% (w/v) agar solution containing 5% (w/v) amylose was prepared by
boiling it in 60 MM sodium acetate buffer, pH 4.6. The agar solution was
uniformly layered on a clean glass plate at 37°C and the plate was kept at 4°C
for 30 min to solidify agar. After the electrophoretic run, the polyacrylamide
gel was washed with 60 mM Na-acetate buffer, pH 5.2 for 30 min and then the
gel was carefully overlaid on agar gel and a thin layer of 60 mM Na-acetate
buffer was maintained on the top of the gel. Precaution was taken to avoid
trapping of any air bubbles in between two gels. The gels were incubated at
room temperature for 3 h in a humid chamber. At the end of the incubation
period the polyacrylamide gel was carefully removed from the top of agar gel
and thereafter, both the agar and the acrylamide gels were stained for amylase

activity as described below.
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354 Enzyme staining
354.1 Amylase

After PAGE, amylase activity was detected by following the procedure
of Work and Work, (1972). The gd was first washed with 100 ml extraction
buffer (60 mM Na-acetate, pH 6.1, 10 mM CaCl,, and 5 mM B-
mercaptoethanol) for 30 min, with gentle shaking. Thereafter, the g was
transferred to a reaction mixture containing 0.5% (w/v) amylose in 60 mM
sodium acetate buffer, pH 4.6, and 0.1 mM NaF. The gd was incubated with
the above mixture for about 3 h at the room temperature. At the end of
incubation period the gel was washed with distilled water to remove adhering
amylose solution and was left in a closed container for 15 min at 35°C.
Thereafter, the transparent amylolytic bands against intense blue background
were visualized after submerging the gel in iodine solution containing 6 mM
I,, and 50 mM KI in 0.2 M HCI for 1 min (Segundo et al., 1990). The gelswere
immediately photographed and stored in 5% methanol and 7% acetic acid
mixture at 4°C. The above procedure detects both x-amylase and B-amylase

bands without distinction.

To visualize x-amylase bands after PAGE, contact printing was done
with agar gel containing 0.5% (w/v) p-limit dextrin in place of amylose. The
incubation and staining of the gal was carried as described above. In order to

visualize minor «x-amylase bands the gel was incubated for 9 h.



3542 Phosphorylase

Phosphorylase activity was visualized by incubating polyacrylamide gels
in a mixture which favored biosynthesis of starch by providing amylose as
primer. After electrophresis, the gd was first washed with 50 mM citrate
buffer, pH 6, for 30 min and then incubated at 30°C in a mixture containing
28.5 mM glucose-1-phosphate (Di-potassium salt), 0.1% (w/v) amylose, and 71.5
mM Na-citrate, pH 5.5 for 3 h. The incubation medium was also supplemented
with 20 mM NaF, 0.3 mM HgCl, and 0.1 mM ammonium molybdate to inhibit
the amylase's and phosphatase’s activity present in the gel. At the end of
incubation period the gel was washed with DW to remove adhering amylose
and was left in DW for 1 h at 37°C. The formation of phosphorylase isoforms
were visualized by staining gel with iodine solution as described for amylase
(section 3.5.3.1). The phosphorylase isoforms were visualized as deep violet
bands against light blue stained gel. The gd was washed overnight with DW
leading to nearly transparent gel with deep blue phosphorylase bands.

355 Renaturation of denatured amylase protein

The protein extracts were first subjected to SDS-PAGE and amylolytic
activity was recovered as per the procedure described by Segundo et al., (1990).
After SDS-PAGE, the gd was placed in a plastic tray (15 cm x 20 cm)
containing 200 ml 1% (v/v) Triton X-100 and SDS was allowed to exchange
with Triton X-100 for 2 h at room temperature with 3 changes by fresh Triton
X-100 solution at 30 min intervals. The amylase activity was visualized using

the procedure described above (section 3.5.3.1).
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36 IMMUNOLOGICAL STUDIES
3.6.1 Double Diffusion

Double diffuson analysis was carried out following the procedure of
Ouchterlony, (1949). 1% (wh) agar solution was prepared in PBS [10 mM
phosphate buffer, pH 7.4, containing 0.9% (w/v) NaCl) buffer by bailing it for
2 min. After codling, the agar solution was layered on a glass/plastic plate to
a thickness of about 2 mm and &fter solidification a room temperature for 1
h, the plate was kept at 4°C for 3 h. Holes were punched in gd with a sted
template giving rise to a central well and 6 peripheral wdls. The central wdl
was loaded with antiserum and the antigens to be tested were placed in
peripheral wells. After loading the wells, the agar ge was incubated a room
temperature, in a dosad humid chamber to avoid dehydration of the gal. The

precipitin line appeared after an overnight incubation.
3.6.2 Single Radial Immuno-Diffusion

Single radia immunodiffuson was peformed using the procedure
outlined by Mancini et al., (1965). 1% (w/v) agar solution was prepared in PBS
buffer, pH 7.5. After cooling to 40°C the required amount of antiserum 1% (viv)
was mixed with the agar solution and the gl was immediately poured on a
glass plate or on a plastic plate for solidification. Uniformly spaced 2 mm
diameter wells were punched with agd puncher and different concentrations
of antigen were loaded in the wells. The outward diffuson of antigen leads to
the formation of radial ring of precipitin line. The diameter of the ring was

used to determine the antigen concentration by using the formula given below.
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A cdlibration curve was plotted using known concentration of the antigen (ug)
versus ring diameter. The ring diameter was measured as the diameter in two
directions perpendicular to each other and the plotted diameter was caculated
using the fallowing relation:

Plotted diameter = (precipitin ring diameter)® -(well diameter)?

The same relationship was used to estimate antigen in unknown
samples. Fig 4 showsthe standard curve obtained with different concentrations
of antigen.

3.6.3 Immunoelectrophoresis

A glass microscopic dide was coated with 1% (wh/) agarose solution,
prepared in 10 mM barbital buffer, pH 8.3. The gel was coaed with a uniform
3 mm thickness on the dides and wells were punched at one end of the dide.
The antigen was loaded in the wells and dides were connected to the buffer
tank with 3 mm Whatman paper wicks. Electrophoresis was conducted at 40
volts'em using 10 mM sodium barbital buffer, pH 8.8, a 4°C for 90 min. After
the eectrophoretic run, a trough was cut in between the wells and the
appropriate concentration of required antiserum was added. The dides were
incubated at 37°C in a dosed humid chamber till the precipitin arcs were

clearly visible.
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Figure 4. Representative standard curves for the estimation of «,-, =,- and
B-amylase proteins by single radia immunodiffusion.
The standard curves were prepared using «, -, «,-, and p-amylase
proteins purified from maize seeds.
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3.6.4 Western Blotting

Western blotting was done using the procedure of Renart and Sandoval
(1984). p-amylase from leaves and «<-amylase from mesophyll and bundle
sheath chloroplasts were subjected to native gel electrophoresis. After PAGE,
the gd was soaked in atransfer buffer [Tris 25 mM, glycine 192 mM, 20% (v/v)
methanol, and 0.02% (w/v) SDS] for 1 h. The nitrocellulose paper was soaked
for 15 min in the transfer buffer before blotting. The electrophoretic transfer
was performed in atransblot unit at 30 mA current at 25°C for 8 h. At the end
of the blotting, the unreacted sites on the blot were blocked by placing the blot
in NET buffer [50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 0.05% (v/v)
NP-40, and 0.025% (w/v) gelatin] containing 1% (w/v) BSA for 1 h. The blot
was first incubated with its specific antibody (1:100 dilution in NET buffer
containing 0.002% Na-azide) for 3 h with gentle agitation. Thereafter, the blot
was washed three times with NET buffer. The blot was then incubated with
peroxidase coupled anti-rabbit 1gG. (1:1000 dilution in NET buffer containing
0.1% BSA) for 1 h. The blot was washed 3 times with NET buffer, and was
finally washed with TBS buffer (Tris-HCI, pH 7.4 and 0.9% NaCl).

The bands were visualized by using 0.5 % (w/v) 3'-3' diaminobenzidine
as substrate along with 1% (wfv) CoCl, and 0.01% (v/iv) HyO, in PBS buffer,
as blue bands on the nitrocellulose paper within 2 min of the incubation
period. In case the blot was incubated in a solution of 25 ug of O-diansidine per
1 ml TBS buffer, consisting of fresh 0.01% (v/iv) HyO,, brown bands were
obtained.



3.7 INVIVO SYNTHESIS
3.7.1 In Vivo Labeling

To determine the gradient of amylase’s synthesis along the length of the
lef, leaves were excised into 1 cm segments numbered from the base. The 7-d
old seedlings yielded 6 and 8 segments for dark and light-grown seedlings
respectively. Each segment was further chopped to small 2 mm pieces. In case
of in vivo labeling of bundle sheath, the same protocol as described below for
leaf cells was followed by using bundle sheath strands in place of ledf
segments. BSS were first isolated either by enzymatic or by mechanical
method. Roughly 2.8 X 10’ BSS were used for labeling.

In vivo labeling was carried out in a 1.5 ml Eppendorf tube containing
50 mg leaf segments suspended in 150 ul of sterile labeling buffer (10 mM
Tris-HCI buffer, pH 7.4, 10 mM CaCly) containing 40 uci of 3°S-methionine (>
1000 ci/nmol), with constant shaking for 4 h at 25°C. The |labeling was stopped
by transferring tubes to ice bath and labeled tissue was washed thrice with ice-
cold homogenization buffer containing 25 mM Tris-HCI, pH 7.5, 5 mM EDTA
along with 10 mM cold methionine. The fina wash was carried out with the
same buffer without methionine, and buffer adhering to the tissue was blotted
with tissue paper. The tissue was homogenized in 200 ul homogenization buffer
in a precooled mortar and pestle. The homogenate was clarified by
centrifugation in a microfuge at 14000g for 10 min at 4°C. The supernatant
was supplemented with SDS (0.8 %, w/v) and was boiled for 4 min. The
aliquots were withdrawn to determine total incorporation of radiolabel into

proteins after precipitation with 10% TCA.



3.7.2 Immunoprecipitation of Labeled Proteins

The labeled products were immunoprecipitated by using specific
antiserum for a given antigen. The supernatants were equalized with respect
to the amount of radiolabeled proteins, and different volumes of labeled
aliquots were made to 0.5 ml with homogenization buffer. 1t was then diluted
by adding an equal volume of dilution buffer [50 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 300 MM NaCl, 1% (w/v) Triton-X 100].

To each test tube 10 ] antiserum was added, and tubes were incubated
first for 1 h at 37°C and then overnight at 4°C. At the end of the incubation,
30ul Saphylococcus cells were added and the mixture was vigorously agitated
for 2 h. The immune-complex absorbed on Saphylococcus cells was collected
by centrifugation at 14,000¢ for 30 seconds in a microfuge. The cells were
washed 4 or 5 times by suspending in 1 ml washing buffer [50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% (w/v) Triton-X 100, and 0.2% (w/v)
SDS] and recentrifuging it at room temperature. The final wash was carried
out by using above buffer without detergents. The cells were suspended in 30
ul of electrophoresis sample buffer [ 50 mM Tris-HCI buffer, pH 6.8, 4% (w/v)
SDS; 10% (v/v) p-mercaptoethanol, and 20% (v/v) glycerol ] and boiled for 4
min. After centrifugation the supernatant was subjected to SDS-PAGE.

3.7.3 Fluorography

Fluorography was carried out according to the procedure of Bonner

(1983). At the end of PAGE, gd was first fixed in a solution containing 50%
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(viv) methanol and 12% (v/v) acetic acid mixture for 1 h. The gd was
dehydrated by soaking it in dimethyl sulfoxide (DMSO) with constant shaking
and the DMSO was replaced twice at 30 min. intervals. PPO [2,5
Diphenyloxazole] was impregnated into the gel by submerging it in 25% (w/v)
PPO in DMSO solution for 2-3 h. Thereafter, the PPO present in the gd was
precipitated by transferring the gel to water for 1 h, and the excess DMSO

present in the gel was removed by changing the water 3 times.

The gel was dried a 80°C under vacuum for 1 h in a commercia ge
drier and the dried gal was exposed to Kodak X-omat AR film (Bonner 1983)
for 30 days at -70°C in a cassette. Radioactivity in the bands was determined
by scintillation counting after excision of the area corresponding to the band

on X-ray film from the dried gels.
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CHAPTER 4

RESULTS

The monocot leaf offers an ideal system to study the influence of light
on cdl and organelle differentiation. Asthe leaf possesses cells in a gradient
of different maturity states due to a basal meristem, it generates files of cells
with a continuous gradient of differentiation with the oldest cells at the tip of
the leaf and the youngest cells proximal to the basal meristem. Additionally,
the light-mediated biogenesis of chloroplast in leaves also follows a gradient
similar to the cellular differentiation. In the C, monocot leaf, chloroplast
biogenesis is further influenced by spatial influence. In the present study, we
have investigated the influence of light on development of the starch-degrading
enzymes in pearl millet leaves, and also the interaction between

photostimulation of enzyme activity and chloroplast biogenesis.

41 MORPHOLOGICAL FEATURES OF THE GERMINATING
SEEDLINGS

Pearl millet (Pennisetum americanum) seeds are ovoid and about 2 mm
in length. The imbibition of seeds with water initiated germination, and
radical and shoot tip protruded from seed coat around 24 h from sowing. The
leaf remained in coleoptile for 3-4 d from sowing then ruptured the coleoptile.
The length of leaf gradually increased from 3-d to 10-d during the period of our
investigation. The light and dark-grown seedlings manifested significant

morphological  differences, characteristic of photomorphogenic and
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scotomorphogenic development pathways. The light-grown seedlings had green
expanded |eaves and a short mesocotyl because of light mediated suppression
of mesocotyl elongation. The upper part of the leaf was wider, whereas at the
base the lamina was narrow. Similarly, the upper portion of the leaf was dark
green while base was pale green. In contrast, dark-grown seedlings possessed
a long mesocotyl but the leaf was smaller in size. Moreover, the dark-grown
leaf was yellow in color due to lack of chlorophyll. In both light and dark-grown
seedlings the basal region of the leaf was tightly rolled. Since pearl millet
seedlings were grown in distilled water, in light after 12 d and in dark after
9 d the senescence begin, therefore seedlings were not used beyond this age.

Fig. 5 shows the development of pearl millet seedlings in light and
darkness during the course of our study in light and darkness. The effect of
light on leaf development was studied by comparing continuous red light-grown
seedlings with control seedlings grown in darkness. There was no influence of
light on seed germination, which was similar in both light and dark. Upto 2-d
the seedling size was equal in both light and dark. A photo-stimulation of |eaf
growth was visualized 3-d after sowing. In light-grown seedlings, the primary
leaf was about 11 cm long on 10-d whereas in dark-grown seedlings, the leaf
expansion ceased completely after 8 d, the leaf being about 7 cm.

42 AMYLASES

4.21 Optimization of amylase assay

The pH optima for amylase was determined by assaying degradation of

amylose in different buffersrangingin pH from 3.8 to 9.0. The buffers (50 mM



Fi gure 5. The nor phol ogy of pearl millet seedling under various
treat nents.
A. The devel oprment of shoot 0-3 d and | eaf 3-10 day i n dark
grown and red |ight grown seedlings.
B. 7d ol d seedl i ngs grown i n presence of Norf | urazon or DW
in red light and darkness.
C. The nor phol ogy of singl e seedl i ngs grown as described in
B.
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each) used were: Na-acetate (pH 4.0 to 5.8), Na-citrate (pH 4 to 6.3) and Tris-
HC1 (pH 7.2t0 9.0). The pH optima of amylase activity depended on the nature
of the buffer employed. With the Na-acetate buffer, the pH optima was a pH
4.6, while with the Na-citrate buffer the pH optima was a pH 5.2. The
maximal amylase activity was observed in the acetate buffer (Fig. 6A).

The optimal temperature for amylase action was determined by assaying
amylase a different temperatures ranging from 20°C to 80°C. The amylase
activity gradualy increased with the temperature from 20°C to 50°C,
thereafter remained at a plateau till 70°C, and then it rapidly declined due to
denaturation (Fig. 6B). The temperature optima for amylase was a 50°C.

The amylase activity was quite stable in supernatants stored at low
temperature. At 4°C, the amylase activity in supernatant was stable for about
3 d and theredfter it gradually declined. In contrast, in supernatant stored at
37°C such a stability of amylase was not observed and the activity gradually
declined (Fig. 6C).

422 Inter-organ distribution of amylases

The distribution of amylase activity was anayzed in different organs of
7-d dd pearl millet seedlings. The amylase activity was present ubiquitousy
in al organs of the seedlings (Fig. 7). The maximal amylase activity was
detected in seeds, and was 30-40 fdd higher than in other organs. Although
amylase activity was present in ledf, root and coleoptile, the activity-levels
were not similar.
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A.  pH optima of amylase activity. The buffers used were Na
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4.2.3 Effect of rlfr light

In pearl millet seedlings, the studies on inter-organ distribution of
amylase activity revealed that the light-grown leaf possesses a significantly
higher amylase activity compared to the respective dark control (Fig. 7). The
possibility of light-mediated promotion of amylase activity in leaf was
examined by transferring 3-d old etiolated seedlings to continuous RL. The
transfer of etiolated seedlings to continuous RL promotes a substantial
increase in amylase activity (Fig. 8), as seen after 24 h or 48 h of transfer. The
likelihood of phytochrome being the photoreceptor for observed
photostimul ation of amylase activity was ascertained by exposing 3-d etiolated
seedlings to cyclic brief light pulses with 8 h dark intervals. It is evident that
brief RL pulses too promote a significant increase in amylase activity in pearl
millet leaves, whereas FR pulses are not effective in stimulating amylase
activity. Moreover, if a RL pulse isfollowed by a FR pulse, the inductive effect
of the RL pulse is nullified indicating the participation of phytochrome in this
photoresponse.

4.24 Time course of amylase photostimulation

The time course of photostimulation of amylase activity under
continuous RL was studied in leaves of pearl millet seedlings right from the
sowing. In germinating seedlings the coleoptile emerges 24 h after sowing.
For the first two days, amylase activity was measured in the shoot tip after
removing coleoptile. The amylase activity from the time of coleoptile emergence

to 3rd d remained at a low basal level (Fig. 9). A steady increase in amylase
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Seedlings were grown in darkness for 3-d after sowing.
Thereafter, the seedlings were subjected to 10 min light pulses
separated by an interval of 8 h in darkness. The amylase activity
was measured at 4-d and 5-d after sowing. The control seedlings
were grown in continuous darkness or light.
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activity was observed from 3rd d onwards in red light-grown leaf and it
reached a pesk on 8th d, theredfter, a rapid decline was noticed. In
comparison, the dark-grown seedlings showed only a dight increase in amylase
activity from 3rd d upto 7th d and then the activity dowly decreased. The
possibility that the observed photostimulation of amylase activity may be an
artifact of light-mediated change in the parameter (protein) used for
caculating amylase activity, was dso examined. Amylase activity was
caculated on the basis of saverd parameters such as protein, fresh weight
and led, to detect any artifactua photostimulation of amylase activity due to
light-stimulated change in parameter. Fig 10 shows that irrespective of
parameter used, the same qualitative pattern of photostimulation of amylase
activity was observed, ruling out the possibility of any artifacts (Fig. 10A,B,C).

425 Effect of blue light

Fig. 11 shows the time course of amylase activity in seedlings grown
under blue light. Blue light aso dicited an induction of amylase activity
similar to red light. The time course of increase in amylase activity in leaves
by blue light was quditatively similar to red light. However, under blue light,
amylase activity increased abeit a a dower rate than that under continuous
red light (d. Fig. 9). Bluelight-mediated stimulation in amylase activity
reached maximum on 8th d and thereafter it declined continuoudly till 10th d.

Since blue-light-mediated amylase induction is qualitatively very similar
to that observed with red light, it was investigated whether brief pulses of blue
light can also dlicit amylase increase like RL pulse. Fig. 12 shows the effect
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Figure 12. Effect of 10 min blue light (BL) and far-red light (FRL) on
amylase activity in pearl millet seedlings.
Seedlings were grown in darkness for 3-d after sowing.
Thereafter, the seedlings were subjected to 10 min light pulses
separated by an interval of 8 h in darkness. The amylase activity
was measured at 4-d and 5-d after sowing. The control seedlings
were grown in continuous darkness or light.
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of 10 min pulses of blue light, far-red light, and blue light followed by far-
red light. It is evident that cyclic exposure of a brief blue light pulse enhanced
the amylase activity which could be reversed to a level close to the dark

control, if it was followed by a far-red light pulse.
426 Distinction between «- and p-amylase activity

In higher plants amylase activity consist of two distinct enzyme
proteins, viz, oc-amylase and p-amylase. Therefore, we examined if light
treatment affected both of these enzymes or only one of them. In pearl millet
both endo-amylase (x-amylase) and exo-amylase (p-amylase) activities were
detected. The discrimination between «-amylase and p-amylase activities
present in supernatants was done by using different methods based on the

physicochemical properties of the respective enzymes.

It is well established that the presence of 10 mM Ca protects «-
amylase activity. Moreover, in the presence of calcium (10 mM) oc-amylase can
be even subjected to heating at 70°C for 5 min to 5 h without any significant
loss of the catalytic activity (Stein and Fischer, 1958; Koshiba and
Minamikawa, 1981; Beers and Duke, 1990). In present study, therefore, oc
amylase activity was measured after inhibiting p-amylase activity by heat

treatment for 5 min at 70°C in the presence of 10 mM CaCl,,.

Since x-amylase requires Ca®* for stability (Bush et al., 1989), therefore,
inclusion of chelating agent like EDTA (Koshiba and Minamikawa, 1981)

inactivates it. In order to measure p-amylase activity, oc-amylase activity was
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inhibited by incubating the supernatants with 10 mM EDTA for 2 h at 4°C.
However, EDTA treatment is not well suited for estimating p-amylase
activity, as presence of EDTA in aliquots creates an artifactual problem in
estimation of reducing sugars, as EDTA interfers with the absorbance of the
dinitrosalicylic acid reagent. As little as 2 uM EDTA interferes with the
measurement of the reducing sugar and a complete inhibition of color
development occurres at 45 mM concentration. Therefore, p-amylase activity
was usually estimated by subtracting «=-amylase activity from total amylase

activity.

In the course of our study, differentiation between these two amylases
was also made by using a specific substrate, p-limit dextrin. While x-amylase
alone can degrade p-limit dextrin, the amylose can be degraded by both «- and
P-amylase (Thoma et al., 1971).

427 Time course of «- and p-amylase induction

The time course of red-light-mediated stimulation of amylolytic activity
of pearl millet leaves was reanalyzed with respect to relative induction of x-
amylase and p-amylase. The total amylase activity was determined by using
amylose as substrate, and thereafter, after heat inactivation of p-amylase, oz
amylase activity was detected using p-limit dextrin as substrate. The B-
amylase activity was measured by subtracting «<-amylase activity from total

amylase activity.
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The red-light-mediated stimulation of amylase activity in pearl millet
leaves resulted largely from an increase in the p-amylase activity which
constituted 80-90% of total leaf amylolytic activity in light-grown seedlings
(Fig. 13). Light strongly promoted p-amylase activity in 3-d old light grown
seedlings. The light-mediated B-amylase activity reached amaximaon 8-d and
thereafter declined. Interestingly, in dark-grown leaves, -amylase activity
could be detected significantly only after 6th d of sowing (Fig. 13A). In 4-d to
6-d old seedlings, p-amylase activity was found to be below the limit of

detection.

The time course of « -amylase stimulation by red light followed a
different pattern (Fig. 13B). Though «-amylase activity in leaf gradually
increased till 5d, no significant difference could be visualized between dark
and light grown seedlings. The promotive effect of light on x-amylase activity
was visualized only after 5d from sowing. After attaining a maxima on 6th d,

«-amylase activity decreased in both cases.

428 Effect of norflurazon on amylase activity

The interrelationship between light-mediated amylase increase and the
chloroplast development was investigated by growing pearl millet seedlings
with Norflurazon (NF), achlorosis- inducing herbicide (Henson, 1985; Burgers
and Taylor, 1987; Reisset al., 1983; Blume and McClure, 1980). Thetreatment
of pearl millet seedlings with NF completely prevented chloroplast devel-
opment in light and resulted in the development of albino seedlings either

under strong white light or continuous red light.
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Figure 13. Time course of «- and B-amylase activity in pearl millet leaves.
Seedlings were grown in either continuous red light (v) or in
darkness () from the time of sowing.

A. B-amylase activity.
B. x-amylase activity.
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In NF-treated light-grown seedlings, the fresh weight of the leaves was
less than the green leaves, and the profiles of the protein level was similar to
that of dark grown seedlings. In 3-d old seedlings, fresh weight as well as
protein contents were nearly equal in control and NF-treated samples.
Subsequently, difference in fresh weight as well as protein contents gradually
became apparent. In dark-grown seedling, NF treatment had no significant
effect either on the fresh weight or on protein content (Fig. 14A,B). By
contrast, NF treated seedlings grown under RL had a lower protein content
than DW grown seedlings (Fig. 14B) and the protein content paralleled to
dark control seedlings.

The effect of NF on photostimulation of amylase activity was studied in
leaves of pearl millet seedlings.  The NF-treatment decreased the
photostimulation of amylase level in leaves of pearl millet seedlings (Fig. 15A).
In 3-d old pearl millet seedlings, amylase activity in NF-treated seedlings and
in control seedlingswas equal. The NF-mediated reduction in amylase activity
was manifested significantly in 4 to 8 d old seedlings. In NF-treated seedlings
too, photostimulated increase in amylase activity was maximal on 8th d and
then declined. The application of NF had only a small effect on the amylase
level in the dark-grown seedlings and the activity was equal to the control
seedlings (Fig. 15).

However, an individual examination of x-amylase and B-amylase activity
in 7-d old seedlings revealed that while NF only partially inhibited the
photostimulation  of B-amylase (Fig. 15B), it completely blocks the
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Figure 15. Effect of Norflurazon on the time course of amylase activity in

pearl millet leaves.

Seedlings were grown either in continuous red light (D) or in
darkness (») in presence of Norflurazon (NF). The control
seedlings were grown in distilled water (DW) in red light (o), or
in darkness (v).

A. Time course of total amylase activity.

B. B-amylase activity in 7-d old seedlings.

C. x-amylase activity in 7-d old seedlings
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photostimulation of «-amylase activity (Fig. 15C). On the contrary, it did not

effect both «x-amylase and p-amylase activities in dark-control seedlings.

4.29 Electrophoresis

In higher plants, both =-amylase and B-amylase are encoded by a small
multigene family, and therefore, gene products of these enzymes are likely to
be resolved in multiple isoforms after electrophoresis in native forms. In the
present study, amylase activity from light-grown |eaves was resolved into two
distinct isoforms after PAGE, a dowly migrating isozyme (Rf 0.21) and a
rapidly migrating isozyme group (Rf 0.71). In dark-grown leaves, only the later
isozyme group was found, which stained as an intensified single band and
probably contained closely migrating multiple amylase species. [In some
samples, two weak bands of amylase were also visualized below this major
isozyme having Rf value of 0.72 and 0.73 respectively.] In addition to the fast-
migrating amylase isozyme, a sow migrating isozyme was also present in
light-grown leaves, however, it was less intense in staining (Fig. 16A). Since
the dark-grown seedlings lacked the above amylase isozyme (Fig. 16B), the
appearance of this specific isozyme in leaves depended on light. The application
of NF, which reduced total amylolytic activity in light-grown leaves (Fig. 15),
eliminated the dow isoform of amylase (Fig. 16C), but did not qualitatively
affect the composition of fast isoform of amylase both in light and darkness

(Fig. 16C,D).

Since after PAGE the gels were stained by incubating in amylose which
is degraded equally by both «- and B-amylase, an identification of molecular



Figure 16. Electrophoretic analysis of amylase isoforms, in
leaves of 7-d old seedlings.
Seedlings were grown in continuous red light or in darkness
in distilled water (DW) or in 0.4 mM Norflurazon (NF).
Amylase activity was visualized using amylose as a sub-
Sstrate (4mg/ml).
Lane A- RL(DW), Lane B- DODW), Lane C- RL(NF), Lane D- D(NF)
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nature of isoforms is not possible. However, the fact that the slow-migrating
isoform is eliminated by NF-treatment points out the possible association of
this isoform with plastids, which was ascertained by isolating chloroplast from

pearl millet leaves.

4.2.10 Isolation of intact chloroplasts

The basic function of amylolytic enzymes in higher plants is the
mobilization of starch. In photosynthetically active cells, starch islocaized in
the chloroplasts, which generates starch during the light period and is
metabolized during the dark periods. Since chloroplasts are the site of starch
metabolism, experiments were conducted to study the possible localization of
starch degrading enzymes in the chloroplast. Since the experiments showed
that light triggers the appearance of an additional slow-migrating isozyme of
amylase, whose appearance is blocked in NF-treated abino leaves, the
likelihood of this amylase isoform being a chloroplastic protein  was

investigated.

In order to clearly assign aplastidic location to an enzyme, it is essential
that intact chloroplasts should be obtained to eliminate cross-contamination of
cytosol or adsorption of cytosolic components. A step gradient of sucrose was
employed to isolate intact chloroplasts from leaves. It is known that intact
chloroplasts do not reduce ferricyanide, but can reduce it only after an osmotic
shock which ruptursthe envelop membrane (Lilley et al., 1977). Inthe present
study, the isolated chloroplasts failed to reduce ferricyanide via the Hill

reaction, but could do so only after an osmotic shock (data not shown), indi-



78

cates that plastidic preparation consisted of intact chloroplasts. The intactness
of isolated chloroplasts was also confirmed by phase-contrast microscopy. Fig.
17 shows that under a phase-contrast microscope broken chloroplasts which
appear granular and dark green in color are few in number, whereas intact

chloroplasts are highly reflective, round, and bright yellow in color (Fig. 17A).

The contamination of cytosolic enzymes in isolated chloroplast
preparation was examined by assaying PEP carboxylase, a marker enzyme for
cytosol. Table 1 shows that while PEP carboxylase activity could be detected
in cytosolic fraction, it was below the limit of detection in chloroplast
preparation. It is evident from the above study that our chloroplast preparation

consisted of intact chloroplasts.
4.2.11 Chloroplasts possess only x-amylase activity

The isolated intact chloroplasts were subjected to an osmotic shock and
homogenization in mortar to rupture the chloroplast envelope membrane for
estimating plastidic amylase activity (Table 2). In contrast to the cytosolic
fraction, isolated chloroplasts possessed only low amylase activity indicating
that most amylase activity is localized in extraplastidic compartment.
Moreover, amylase activity could be liberated only after disruption of the intact
chloroplasts by sonication, confirming chloroplastic localization of amylase
activity (Table 2). A gradual increase in the duration of the sonication period
correlated with the released amount of amylase and the total amylase activity

can be recovered with 8 x 20 sec bursts with a 1 min time gap.



Figure 17. Phase contrast microscopy of isolated chloroplasts.
Chloroplasts were isolated from leaves of 10-d old light
seedlings.
A. Intact chloroplasts (indicated by an arow) along with
broken chloroplasts (marked by circle).
B. Intact chloroplasts.



Table 1. The intracellular distribution of a- and B8-amylase
activity in the |leaves of 10-4 old red light grown pearl millet
seedl i ngs. The substrate specificity vas used to distinguish
bet ween a- and fi-anyl ase.

Amylase activity

(nkat/mg protein) PEPC activity
Fraction (pmol/mg chl)
B-amylase a-amylase
Homogenate 19.4 6.6
Cyt osol 21.6 0.3 2.03
Chl or opl ast 0 5.0 0. 001

* s-estimation not done.



Table 2. Liberation of amylolytic activity by disruption of
isolated intact chloroplasts.

Total activity (nkat)

Pl astidic pellet (3000g) 61. 24 (100 %

Homogenization in mortor 60. 04 (98. 0%
and pestle

Gsnoti ¢ shock 60. 80 (99. 3%

Soni cati on

10 sec, 6 Bursts 22.80 (37.2%
2 0 sec, 4 ,, 45. 63 (74.5%
2 0 sec, 8 ,, 60. 80 (99.3%
20 sec, 10 ,, 60. 80 (99. 3%

30 sec, 3 ,, 45. 63 (74.5%
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The absence of PEP carboxylase activity in isolated chloroplast
discounted the contamination of a cytosolic amylase in chloroplasts. Unlike the
cytosolic amylase isoform, the chloroplastic amylase could degrade both
amylose and B-limit dextrin with equal efficiency (Table 1). Since plastidic
amylase could degrade both amylose and 8-limit dextrin with equal efficiency,
itislikely to be an oc-amylase in nature. In etioplasts isolated from dark-grown
seedlings, no amylase activity was detected. The elimination of functiona
chloroplasts by NF-treatment of light-grown seedlings also eliminated plastidic

amylase activity (data not shown).

In the present study, amylase isozymes were visualized after PAGE by
using amylose as a substrate. Since amylose is degraded both by oc-amylase
and p-amylase, it is not possible to distinguish whether an isozyme belongs to
x-amylase Or B-amylase. |n view of the above limitation, «-amylase bands
were distinguished from g-amylase after PAGE by employing g-limit dextrin,
which is degraded only by oc-amylase, but not by p-amylase. Since B-limit
dextrin solution is viscous and fails to penetrate the polyacrylamide gel, oz
amylase isozymes were visualized by contact printing of polyacrylamide gel on
an agar gd containing B-limit dextrin. The difference in isoform patterns
obtained using amylose and B-limit dextrin as substrate, was used to distin-

guish x-amylase isozymes from B-amylase (Fig. 18).

The contact printing of gels for 3 h revealed that out of the two
isozymes, only the minor isozyme having a low Rf value (0.21), present in
leaves of light-grown seedlings (Fig. 18A), could degrade both amylose (Fig.
18A) and g-limit dextrin (Fig. 18C) and this was thereafter identified as -



A BC

Figure 18. Identification of amylase isozynmes as a-anyl ase and
B-amylase on the basis of substrate specificity after native
PAGE

A. a- and B-amylase isoforms were di stinguished by using
amylose as substrate.

B. The presence of a-amylase isoformin chloroplast extract
was detected by contact printing on a B-1limit dextrin con-
tai ni ng agar gel .

C. The a-anylase isoformin total |eaf extract was detected
by contact printing on a B-limit dextrin containing agar
gel . The band which does not degrade fg-limit dextrin was
identified as /3-anyl ase.
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amylase. The fast-migrating mgor isozyme of leaf could not degrade B-limit
dextrin but degraded amylose (Fig. 18A); therefore, it was identified as p-
amylase (Manners, 1985).

4212 Localization of amylases in mesophyll and bundle sheath
cells

Ina C, plant like Pearl millet, the cellular organization of lesf can be
distinguished anatomicaly into M cells and B strands. The B strands were
isolated both from green and etiolated leaves by combining mechanicd and
enzymatic methods.  Although the green and etiolated leaves possessed
chloroplasts and etioplasts respectively, the basic arrangement of B
morphology, cdl wal thickness etc., were essentialy similar in both (Fig. 19).
The extent of M contamination in B was negligible when checked by assaying
PEP carboxylase activity, the cytosolic enzyme locdized exclusively in M
cdls.

The digtinction of contaminants was aso made using microscopy of
isolated cdlls as atoadl, eg., the B contamination in M cdls preparation was
ascertained by visualizing the presence of brick shaped B cdl wal in M
preparation (Horuath et al., 1978). On the other hand, contaminating M cdlls
in the B preparation were distinguished by their physical localization, in
between B strands. M protoplasts and B strands preparation devoid of
contamination were used for the subcelular fractionation studies. Since

commercid Onozuka R-10 cellulase was contaminated by afunga «-amylase,



Fi gure 19. Phase contrast micrograph of bundl e sheat h strands
isolated from | eaves of 10-d old seedlings.
Seedl i ngsweregrown ineither light (DW (A ; Light (NF)
(B); or in darkness (DW (C), darkness (NF) (D).
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after isolation, the protoplasts were extensively washed till contaminating

fungal amylase was fully removed.
4213 Amylase activity in mesophyll cells

The isolated M protoplasts were fractionated after a gentle osmotic
shock into cytosolic and plastidic fractions. The plastidic fraction obtained
from protoplasts consisted of intact chloroplasts which were then disrupted to
release internal plastidic proteins. The cytosolic as well as chloroplastic
fractions were analyzed individually for the presence of x-amylase and B-
amylase activities. Table 3 shows relative distribution of «-amylase and B-
amylase activity in both M and B respectively. In M, about 80-85% of amylase
activity was recovered in the cytosol and the remaining activity was found in
the chloroplast. The cytosolic amylase of M mainly consisted of B-amylase
which is evident by the fact that it degraded B-limit dextrin less efficiently
than amylose. In comparison to cytosol, the chloroplastic amylase degraded
both B-limit and amylose with an equal efficiency being «-amylase in nature
(Fig. 20A).

In addition to B-amylase, cytosol had also contained trace amounts of x-
amylase activity which was observed only after prolonged contact printing of
PAGE gels (Fig. 20E). The presence of cytosolic x-amylase was demonstrated
by contact printing of gels for a prolonged period (9 h) on B-limit dextrin
containing agar gels. The staining of the contact prints revealed different
isozymes of x-amylase, with Rf values of 0.59, 0.68, 0.75, 0.79 and 0.82. These

cytosolic isozymes were present in a low amount in leaf cells. Apart from



Figure 20. Isozymes Of a-amylase in mesophyll and bundl e sheath

cel I s.

Seedl i ngs were grown either in continuous red light or in
darkness, in pw or in NF (o.4mM) for 8 days. Amylase
activity was visualized by contact printing on a B-limit
dextrin gel.

Lane A Mesophyl| chloroplasts; Lane B Bundl e sheath Strands
NF; Lane C Bundl e sheath Strands DW Lane D Bundl e sheath
chl oropl asts; Lane E Mesophyl | cytosol .
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these, 3 other minor isozymes with Rf values of 0.49, 0.52 and 0.54 were also
present but could not be photographed due to weak bands. This isozyme

pattern was neither influenced by light nor by Norflurazon treatment.
4.2.14 Amylase activity in BSS

In a fashion similar to the one described for M, amylase activity was
aso estimated in B cells (Table 3). In cytosolic fraction neither p-amylase nor
x-amylase could be detected and total x-amylase activity in B was found to be
localized only in chloroplasts. By contrast, «-amylase activity was totally
absent in the B strands isolated from either NF-treated seedlings or from dark-
grown seedlings (Table 3). The level of «x-amylase activity in M chloroplast was
also compared to B chloroplasts. The M chloroplasts lack Rubisco and therefore
possess less protein than the B chloroplasts. Similarly, both chloroplast types
possess different chlorophyll levels too. Table 4 shows that the level of o
amylase activity in chloroplast is clearly influenced by the parameter used to
express it. However, it is also evident on the basis of chloroplast as a unit,
that B chloroplast possessed 1.76-fold higher o«-amylase activity than M
chloroplasts.

4.2.15 Physicochemical characterization of plastidic amylase

The substrate specificity of plastidic amylase was akin to its molecular
nature as «-amylase. Since «-amylase activity is stabilized by the presence of
Ca?*, the role of Ca2* in sustaining plastidic <-amylase activity and its pH

optima was also examined. The presence of CaCl, in chloroplast-disruption



Table 3. The intercellular distribution of a- andfi-anylase
activity in the leaves of 10-a old red light grown pearl millet
seedl i ngs. The substrate specificity was used to distinguish
bet ween a- and fi-anyl ase.

Amylase activity
(nkat/mg protein)

fi-anyl ase a-amylase

cells 21.6
cyt osol 18.1
chl or opl ast

strands

N 0 O W o

chl or opl ast
cytoso

(NF)

[D (DW]

W W W wm m XX X
© © °o v N o O »

0
0
0
0
0
0

*

DW-distilled wat er; NF-Norflurazon.



Table 4. Specific activity of plastidic a-amylase in nesophyl
and bundle sheath chloroplasts. The specific activity was ex-
pressed using different paraneters.

a-amylase activity pkat/10
nkat/mg protein nkat/mg chl chl oropl asts
Mesophyl | 5.38 (100% 25.5 (100% 75 (1009
chl or opl ast
Bundl e sheath 2.65 (49.2% 38.7 (151.8% 132 (176%

chl oropl asts
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mixture increased plastidic =-amylase activity with maximal activity at 10
mM CaCl, (Fig. 21A). However, addition of EDTA to the above mixture, even
in presence of CaCl,, drastically reduced plastidic «-amylase activity (Fig.
21B). Similar results were aso obtained when the plastidic fractions were
dialyzed against EDTA, which completely inactivated plastidic x-amylase. The
inclusion of CaCl, in the medium also protected plastidic x-amylases against
the denaturation after heat treatment at 70°C (Table 5). The studies of pH
optima of plastidic x-amylase revealed that pH optimais at 6.2, which isin
contrast with cytosolic $-amylase activity localized at 4.6. «-amylase isolated
from both M and B showed a similar pH optima (Fig. 22).

The presence of «-amylase in leaf was also supported by its capacity to
renature after SDS-PAGE. The extracts of seed, leaf and B strands were
separated by SDS-PAGE and subsequently SDS was exchanged by incubating
gd in Triton X-100. On staining the gel for x-amylase activity, a clear band
was visualized with a Rf value of 0.325 (Fig. 23). Though in leaf as well asin
seeds several cytosolic and chloroplastic =-amylase isozymes exists after
renaturation only a single band of x-amylase was visualized. The molecular

weight of «-amylase polypeptide was 46kD (Fig. 45).

43 GRADIENT OF PHOTOSTIMULATION

In monocot leaf, a gradient of cells with differing maturity exists by
virtue of abasal meristem. Since these cells may respond differentially to light,
we have investigated light-regulated changes in amylase activity along the
leaf length. The primary leaf which emerges first, was excised from 7-d old
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Table 5. Effect of cacl. and EDTA on chloroplastic amylase activ-
ity in the leaves of 10-d4 old red light grown seedlings. The
substrate specificity and sensitivity to heat treatnent was used
to confirm a-amylase activity.

Fraction a-amylase activity
(nKat)

M Chl oropl asts 5.0

Chl oropl astic 4.6

fraction

+ 10 mM CaCl
+ 10 min at ;O°C

Boi | ed enzyne 0
with out cacil,

After dialysis against 5mM EDTA
-CacCl, 0
+CaCl, (M 0

+caCl, (B 0
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Figure 22. pH optima for plastidic a~amylase in pearl millet
leaves.
The buffers used were Na—acetate (pH 4.2 to 6.6, A ; D)/
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Amylase activity in mesophyll chloroplasts (A,A) and
bundle sheath chloroplast (g , m).-
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Figure 23. Renaturation of denatured a-amylase after IS PAGE
Leaf and bundle sheath extracts were subjected to IS RACE
and after electrophoresis IS was exchanged with Triton X-
100, followed by the detection of amylolytic activity. The
amylolytic activity was detected using amylose as a sub-
strate.
A-E. Sed
G. Ledf
H. Bundle sheath
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seedlings. The length of the leaf at a given time point was dependent on
growth conditions: in 7-d old seedling, the leaf was 8 cm long in light-(DW)-
grown seedlings, and 6 cm long in dark-(DW)-grown or NF-treated seedlings.
The leaf was dissected into 1 cm segments successively from the base to the

tip, and amylase activity was analyzed in these individual segments.

The analysis of chlorophyll in developing pearl millet leaves shows that
total chlorophyll increases from base to tip of the leaf (Fig. 24B). Similarly, the
protein content also increased from the base to the leaf tip. However, in light-
(DW)-grown seedlings, total protein content was more compared to other

seedlings as leaf was longer in length (Fig. 24A).
431 Amylase activity along leaf axis

The analysis of amylase activity along the leaf axis showed that in dark-
grown leaves, basal segments possess low amylase activity, which increases
towards the leaf tip. On the other hand, in light-grown leaves, the amylase
distribution was dependent on the position of the segment in the leaf. The
maximal photostimulation of amylase activity was observed in the 2nd segment
from the base of the leaf. A comparison of amylase activity in individual
segments (Fig. 25) shows that in 2nd segment, light stimulates amylase
activity by 15fold. In subsequent leaf segments, the magnitude of
photostimulation of amylase activity declined towards the tip of the leaf

(Fig. 25).



mg protein /degment

6
15 v 45
4 4
10
/T
o 42
5
=41
1 - 1 0
6 7 B
Segment distence from base (cm)
Figure 24. The content of protein and chlorophyll in different

segments of 7-d |eaf.

Seedlings were grown in distilled water (DN (v, w) or
Norflurazon (NF) (ta,w) fromthe time of sowing, either in
continuous red light (v, D) or in darkness (w, m)*

A Protein,

B. Total chlorophyll.
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Figure 25. Rgl zlag;/ce photostimulation of amylase in different segments (1 cm)

The Iigjht grown leaf of 7-d old seedlings (v) was 8 cm long while
the leaf in darkness (v) was 6 cm long. The segments are
numbered from the base (segment 1) to the tip of the ledf.
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The hypothesis that the observed photostimulation gradient of amylase
activity results because of gradient of photosengtivity in leaf cdls in
responding to light with respect to amylase induction, was examined by
transferring dark-grown seedlings to light (Fig. 26). Similar to the seedlings
grown in continuous light, in seedlings, transferred to light photostimulation
of amylase is also maximaly seen in 2nd segment from base. In  other
segments, towards the tip, particularly from 3-6, the levd of amylase activity
was less than in the dark control. It is evident that within a short period of 12
h, the gradient of amylase distribution is atered from a gradua incresse
towardstip which istypica of dark-grown leaf to a gradient showing maximal
amylase activity being in the segments proximal to the leaf base (Fig. 26).

432 Distribution of «- and ft -amylase activity along the leaf axis

Sincein pearl millet amylase activity comprises of «- and -amylase, the
effect of light on photostimulation of «- and p-amylase was ds0 examined. Fig.
27 shows that the gradient of photostimulation of amylase activity largely
corresponds to the gradient of -amylase activity. Photostimulation of p-
amylase was predominant in the section proximal to the base and it gradually
decressed towards the tip. Likewise, in dark-grown seedlings g-amylase
activity increased towards the tip (Fig. 27), showing higher g-amylase activity
in apical segments.

The levd of p-amylase isozyme in different segments of lesf
corresponded clearly with B-amylase activity gradient observed under light and
darkness. In light-grown seedlings, distribution of P-amylase isozymes shows
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Figure 26. Photostimulation of amylase activity along with leaf length.
Seedlings grown 6% days in continuous darkness were trans-
ferred to light for 12 h (v). Control seedlings (7-d) were grown
under continuous darkness ().
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Figure 27. Photostimulation of -amylase activity in the different sections (1
cm) of firg leaf of 7-d old seedlings.
The length of ledf in light and dark grown seedlings was 8 cm
and 6 cm respectively. The segments are numbered from the base
(segment 1) to the tip of the lesf. The inset shows the leve of g-
amylase isozymes in different segments of light and in dark
grown leaves.
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agradient similar to distribution of p-amylase activity in leaf segments, with
the level B-amylase iSOzyme being maxima in the second segment of the lesf
(Fg. 27, inset).

In contrast, in light-grown seedlings, =-amylase activity appeared only
in the third segment from the base of the leaf and increased gradually towards
the tip of the expanding legf. In dark-grown seedlings too, =-amylase activity
appeared only in the third segment onwards and dightly increased towards
the tip. Photostimulation of x-amylase activity in leaf segment was apparent
only from 4th segment of light-grown leaves (Fig. 28). Similar to the
distribution of =-amylase activity of ledf, plagtidic «<-amylase iSozyme was
detected from the 3rd segment onwards and its leve increased towardsthetip
of the leaf (Fig. 28, inset). Though the cytosolic x-amylase was also present in

pearl millet leaves, dueto its extremely low activity its gradient could not be
determined.

Since exposure of seedlings to light aso induces chloroplast biogenesis,
dependence of photostimulation of amylase on chloroplast biogenesis was
investigated by using NF-grown seedlings. Fig. 22A shows that the
magnitude of photostimulation in NF-treated seedlings in light is less than
that in the controls, however NF-treatment did not afect the qualitative pat-
tern of the gradient. Both activity of amylase as well as isozyme pattern of p-
amylase showing maximum photosengtivity in the second segment,
subsequently it declined towards tip. Similarly, in dark-grown seedlings too,
NF-treatment did not influence the pattern of amylase distribution. It is
pertinent to note that in NF-treated seedlings, while the g-amylase isozyme
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Figure 28. Photostimulation of «-amylase activity in the different segments
(1 cm) of leef of 7-d dd pearl millet seedlings.
The length of leaf in light and dark grown seedlings was 8 cm
and 6 cm respectively. The segments are numbered from the base
(segment 1) to the tip of the lesf. The inset shows the plastidic
«-amylase isoforms in different segments of light grown leaves.

The pladtidic «-amylase activity wastotally absent in dark grown
seedlings.
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Figure 29. Effect of Norflurazon on the photostimulation of amylase activity
in the different sections (1 cm ) of leaf of 7-d old pearl millet
seedlings.

Seedlings were grown in Norflurazon (NF) from the time of

sowing in continuous red light (e) or in darkness (w). The control

seedlings were grown in distilled water (DW) (Dotted lines) in

red light (0) or in darkness (¢).

A. NF effect on amylase activity.

B. B-amylase isozymes in different segments of Norflurazon
treated leaves. The plastidic x-amylase band was totally
absent in light (NF) grown seedlings (upper arrow).
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profile was similar to that of the control seedlings, the chloroplastic x-amylase

band was totally absent (Fig. 29B).

433 Temporal and spatial dependence of photostimulation gradient

of B-amylase

The analysis of amylase activity along leaf axis clearly reveals that total
amylase activity in pearl millet leaves, i.e, p-amylase activity, shows a
gradient of photostimulation which is localized in the segment proximal to the
leaf base. Since in the monocot lesf, basal meristems continuously contribute
new cells, the position of each cell with reference to the base constantly
changes during the course of leaf development. In view of continual changes
in cellular position, and increase in amylase photoinduction with age, we
examined whether the light sensitivity of 2nd segment near the base is
dependent on temporal age of leaf, or on spatial localization of segment by
analyzing the pattern of gradient during the period of leaf development. The
photostimulation gradient was analyzed in primary leaf every d right from 3-d
to 10-d after sowing. The length of pearl millet leaf during the period
increased with its age from 3 to 10 cm.

Fig. 30 shows the gradient of p-amylase in light-grown pearl millet
leaves of different age. It is evident that during initiation of leaf development,
i.e, on of 3rd and 4th d, though p-amylase activity is photostimulated, the
activity increases towards the tip. However, from 5th d onwards the maximal
pbotostimulation of p-amylase is always noticed in 2nd segment from |eaf base

irrespective of leaf age, indicating that the photostimulation of p-amylase
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induction is strictly determined by cdlular position. Although during 5-10 d
amylase activity increases up to 8th d and then it declines irrespective of tota
p-amylase activity of ledf, after 5th d maximum amylase activity is present
in the segment proximd to leaf base (Fig. 30).

The data were dso plotted by numbering segments from the tip for
comparision (Fig. 31). It is evident that snce the photostimulation gradient
is determined by proximity to basal meristematic cells, the segment showing
maximal photostimulation is continualy shifted to right with age, therefore
a numbering a segments from base gives a better graphical representation of
the data (d. Fig. 30).

In monocot ledf, the position of the cdl is constantly shifted in relation
to base, as the cdl moves on to a more mature state. It is evident that
maximal photostimulation of amylase is seen in the 2nd segment from the
base, which, with continued cdl division a the base would move up yielding
place to new cdlls. Theinfluence of the above cdl movement, which constantly
changes cdlular postion, on acquired amylase activity was anadyzed by
determining amylase activity in same set of cdlsin the ledf. It is sdf-evident
that if the tip is used as a reference of podtion, the cellular position of a given
set of cdllsremain essentially constant as newly generated cells at base acquire
a new segment number, with reference to the tip. In this way, the fate of
acquired amylase activity in a given segment of leaf could be visuaized during
the period of the leaf growth. The data presented in Fig. 32 clearly highlight
that during the period of photosendtivity, i.e, 510 d from sowing, at the time

of its appearance, a given ssgment has low activity of amylase, which is
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Figure 32. Photostimulation of amylase activity in different segments of first
legf of pearl millet seedlings.
Amylase activity was analyzed in segments excised from primary
leaves of 3d to IOd dld L(DW) grown seedlings. The segments are
numbered from tip (1) to base of the lesf. The amylase activity in
Fig. shows the activity of the same segment during the ledf
development. Values on top right or left corner of each figure
refers to the position of segment with respect to top.
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Figure 33. Photostimulation of amylase activity in different segments of first
leaf of pearl millet seedlings. Amylase activity was analyzed in
segments excised from primary leaves of 3d to 10d old L(DW)
grown seedlings. Segments are numbered from base (1) to tip of
the lesf. The amylase activity profile in figure shows the enzyme
activity at the same position with respect to leaf base. Values on
top right or left corner of each figure refers to the position of
segment with respect to base.
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photostimulated by the time the segment acquires a distance of about 1 cm
from the base of leaf. The magnitude of photostimulation however depends on
the age of the seedling i.e., 7-8 d old seedlings shows maximal stimulation.
Thereafter, on further shift in position with respect to base, the magnitude of
photostimulated amylase activity gradually declined as the segment became
older and distant from leaf base. Segments 1-3 which are generated during
early leaf development also show a decline in amylase activity with increasing
age (Fig. 32).

The effect of cellular position (in relation to the base of the leaf) on
photostimulation of amylase was examined by plotting the activity of amylase
in leaf segments numbered with reference to the base at different ages (Fig.
33). It is evident that with increase in age amylase activity increased in the
basal segment which declined after 7 d from sowing. While the segments 2-4
do not show changes during 3-5 d, they show a significant increase in amylase
activity from the 6th d onwards, and then the magnitude of photoinduction
declines after the 8th d from sowing. Such an increase in amylase activity
with age was seen in other (5-8) segments too. In general segments 2-5 were
the most photoresponsive. The magnitude of photostimulation increased from
the 5th to 8th d and then declined in all segments (Fig. 32).

44 IMMUNOLOGICAL ANALYSIS

While it is likely that the photoinduction of x-amylase and p-amylase
observed in the present study results via de novo synthesis, it is equally

possible that the enzymes are activated from a zymogen form, or that the
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observed activity changes arise from changes in the levels of
activators/inactivators. Immunochemical methods were therefore used to
establish the mode of induction of amylases. Antibodies were used to examine
several parameters such as quantification of particular enzyme, contribution
of individual enzyme to total activity, whether the abundant enzyme masks the
presence of minor enzyme activity, and also to investigatethe in vivo rates of

synthesis of enzyme proteins under influence of light.
44.1 Characterization of antiserum

The immune sera used in present investigation were raised against «-
amylases («;- and =,-) and B-amylases purified from endosperm of maize seeds
(Subbarao, 1992). The polyclonal antibodies were obtained against «,-
amylases, =,-amylases, and p-amylase from maize, and were demonstrated
to be monospecific by a variety of techniques (Subbarao, 1992). The prefix
against each antiserum denotes the antigen obtained from maize seed against
which that antiserum was obtained. The monospecificity of individual amylase
antiserum from maize, namely, -, =,-, and p-antiserum against pearl millet
amylase was first ascertained by Ouchterlony double immunodiffusionreaction.
The polyclonal antibodies raised against maize amylase cross-reacted with
pearl millet x-amylase and p-amylase with high affinity (Fig. 34). In contrast,
pearl millet p-amylase did not cross-react with mustard p-antiserum (data
not shown) and, also, mustard p-amylase did not cross-react with maize g-

antiserum (Fig. 34C).



Figure 34. CQuchterlony double diffusion analysis of pearl nillet

amylases against nmize antiserums.

The central wells were filled with respective mmize anti -
sera, while peripheral wells were filled with pearl mllet
sanple. The letters in parentheses indicate the position of
antigen wells.

Immunodiffusion agai nst a.- antiserum from mai ze.
Root (1), Coleoptile (2), leaf(3), Seed (4).

Immunodiffusion against aj-antiserum from nmize.
Root (1), Coleoptile (2), leaf (3), Seed anyl ase(4).

Immunodiffusion agai nst B-antiserum from nai ze.
Mai ze B-amylase (1), Seed (2), Leaf (3), Coleoptile (4),
Root (5) , Mustard p-amylase (6) .

Immunodiffusion of di fferent subcellular fractions/cell
extracts agai nst a.-antiserum.
Mesophyl |l chloroplasts (1)/ Bundle Sheath Strands (2),
Bundl e Sheath Chloroplasts (3), Mesophyll cytosol (4, 5),
Bl ank wel | (6).

Immunodiffusion of denatured pearl mllet crude extracts
agai nst /3-antiserum
Native protein (2), Denatured protein (3), Blank wells

(1,4).

Staining of precipitin line for p-amylase activity, after
immunodif fusion against /3-antiserum.
Seed (1, 2, 4), Leaf (3).

Staining of precipitin line for /3-amylase activity after
immunodif fusion against /3-antiserum.

Leaf(l), Chloroplast (2), Bundle sheath strands (3), Blank
well (4).

Staining of precipitin line for a-amylase activity after
i mrunodi f f usi onagai nst a. -antiserum
Leaf (1), Chloroplasts (3), Seed (2,4).
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The double diffuson analysis revealed that like maize, pearl millet
seedlings also possess P, «; and «,, the three amylolytic proteins, (Subbarao,
1992) viz., one p-amylase and two x-amylases, which were named as «; and x,
amylases. |n pearl millet seedlings, the antigenic activity of «,-amylase was
present in leaf and seed (Fig. 34A), whereas p-amylase protein was present in
al parts of seedlings. By contrast, the x,-amylases antigenic activity was
detectable only in the pearl millet seed (Fig. 34B). There was no significant
difference in antigenic identity between pure maize amylase and pearl millet
amylases (data not shown). The precipitin line against maize p-amylase
completely fused with the precipitin line against the p-amylase present in
different organs of pearl millet seedling (Fig. 34C). A complete fusion of
precipitin line was obtained with maize antigen demonstrating a high degree

of antigenic identity between maize and pearl millet amylases.

In pearl millet seedlings, the denatured amylases obtained after boiling
the sample in SDS-PAGE buffer, retained its cross-reactivity against p-serum
and was antigenically identical to native enzyme. The double diffusion analysis
showed a precipitin arc emphasizing full identity between these samples (Fig.
34E).

The precipitin line generated between amylase and the respective
antiserum retained its enzymatic activity and could be stained for amylase
activity. The p-amylase activity was detected as colorless zones against the
dark blue background which intensely stained with iodine (Fig. 34F,G). The
«-amylase activity in the immunocomplex was also visualized as the colorless

zone on dark blue background with iodine staining (Fig. 34H).
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In view of the low amount of antigen cross-reacting with «,-antiserum,
total cytosolic x-amylase from leaf was enriched by immuno-precipitation with
=,-antiserum and subjected to Ouchterlony double diffusion against «,-
antiserum. A single precipitin line was visualized against «;-anti serum.
However, a similar immunoprecipitate with o, antiserum did not show any
amylase antigen (data not shown). The isolated chloroplastic amylase showed

a precipitin line only with o; antiserum (Fig. 34D).
4411 Western blotting

The existence of antigens in pearl millet seedling cross-reacting with
antiserums raised against maize «,- and p-amylase was aso checked by
western blotting. The chloroplastic and cytosolic extracts from leaf containing
«- and B- amylase, were first electrophoresed under non-denaturing conditions
and then were electroblotted on nitrocellulose sheets. The nitrocellulose sheets
were then probed with «; and B-antiamylase serum. The Rf values of the «-
and p-amylase bands on the nitrocellulose sheet after western blotting
corresponded with respective isoforms as shown earlier by substrate specific
staining of gels (see Fig. 16 and 20). On electrophoresing plastidic amylase, a
single band was visualized against «,-antiserum on a position corresponding
with Rf value of plastidic amylase, i.e, 0.21. (Fig. 35A) Similarly, cytosolic
amylase too showed a single band of amylase against p-antiserum with Rf

value 0.72 (Fig. 35B).



Figure 35. Western blotting of chloroplastic andcytosolic
amylases.
A. Chloroplastic a-amylase (probed by a,-antiserum)
b. Cytosolic B-amylase (probed by B-antiserum) .



4412 I mmunoelectr ophoresis

The specificity of cross-reaction of leaf x-amylase with o, -antiserumand
the possibility of the existence of multiple antigens was analyzed by
immunoel ectrophoresis. The plastidic x-amylase on immunoelectrophoresis
revealed a single precipitin arc, after diffusion against o«,;-antiserum confirming
that «,-antiserum recognized a leaf amylase. Similarly, seed x-amylase to0

showed only single precipitin arc against «,-antiserum (Fig. 36).

4.4.2 Quantification of amylase protein level

4421 I mmunopr ecipitation

While the experiments outlined above confirmed the existence of «-
amylase activity in chloroplasts, at the same time the presence of a low
amount of B-amylase activity in chloroplast can not be excluded. In order to
ascertain  whether plastidic amylase aso includes B-amylase,
immunoprecipitation of plastidic components was carried out using e,,x,, and
B-antiserum. Table 6 shows that while x, and B-antisera are ineffective to
immunoprecipitate plastidic amylase activity, only «;-antiserum is able to
immunoprecipitate it, both from mesophyll as well as bundle sheath

chloroplasts.
4422 Immunotitration

In cereals, particularly in barley, it has been shown that increase in B-
amylase activity during seed germination results from activation of preformed

zymogen, i.e. an inactive B-amylase protein. The existence of inactive B-



Figure 36. Immunoelectrophoresis of seed and plastidic a-amylase
agai nst a,-antiserum.
A Seed

B. Mesophyll chl oropl asts



Table 6. Immunoprecipitation of chloroplastic a-amylase With «

a, and fi-antiserunms. Plastidic amylase (15 nkat)
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amylase molecules in leaf extract was ascertained by immunotitration of p-
amylase from dark-grown and light-grown leaves. The crude supernatants from
light and dark-grown pearl millet seedlings were immunotitrated against a
constant amount of p-antiserum. The residual p-amylase activity in the
supernatant was determined after the remova of antigen-antibody complex.
Fig. 37 shows that though varying amounts of p-amylase activity were
incubated with a fixed amount of antisera, the immuno-inhibition magnitude
was congtant. Since the profile of immunoinhibition and the subsequent escape
of p-amylase activity of both dark and light-grown seedlings were similar, this
indicates that equa p-amylase activity present in the dark/light-grown leaves

represents equal amounts of p-amylase protein.

4423 Single radial immunodiffusion
44231  Chloroplastic amylase

Single radial immunodiffusion is often employed to quantify the amount
of an antigen from a crude supernatant as the amount of an unknown antigen
can be caculated after obtaining a standard curve againgt purified antigen
(Fig. 4). It was demonstrated by usng SRID that irrespective of light
treatment, equal amylase activity in different samples shows precipitin rings
of equa diameters (Fig. 38C). The plagtidic «-amylase from mesophyll and
bundle sheath, with equa amylolytic activity on SRID reveded precipitin
rings of the same diameter (Fig. 38B). However, at the same time, loading
equa amounts of total protein on SRID, the diameter of rings were
proportional to the amount of p-amylase activity in respective extracts (Fig.
38D).
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Immunctitration of p-amylase in crude extracts isolated from
pearl millet seedlings.

A fixed volume of antiserum (1/32 dilution) was mixed with
increasing amount of amylase enzyme (2-14 nkat) prepared from
the pearl millet leaves grown either in light ¢a) or in darkness
(A). The resultant mixture was incubated at 4 C for 12 h and
immunocomplex was separated by centrifugation at 10,000g after
absorption on Staphylococcus aureus cdl walls. The supernatant
was assayed for B-amylase activity.



Figure 38. Single radial immunodiffusion.

A. Quantification of /3-amylase protein at different time points
by SRID.
The supernatants obtained from leaves of 2-10 day old RL
gowvn seedlings were concentrated ad aliquots containing
equal amourt of proteins were loaded in the wells, punched
on agar gel containing 1% (v/v) maize /3-antiserum. The
numbers on the top of wells indicate the age of seedlings.
The absolute amount of /3-amylase protein was quantified by
using a standard curve presented in FHg 3.

B. Detection of a-amylase in pearl millet chloroplasts.
Pearl millet mesophyll and bundle sheath chloroplastic
extracts were subjected to SRID. Equd amylase activity weas
loaded in wells in agar gel containing 1%(v/v) a;-anti
serum.
a. Mesophyl| chloroplast, b. Bundle sheath chl oropl asts.

C. On loading equal /3-anylase activity from |light and dark grown
| eaves, resulted in rings of equal dianeter against /3-anti-
serum, show ng equival ence in /3-anylase protein level.

(a) 7-d L (b) 7-d D

D. Detection of /3-anylase in light and dark grown | eaves.
Concentrated crude extract from 7-d and 8-d old pearl nillet
seedl i ngs was subjected to SRID in agar gel containing /3
antiserum Equal protein from 8-d old pearl mllet seed-
lings was |oaded in the serial wells made in agarose gel
(a) 8-d dark; (b) 7%-d dark — 12h light;

(c) 7-d dark — 24h light; (d) 8-d light.
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The increase in f-amylase activity in pearl millet leaves directly
correlated with a corresponding increase in the amount of p-amylase protein
(Fig. 38A). In an analogous fashion to p-amylase activity, p-amylase antigen
could not be detected in leaves of 3-d light-grown leaves, but appeared in dark-
grown leaves only on the 7th d from sowing (Fig. 39A). The peak of g-amylase
protein level and subsequent decline in light-grown seedlings were identical

with B-amylase activity profile.

The light-mediated increase in x-amylase activity and the increase in
protein level of x-amylase were parallel at al time points from sowing. The
level of x-amylase declined in darkness after the 8th d, but in light it
remained at a constant level after the 8th d (Fig. 39B).

The observed effect of brief RL and FR on B-amylase activity is aso
reflected a change in the level of antigenic protein (Fig. 40). The red-light-
induced increase in B-amylase activity (Fig. 8) was paralleled by an increase
in level of B-amylase protein. Moreover, reversal of RL effect by FR, bringing
about achange in level of B-amylase activity, also decreased f-amylase protein

(Fig. 40).
44232 Distribution of amylase along leaf length

The distribution of B-amylase as well as «-amylase proteins was
measured along the leaf length in  7-d old leaves. The primary leaf was
dissected into one cm segments, numbered sequentially from base, and the

amounts of «- and g-amylase protein were determined by SRID. In light-grown
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leaves, the amount of B-amylase protein was higher in the second segment of
the leaf and thereafter it declined from 3rd to 8th segment, whereas in dark-
grown leaves B-amylase protein level increased towards the tip (Fig. 41A).
Similarly x-amylase protein too gradually increased from 3rd to 8th segment
in light and dark leaves and could not be detected in the first two segments.
The level of x-amylase protein was much lower in dark-grown leaves than in

light-grown leaves (Fig. 41B).
45 INVIVO LABELLING OF AMYLASES

The distribution of amylase along the leaf axis clearly shows that both
«- and p-amylase protein levels distinctly vary along the leaf length, and the
amount of respective protein at a given position is determined by light and
darkness. Thein vivo leve of a protein is however a sum total of its turnover
which includes a relationship between its synthesis and degradation. Since
increase in protein level as assayed by SRID may arise by increased rates of
de novo synthesis and/or by decrease in degradation, the distinction between
these two processes was made by determining the rate of in vivo labelling of
respective enzymes in leaf segments. The rate of in vivo synthesis of «- and B-
amylase was determined by incubating leaf segments/cellsin  S-methionine

and immunoprecipitating radiolabelled amylases.

Incorporation of 3%S-methioninein each segment was followed by loading
equal amounts of radioactivity in proteins to gd for electrophoresis. The
separation of radiolabelled proteins on gel yielded a pattern with respect to the
spatial position of the segment of the leaf from where the segment was derived.
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451 B-Amylase synthesis

In light-grown seedlings, p-amylase synthesis was largely restricted to
the basal 2 segments and declined in the successive segments. The fluorogram
after immunaoprcipitation of newly synthesized p-amylase reveded a high leve
of p-amylase synthesis only in first two segments with a low leve in third
segment.  Probably in other segments aso, p-amylase synthesis could be
visudized, by increasing the amount of radioactivity loaded on the gd.
Maximum synthesis of p-amylase was observed in the first ssgment (Fig. 42).
In comparison to light-grown leaves the rate of synthesis was low in dark-
grown leaves, however in dark too, the rates of p-amylase synthesis declined
towards the tip of lef. It is evident that the high levd of synthesis in basa
segment in leaf contributes to observed photostimulation of p-amylase which
contributes to the obtained profile of p-amylase protein level.

452 «.Amylase synthesis

The in vivo labelling revedled a gradient of «-amylase Synthesis that
was similar to p-amylase, where «-amylase Synthesis was maost prominently
locdized in basal segments of leaf and it progressively declined towardsthetip
(Fig. 43). The dfect of light in x-amylase synthesis was discernible in the
basal segment, but in other segments, the rate of synthesis of x-amylase in
light was dightly less than that in dark-grown seedlings. The profile of «-
amylase synthesiswas dramatically oppositeto «<-amylase activity distribution
in leaf both in light and darkness, as in basal segments actively synthesizing
x-amylase, NO x-amylase protein leve could be detected by SRID (Fig. 40).
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Fi gure 44 . Demonstrationof a-amylase synthesis inbundl e sheath
strands by immunoprecipitation with a;-antiserum.
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Figure 45. Determination of molecular weight of oc-amylase and p-amylase
by SDS-PAGE.
The labeled samples were immunoprecipitated with B- and «,-
antiserum respectively and were separated on SDS-PAGE. The
molecular weights were determined against a standard curve
obtained by running standards of known molecular weight under
identical conditions. The molecular weight of the standards used
were a) x-lactalbumin (14.2 kD); b) Trypsin inhibitor (20.1 kD);
©) Trypsnogen (24 kD); d) Carbonic anhydrase from bovine
erythrocytes (29 kD); €) Glyceraldehyde-3-phosphate
dehydrogenase from rabbit muscle (36 kD); Egg abumin (45 kD);
Albumin bovine (66 kD).



453 «-Amylase synthesis in bundle sheath strands

In view of presence of a plastidic x-amylase in bundle sheath strands,
isolated bundle sheath strands were radiolabel led with **S-methionine for 3
h. The radiolabelled proteins were immunoprecipitated with «;- and -
antiserums. In B strands, pulse labelling and subsequent immunoprecipitation
with o,-antiserum showed only a single immunoprecipitated band (Fig. 44).
However, using - and «,-amylase antisera no synthesis of g-amylase or «,-

amylase proteins could be seen in B cells.
45.4 Molecular weight deter mination

The molecular weight of radiolabelled peptide of «- and also B-amylase
was determined by SDS-PAGE with protein molecular weight markers. The
molecular weights of p-amylase and «-amylase are 43 kD and 46 kD
respectively (Fig. 45). The molecular weight from BSS had similar molecular
weight to total x-amylase, i.e., 46 kD.

46 PHOSPHORYLASES

Phosphorylase activity of pearl millet leaf was measured by both
biosynthetic and degradative pathways. In thebiosynthetic pathway, glucose-1-
phosphate is polymerized by coupling to amylose, releasing inorganic
phosphate leading to starch formation. Phosphorylase activity was measured
either by estimating the formation of starch or by estimating the amount of
inorganic phosphate released in the biosynthetic pathway. In the degradative

pathway, in the presence of inorganic phosphate, starch was sequentially
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degraded to release glucose-1-phosphate whose level was enzymatically

estimated.
46.1 Optimization of biosynthetic assay

The optimum pH at which phosphorylase activity could be maximally
extracted was estimated by homogenizing pearl millet leavesin 50 mM Tris-
HC1 buffer (pH 6-9). Fig. 46A shows that maximum extraction of phosphorylase
activity was obtained at pH 8. The extraction of phosphorylase was
dependent on molarity of homogenization buffer. On using Tris-HCI buffer of
different concentration (30-150 mM) to extract the phosphorylase activity,
maximal activity was obtained with a 50 mM buffer (Fig. 46B).

The temperature optimum for assaying phosphorylase was determined
by conducting assays at different temperatures ranging from 20°C to 60°C; the
maximal activity was detected at 30°C (Fig. 46C). Similarly, the optimum pH
for estimation of phosphorylase activity was measured by assaying it in
different buffers at various pH and maximal activity was obtained in Na-

citrate buffer at pH 5 (Fig. 46D).
46.1.1 Inhibitors

In view of the presence of amylase and phosphatase in crude
supernatants which could influence the employed biosynthetic assay for
phosphorylase activity, where amylase can influence substrate level by
degrading starch and phosphatase may release phosphate from glucose-1-
Phosphate. Therefore the activity of phosphorylase was estimated in presence
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of appropriate inhibitors to block interference of these enzymes. In this
investigation HgCl,, ammonium molybdate and NaF (Porter, 1953; Pan
et al., 1988) were used to inhibit phosphatases and amylase activity in the
assay mixture. The effectiveness of these inhibitors in their respective action

was estimated by establishing proper controls.

The data presented in Table 7 and Fig. 47 show that the phosphorylase
activity as measured by release of inorganic phosphate can be optimized by
including inhibitors of amylase and phosphatase action. It is evident from the
absence of glucose-1-phosphate from the assay mixture that no phosphate is
released; however in the presence of glucose-1-phosphate, but absence of
starch, a slight release of phosphate is evident indicating a possible action of
phosphatases. It is also evident that on inclusion of NaF, Hgel, and molybdate,

the release of phosphate via phosphorylase action is maximal.
4.6.2 Optimization of degradative assay

In the degradative pathway, in the presence of inorganic phosphate and
amylose, phosphorylase catalyzes the breakdown of starch to yield glucose-1-
phosphate. The increase in the amount of glucose-1-phosphate was measured
by using a coupled assay with phosphoglucomutase and glucose-6-phosphate
dehydrogenase enzymes where reduction of NADP is measured at 340 nm. The
pH optima for extraction of phosphorylase activity from leaves was determined
as described earlier by homogenizing leaves in 50 mM Tris-Hel buffer, with
pH ranging from 6 to 9 and it was found that optimum pH for extraction was

7.5 (Fig. 48A). Similarly, temperature optima of phosphorylase activity was



Table 7. Esti mati on of phosphorylase activity estimation in
bi osynthetic pathway. NaF, Hgcl, and ammoni um nol ybdate were used
as inhibitors to inhibit a-amylase and phosphatases activity.

Starch G-1-P Inhibitors 2500

a + + -inhibitors 0.19
b + - do- 0

c - + - do- 0.05
d + + - NaF 0.32
e + + -HgClz 0.23
f + + - Amoni um nol ybdate 0.21
g + + +I nhibitors 0.28

* G1-P - Gucose 1 phosphate; NaF- 20 mM; HgCl,- 0.2 mM
(NH,) gM050,,.4H,0- 0.1 mM
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edtimated by assaying in different temperatures, and was found to be 30°C
(Fig. 48B).

4.6.3 Distribution of phosphorylase activity in seedlings

The distribution of phosphorylase activity was measured in different
organs of 7-d od pearl millet seedlings. The enzyme activity did not
significantly deviate between light and dark grown seedlings. The maximal
phosphorylase activity was detected in the primary leaf of seedlings, while the
coleoptile too possessed nearly equal activity. In  comparison to the above
organs the activity in seeds and roots was nearly 3 times less (Fig. 49).

4.6.4 Time course of phosphorylase increase

In pearl millet seedlings grown under continuousred light and darkness,
phosphorylase activity was measured in the biosynthetic pathway. Fig. 50A
shows that both in light and darkness, phosphorylase activity in leaf increased
with age attaining a pesk a the 8 d after sowing. At dl time points
phosphorylase activity in light-grown seedlings was less than that in the dark
controls (Fig. S0A).

The estimation of phosphorylase activity in the biosynthetic pathway
however, was besieged with insengitivity and fluctuations, as the above assay
essentially  determines release of inorganic phosphate, the precise
measurement of which is difficult due to contamination arising from
extraneous sources. Moreover, phosphorylase primarily functions as a

degradative enzyme in vivo. In view of this, in further experiments,
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phosphorylase activity was assayed by the degradative pathway, and the
biosynthetic pathway was used only to visualize isoforms Of phosphorylase
after PAGE.

Fig. 50B, shows the time course of change in phosphorylase activity
measured by a degradative assay at different time points in light and
darkness. It is evident that in pearl millet leaves there is no apparent
photostimulation of phosphorylase activity. No dgnificant difference in
phosphorylase activity was observed between light and dark-grown seedlings.
In either case phosphorylase activity increased with age reaching apesk at the
7 d after sowing and then it declined.

4.65 Effect of norflurazon on time course of phosphorylase activity

Since phosphorylase is reported to exist as both plastidic and cytosolic
isoforms, the interrelationship of chloroplast biogenesis with phosphorylase
activity in light and dark-grown seedlings was determined by treating
seedlings with Norflurazon. The application of NF to pearl millet seedlings led
to an overdl reduction in phosphorylase activity at dl time points. Neverthe-
less, the time course of phosphorylase increase was qualitatively similar to
DW-grown seedlings. There was no apparent difference in phosphorylase
activity of NF-treated seedlings grown in light and darkness (Fig. 51).

4.6.6 Intercellular distribution of phosphorylase activity

In view of pearl millet being a C, plant, intercellular distribution of

phosphorylase activity was probed in isolated mesophyll and B cells. Table 8
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Phosphorylase activity was measured via degradative pathway.
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shows that in light-grown seedlings phosphorylase activity can be detected in
both mesophyll and B cells.

The cdl fractionation studies revealed that the phosphorylase activity
present in the mesophyll cells is exclusively locdized in cytosol. In isolated
plastids from mesophyll, phosphorylase activity was nearly absent (Table 8).
In contrast, in B cells, the entire phosphorylase activity was exclusively located
in the chloroplasts (Table 8).

The estimation of phosphorylase activity in isolated B from DW and NF
grown seedlings revealed that B strands possessed an equal amount of
phosphorylase activity in both light and dark samples as well as NF-treated
dark samples, but it was totally absent in L(NF)-grown seedlings (Table 9).
The B phosphorylase activity did not depend on chloroplast biogenesis, as
etioplasts isolated from B cells also possessed phosphorylase activity. It is
apparent from this observation that unlike other plastidic proteins such as
Rubisco and cab, the biosynthesis of plastidic phosphorylase is independent of
differentiation of etioplasts and chloroplasts.

46.6.1 Isozymes of phosphorylases

The isozyme composition of phosphorylase was analyzed by non-
denaturing polyacrylamide gel electrophoresis. The phosphorylase from light-
grown leaves consists of two isozymes, migrating a Rf 0.24 and 0.28

respectively (Fig. 52A). These isozymes were also seen in leaves of seedlings



Table 8. Intercellular distribution of ohloroplastio and non
chloroplastic phosphorylase activity in the |leaves of 8 day old
red light grown pearl mllet seedlings.

Fraction Phosphoryl ase activity
nkat/mg protein

Homogenate 48.80
M Cyt osol 31.80
M Chl or opl ast s 00. 18
B Homogenate 20.50

B Chl oropl asts 19. 90



Tabl e 9. Phosphorylase activity in bundle sheath strands of 8 day
old pearl millet seedlings.

Fraction Phosphoryl ase activity
(nkat/mg protein)

L (DW) 20.50
L(NF) 0
D(NF) 19.82

D(DW) 21.00
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Figure 52. Isozynes of phosphoryl ase present in |leaves of 7-d old
seedl i ngs.
Seedlings were grown in light or in darkness in presence of
either DW or 0.4 mM NF. The crude extracts from | eaves were
el ectrophorsed in native PAGE. Phosphoryl ase isozymes were
visualized by incubating gel in 1 % amylose solution and
glucose-1-phosphate for 3 h at 35°c. At the end of incuba-
tion gel was stained with KI-I, solution. Starch synthesized
by phosphoryl ases stained as clue band against [|ight blue
back ground, of the soluble starch perneated gel.

(A RL(DW, (B RL (NF), (Q D(DW, (D D (NF).
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grown under darkness; therefore the appearance of these isozymes was

independent of light or darkness (Fig. 52A,C).

The possible localization of the above isozymes in the plastidic
compartment was studied by growing seedlings in presence of NF (Fig. 52B,D).
In dark-grown seedlings, Norflurazon had no effect on phosphorylase and both
the isozymes of phosphorylase were expressed similarly to control (Fig. 52D).
However, in light-grown seedlings NF treatment eliminated fast-migrating
isozyme of phosphorylase (Fig. 52B). Since NF treatment of light-grown
seedlings lead to degeneration of plastids, it is likely that phosphorylase
isozyme which disappeared, having Rf 0.28, is localized in the chloroplast (Fig.
52B), and therefore the other isozyme (Rf 0.24) is likely to be located in the

cytosol.

It has been shown that in pearl millet leaves both M and B possess
phosphorylase activity, and both cell types were therefore analyzed for isozyme
associated with them. The PAGE of M cells showed that phosphorylase activity
consisted only of cytosolic phosphorylase (Fig. 53D,E) and no phosphorylase
activity was detected in M chloroplast (Fig. 53B), whereas in B cells, the
phosphorylase activity was reported only by fast-migrating plastidic isozyme
(Fig. 53A,C). In B strandsisolated from NF-treated light-grown fast-migrating
plastidic isozyme was totally absent (Fig. 54D). This chloroplastic isozyme is
specifically localized only in leaves and is absent in other organs of the

seedling, like coleoptile, seed (Fig. 55) and root (data not shown).
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Figure 53. Distinction of chloroplastic and cytosolic phosphory-
lases in pearl millet seedlings.
Chl oropl asts were isolated from nmesophyll and bundle sheath
strands. Purified intact chloroplasts were ruptured by
osnotic shock, and after centrifugation, supernatants were
subjected to native PAGE.
(A) Bundl e sheath homogenate; (B) nesophyll chloropl asts;

(© Bundle sheath chloroplasts; (D Mesophyll honmopgenate;
(E) Mesophyl | cytosol.
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Figure 54. Hectrophoretic analysis of phosphoryl ase isozymes,
indifferent subcellular fractions.
Seedlings were grown either in dark or in red light with DN
or Norflurazon solution. Different cell fractions were
| oaded on the gel.
Track (A RL (DW Mesophyll extract; Track (B) RL %I\F)
mesophyll extract; Track (Q RL (NF) Total extract; Track
(D R (NF) Bundle sheath extract; Track %E) D (DW Total
extract; Track (F) D (NF) Total extract; Track (G R. (DY
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Fi gure 55. Phosphorylase isozymes in different organs of pearl
millet seedlings.
Extracts from different organs were subjected to el ectropho-
resis. Track (A leaf extract, (B) coleoptile, (O seed.
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4.6.7 Phosphorylase gradient in leaves

In view of the distinctive localization of phosphorylasein two subcellular
compartments, i.e., cytosol and chloroplast, and moreover, the cytosolic isozyme
beingin M cdlls and plastidic isozyme in the B, it isimperative that regulation
of both phosphorylase forms may takes place via distinct pathways. Since
earlier experiment have shown that plastidic x-amylase and cytosolic f-
amylase in the same leaf show different distribution patterns in light-grown
leaves, the distribution of phosphorylase in leaves was analyzed by excising

leaf segments in a similar fashion as described earlier for amylases.

Fig. 56 shows distribution of total phosphorylase activity in light and
dark-grown seedlings. It isevident that in dark-grown seedlings, phosphorylase
activity islow in basal segments and it progressively increases towards thetip.
By contrast in seedlings grown in light, while the basal segment possessed
nearly equal phosphorylase activity to dark-grown seedlings, in the 2nd and
3rd segments it is significantly higher than dark grown seedlings.
Furthermore, from the 4th segment onwards the activity was significantly
less than in the dark controls. The above result was obtained irrespective of
base unit used for the expression of phosphorylase activity, either segment

or protein (Fig. 56A,B).

It is important to note that if the phosphorylase activity of all segments
(Fig. 56A) is pooled up to obtain the total phosphorylase activity it is 3.31 nkat
and 3.02 nkat in light and dark respectively. It is evident that though in vivo

light and dark grown leaves have a different distribution of phosphorylase
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activity dong the leaf axis, on estimating the total phosphorylase activity of
the whole lesf, nearly equal activity is obtained in light and darkness masking
the efect of light on phosphorylase stimulation. The profile of phosphorylase
distribution activity in 7 d and 8 d dld seedlings isdosdy similar indicating
that light affects the distribution of phosphorylase activity aong the axis of
the leef (Fig. 57).

46.7.1 Phosphorylase gradient in light and dark grown leaves

The electrophoresis of phosphorylaseisozymesreveded that therelative
proportion of plastidic and cytosolic enzymes in light and dark-grown leaves
was dearly influenced by the location of the segment position along the axis
of the ledf. In light-grown seedlings (within limits of our phosphorylase activi-
ty assay), in basal segments, the activity of plastidic isozyme of phosphorylase
could not be seen in the firg three segments, but could be seen in segments 4-
8 fram the base. In terms of relative preponderance, in the basal segment,
plagtidic isoform was absent up to the 3rd segment whereas cytosolic isoform
was prominently present. The level of plastidic isozyme gradually increased
towards the tip from the 4th segment onwards to amaximal activity at thetip
of the lef. On the other hand the cytosolic phosphorylase was more intense in
basal segments, and from segment 4 onwards the level declined towards the
tip of leaf (Fig. 58). In fact, in regions dose to the ledf tip, i.e, segment 7-8,
cytosolic phosphorylase was nearly absent. Interestingly, in the same leaf while
plastidic phosphorylase was absent in 1-3 segments, cytosolic phosphorylase
was completdly absent at the tip (Fig. 58, inset).
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In dark-grown leaves, total phosphorylase activity increased towardsthe
tip, with the tip having a nearly two-fold higher activity than the base. In
contragt to light-grown leaves, in basal segments as wel as in the tip of the
lesf, both cytosolic and plagtidic isoforms can be detected. However, in the
base, while cytosolic isoform is more dominant, in tip the activity of plastidic
isoform is dose to cytosolic isoform. The relative preponderance of isoforms
revealsthat in dark the leve of plastidic phosphorylase isoform increases from
the base to the tip of the leaf. On the other hand, the level of cytosolic isoforms
which is higher in segment 1-4 declines in the tip region in segment 56 (Fig.
59).

46.7.2 Effect of norflurazon on phosphorylase distribution

Earlier experiments reveded that Norflurazon treatment reduces
phosphorylase activity of ledf, eliminating plastidicisozymelocdized in B cells.
Fig. 60 shows the analysis of phosphorylase distribution in the NF-treated
leaves. It is evident that distribution of phosphorylase in the NF-treated leaf
is akin to distribution of phosphorylase in light-grown seedlings with maximal
activity present in the third segment of the lesf. However, electrophoresis of
phosphorylase showed that only cytosolic isozyme was present in NF-treated
seedlings and its level declined towards the ledf tip (Fig. 60, inset).

In no segment was any activity of plastidic isozyme detected. Assuming
that NF treatment does not afect the cytosolic phosphorylase activity, the
subtraction of total phosphorylase activity of light-grown NF-treatment
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seedling from light-grown seedlings showed that plastidic phosphorylase
comprise 20% of phosphorylase activity.

46.7.3 Gradient in isolated bundle sheath and mesophyll cells

In view of spatial separation of phosphorylase in two compartments, we
took advantage of it and assayed phosphorylase activity after separating
mesophyll and B cdls from individua segments from 7-d old pearl millet
leaves. The result obtained clearly supports the earlier observation.

In light-grown plants, plastidic isozyme is not seenin B in the first two
segments. Theregfter, its activity increased towards the tip of the lesf. On
other hand, mesophyll cdls showed only cytosolic phosphorylase and had a
gradient as observed in intact leaves. The basal segments were more enriched
in cytosolic phosphorylase which declined towards the the tip from segment 3
onwards (Fig. 61).
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CHAPTER 5

DISCUSSION

The morphology of plantsis optimized in order to survive in a given set
of environmental conditions, and aso to make the best use of environmenta
factors, such as light. Basicaly, light drives the photosynthetic reaction in
chloroplasts locdlized in green lesf cdls. Leaves, in addition to acting as an
organ respongible for in photosynthetic generation of starch, aso perceive the
photoperiodic duration of light. Furthermore, in higher plants, development of
the leef strongly depends on the availability of light. Despite a surge of studies
in recent years, the molecular basis of lesf development is still not fully
understood. Moreover, development of the leaf fdlows different strategies in
dicotyledons and monocotyledons due to the determinate and indeterminate
nature respectively, of their meristems. In the present investigation, the
photoregulation of starch degrading enzymes in pearl millet leaf has been
studied in relation to leaf development and chloroplast biogenesis in pearl
millet seedlings.

51 AMYLASES
511 Phytochrome regulates amylase activity in leaves:

In pearl millet seedlings, maxima amylase activity was present in seeds
and in other parts of the seedlings aso amylase activity was detected (Fig. 7).
Such ubiquitous distribution of amylases has dso been observed in other
monocot seedlings such as maize (Subbarao, 1992) and barley (Jacobson et al.,
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1986). In general, the level of amylase activity was higher in light-grown-

seedlings, barring root, indicating that amylase is a photoregulated enzyme.

It was observed that in continuous light-grown seedlings, the onset of
photostimulation of amylase activity, in some way is associated with leaf
expansion, and amylase photostimulation is seen from the 3rd d onwards along
with the initiation of leaf expansion, culminating in a peak on the 8 d (Fig. 9).
The responsiveness of leaf to photostimulate amylase activity between 3-8 d is
temporally determined. Subsequently even though seedlings are still under
continuous light, the loss of responsiveness triggers a decline in amylase
activity after the 8 d. The mechanism underlying amylase decline is not
known, but could result from; inhibition of amylase synthesis; stimulation of
amylase degradation or a combination of both. The observed time course of
amylase activity in pearl millet leaves is also similar to photoregulation of
amylase in mustard cotyledons (Sharma and Schopfer, 1982) and in maize
leaves (Subbarao, 1992), where too after attaining a peak, amylase level

eventually declines.

Since, in pearl millet leaves, amylase activity is photostimulated by
continuous red light (Fig. 9), it is likely that this photoresponse is mediated by
a photoreceptor, such as phytochrome or protochlorophyllide, or both of them
may be involved. A clear distinction between the participation of these two
photoreceptors in a photoresponse can be made by exploiting the photore-
versible nature of the phytochrome molecule, where photoresponse triggered
by active Pfr form of phytochrome ‘which is generated by a brief pulse of red
light (660 nm)' can be reversed, if it is followed by a terminal far-red light
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pulse (730 nm). Such RL/FR reversible responses have been termed as low-
fluence response and are characteristically attributed to phytochrome
(Shropshire and Mohr, 1983). Cyclic red light (10 min) treatments of pearl
millet seedlings separated by dark intervals of 8 h, significantly stimulated
amylase activity in leaves (Fig. 8). While FR light alone was largely ineffective,
it reversed the effect of a preceding RL pulse. This experiment showing
reversibility of RL-mediated response by FR clearly established the identity of
the photoreceptor regulating amylase activity as phytochrome (Fig. 8).

It is now well recognized that phytochrome exists as a small multigene
family (Sharrock et al., 1986; Quail, 1991) consisting of several phytochrome
species, of which phytochrome A is present predominantly in etiolated
seedlings and serves as a signal to perceive response under continuous FR
light. Under continuous RL used in this study, phytochrome A level rapidly
declines due to suppression of transcription (Quail, 1991), destabilization of its
mRNA (Colbert et al., 1983), and proteolytic degradation (Vierstra, 1993). On
the other hand the level of other phytochrome species does not change so
severely under continuous light (Wang et al., 1993). In view of multiplicity of
phytochrome species it is logical to ask which of the phytochrome species is
involved in regulation of amylase activity in seedlings. While no direct data on
accumulation kinetics of different phytochrome species are available in pearl
millet, in oat, a monocot species, it has been shown that in continuous light-
grown plants there is no accumulation of phytochrome A, but other light-stable
phytochromes accumulate in the seedlings (Wang et al., 1993). It is therefore
conceivable from these data that the light-grown seedlings used in this study
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would possess phytochrome species other than phytochrome A in greater
quantity. While these findings do not directly implicate a role of a particular
phytochrome species in the observed photoresponses, it is likely that the
sustainment of photoregulated amylase increase in continuous light-grown

seedlings is via the action of light-stable phytochrome.

Although photoregulation of severa enzymes have been reported in
cereal leaves (Downton and Hawker, 1973), the specific involvement of
phytochrome has been investigated only in a few cases. Reports on
photoregulation of leaf amylases are few, and detailed inspection of the role of
photoreceptor in controlling the response has been done in this laboratory
(Subbaramaiah and Sharma, 1989). In chick pea cotyledon, RL stimulated «-
amylase activity, and could also substitute for axis (Casado et al., 1991). The
photoinduction of amylase may depend on other factors too, eg., in a
Arabidopsis mutant lacking starch, p-amylase level is elevated by 40-fold only
when plants are grown under 12 h photoperiod, whereas in continuous light
the level of -amylase is equal in mutant and wild types. It was ascribed that
such elevation of B-amylase activity results from fluctuation in photosynthetic

carbon fluxes during photosynthesis (Casper et al., 1989).

In cereal seeds, particularly inbarley, it has been reported that amylase
induction is strongly influenced by plant hormones, regulating amylase gene
expression (Fincher, 1989). In leaves, although photoregulation of amylase has
been reported in mustard cotyledons (Sharma and Schopfer, 1987,
Subbaramaiah and Sharma, 1989), and maize (Subbarao, 1992), there is no

evidence in favour of hormone mediated amylase induction. In barley seedlings,
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where amylase induction in seed is characteristically triggered by gibberellic
acid, there is no evidence for such arole of GA in regulation of leaf amylases
(Jacobsen et al., 1986). In barley, since amylase regulation in seed isregulated
by hormone, and in leaf the same enzyme is regulated by water stress, it is
evident that regulation of an enzyme in two different organs may be governed
by two distinct mechanisms. In fact, a hormonal participation of GA in
photoinduction of amylase was ruled out in mustard cotyledons (Drumm et al.,
1971).

512 Blue light effect is mediated via phytochrome

The blue light effect on amylase induction was demonstrated as a
consequence of action of phytochrome. The similarity between blue and red
light action is apparent at many levels. The time course of amylase induction
in blue light is very similar to red light, albeit the magnitude of
photostimulation was less in blue light (Fig. 11). Although RL and BL €licit the
same qualitative response, quantitatively the magnitude of response in BL is
one-third of the RL. The photoregulation of amylase activity is also observed
on replacing brief red light pulses with blue light. The reversal of blue light
effect by far-red light clearly shows the role of phytochrome in blue
photoresponse (Fig. 12). Evidently, though blue light pulse also elevated
amylase activity, it operated via phytochrome rather than via a separate blue
light receptor. The results obtained do not suggest role of any photoreceptor
other than phytochrome on amylase induction and are in agreement with our

previous results in mustard cotyledon (Manga and Sharma, 1988), where too,
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blue light effect on amylase induction was demonstrated to be a consequence

of activation of phytochrome.
513 Amylolytic activity consists of x-amylase and p-amylase

Since, in many higher plants, amylolytic activity consists of both «-
amylase and g-amylase, the specific presence and contribution of both enzymes
in photostimulation of amylase activity was ascertained. The distinction
between =- and B-amylase activity was made by heat stability of x-amylase in
the presence of Ca?*, and also by its capacity to degrade p-limit dextrin. In
accordance with other reports, in light-grown leaves, B-amylase contributed 80-
90% of total amylolytic activity, and the remainder was x-amylase activity (Fig.
13A,B). In several systems amylase activity in leaf predominantly consists of
p-amylase, e.g., in mustard, amylolytic activity of cotyledons constituted only
of B-amylase and no x-amylase activity could be detected (Subbaramaiah and
Sharma, 1989). Similarly in Vicia fab a (Chapman et al., 1972; Ghiena et al.,
1993) and in maize (Subbarao, 1992) leaves also, among the two amylases, g-

amylase activity was most prominent.

The existence of both «-amylase and p-amylase in pearl millet leaf is
further confirmed by immunological detection of antigens reacting with
monospecific maize o,- and p-antiserum. The monospecificity of «,- and B-
antiserum were ascertained by avariety of techniques such as double diffusion,
immunoel ectrophoresis and western blotting (Fig. 34-36). Moreover, the
identity of antigens as amylases was also confirmed by retention of amylase

activity in immuno-complex after double diffusion (Fig. 34F-H). The detection
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of both x-amylase and p-amylase antigens in the leaf validated the use of heat
inactivation and B-limit dextrin as a tool to detect x-amylase activity in the

present study.

The specificity of maize «,-, x,- and B-antiserum against pearl millet
amylases was established in several ways. First, the precipitin lines generated
against respective «,-, «,-, B-amylase antigen of maize completely fused with
pearl millet leaves, showing existence of antigenically identical proteinsin both
plants (Fig. 34A-C). Second, the precipitin line could be stained for amylolytic
activity after removal of al unbound proteins from gel (Fig. 34F-H). Third,
both immunoelectrophoresis (Fig. 36) and western blotting (Fig. 35) showed
presence of a single antigen band against respective antiserum after the native
gel, whose Rf value corresponded with the position of x- and B-amylase
isozymes on the gel. Fourth, the distribution of antigens of «;-, «,- and g-
amylase proteinsin different parts of the seedling was similar to that observed
for maize (Subbarao, 1992). In pearl millet too, like maize (Subbarao, 1992),
two x-amylases, namely ;- and x, - and one p-amylase were present in seeds,
but in other parts x,-amylase could not be detected, and only =,-amylase and
p-amylase were present in all organs of seedlings (Fig. 34A-C). The existence
of these three amylases appears to be a common feature in cereals as these

have aso been detected in sorghum and barley (Mundy, 1982).
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5.1.4 Phytochrome stimulates de novo synthesis of x-amylase and p-

amylase in leaves

In cereals, the regulation of amylolytic activity has been best studied
during seed germination, during which «-amylase is de novo synthesized and
secreted from scutellum and aleurone layers to endosperm, and p-amylase is
activated from a latent form (Fincher, 1989). It is therefore likely that a
similar mechanism may operate the photostimulation of amylolytic activity in
pearl millet leaves. An analysis of time course of photostimulation of «-amylase
and p-amylase revealed many distinctive features. Since B-amylase is the
predominant amylolytic enzyme in leaves, photostimulation of p-amylase
activity closely paralleled the total amylolytic activity of leaf, with a peak at
the 8th d from sowing. In contrast, in dark-grown leaves, a little amount of p-
amylase activity could be detected only after 5 days from sowing (Fig. 13A).
Although the time course study shows that light stimulates p-amylase activity

in a highly regulated manner, the mode of -amylase modulation is not known.

The possibility of activation of fi-amylase contributing to observed
photostimulated increase was assessed by immunotitration of varying amount
of B-amylase activity against a fixed amount of B-antiserum. The observation
that on immunotitrating varying amounts of -amylase activity from dark and
light-grown leaves against a fixed amount of p-antiserum, the release from
inhibition and subsequent escape curve follow similar profile (Fig. 37), ruled
out any possible contribution of inactivation/activation as a mechanism to

photoregulate B-amylase activity in leaves.
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These results indicated that photostimulation of p-amylase increase
results via increase in the leved of p-amylase protein under the influence of
light, which was ascertained by anayzing the time course of changes in g-
amylase levd in light and darkness by SRID. The time course of leve of p-
amylase antigen clearly pardlded theincrease in p-amylase activity (Fig. 39A)
and supported the view that it is the increase in g-amylase protein level which
contributes to observed photogtimulation of p-amylase in leaves, rather than

an activation which takes place in cered endosperm.

An increase in p-amylase protein is aso seen when seedlings were
transferred from darkness to light (Fig. 38D). On the other hand, equd levels
of p-amylase activity from dark and light-grown leaves aways generated an
equa diameter ring on SRID (Fig. 38B). In generd, various experiments
conducted using SRID broadly confirmed that in pearl millet leavesthereis a
strict correlation between p-amylase protein and p-amylase activity at thetime
of points tested, and observed changes in p-amylase activity dosdy parallels
change in p-amylase protein levels (Fig. 38A).

The results dso ruled out the posshbility of changes in levd of
inhibitorg/activators by light, which might have regulated p-amylase leve
indirectly. It is, therefore, clearly evident that the influence of light on g-
amylase incresse is S0ldy exercised by modulating p-amylase protein level.
While the observed results are indicative of light-stimulated de novo synthesis
of protein, alternatively it is possible that the observed increase in p-amylase
protein leve may result from light-mediated inhibition of p-amylase
degradation. This possibility seems to be however remote, as in mustard
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cotyledon photostimulated p-amylase increase exclusively resulted from an
increase in p-amylase mRNA leved leading to de novo synthesis and the rate
of p-amylase degradation was not influenced by light. (Sharma and Schopfer,
1987; Subbaramaiah and Sharma, 1989). Therefore it can be assumed that
phytochrome increases p-amylase activity by stimulation of de novo synthesis

in pearl millet leaves.

Although we have not investigated if there is an activation of p-amylase
in pearl millet endosperm at al, activation of p-amylase is a general feature
in most cereals seeds such as barley (Nishimuraet al., 1986), wheat and rye
(Bureau et al., 1989) etc. It is evident that the same enzyme in different organs
may be regulated by different mechanisms. Recent evidence has indicated that
there may be two different p-amylases in cereals, one specificaly localized, in
endosperm, and other present in al parts of seedlings (Daussant and Lauriere,
1990; Daussant et al., 1991). The possibility that one located in endosperms is
regulated by activation during germination, and another p-amylase located in
other organs being regulated by other factors like light, due to difference in the
gene organization remains an attractive possibility. Though, in our study, we
have not distinguished whether endosperm and leaf p-amylase are identical or
dissimilar, an investigation on these lines would be most useful to understand

the dual regulation of the enzyme in different organs.

In addition to stimulating p-amylase activity, light also stimulated
increase in «<-amylase activity in leaf. The x-amylase activity could be detected
in leaves right from the 3rd d, both in light and darkness, which increased
gradually. A distinct effect of light on induction of x-amylase activity is
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apparent only from the 6th d onwards and thereafter oc-amylase activity de-
clined in both light and darkness, but light-grown leaves possessed more «-
amylase activity (Fig. 13B). Though «- and p-amylases were both
photoinducible in pearl millet leaves, the time course of their increase was
different and perhaps both were stimulated using independent signal
pathways.

In both light and dark-grown seedlings, maximum oc-amylase antigen
was obtained on the 6th d and after a little decline it remained constant in
light-grown seedlings, whereas in dark-grown seedlings it gradually decreased
(Fig. 39B). The stabilization of oc-amylase in light-grown seedlings and decline
in dark-grown seedlings after a temporal point of 6 d may arise as a
consequence of different subcellular localization of this enzyme in dark and
light-grown leaves. Since in dark-grown leaves, x-amylase isin extraplastidic
compartment and in light-grown leaves it is also located in chloroplast (see
below for details), and chloroplast stabilizesits level, the sustainment of a con-
stant level of oc-amylase in 6 d old seedlings onwards may reflect the activity
of chloroplastic oc-amylase. The import of oc-amylase protein in chloroplast
stabilizes its level while the cytosolic amylase is susceptible to degradation.
The kinetics of oc-amylase level indicates that in light-grown leaves, the
plastidic amylase is stabilized at a constant level by virtue of chloroplast local-
ization, whereas in dark-grown leaves, it continuously declines, due to lack of

protection of cytosolic amylases.
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515 Compartmentalization of x-amylase and p-amylase in leaves

The logicd site of localization of starch degrading enzymes in green
leavesis chloroplast, because it is the site of synthesis and deposition of starch,
the substrate for starch degrading enzymes. The reports on
compartmentalization of starch degrading enzymes are contrary to the above
notion. As most studies have indicated, both «x-amylase and p-amylase are
located in extraplastidic compartments (Ziegler, 1988) and in instances where
an amylolytic activity is detected in chloroplasts, the possibility of
contamination by extraplastidic amylases has often been invoked (Beers and
Duke, 1990). The demonstration of localization of an enzyme in chloroplast
requires isolation of intact chloroplasts free of cytosolic contamination, and
showing association of the enzyme with it. Alternatively, many plastidic
enzymes are synthesized only during light-induced transformation of etio-
plasts/proplastid to chloroplasts and therefore are absent in
etioplasts/proplastids, and consequently can not be detected in dark-grown-
tissues. While it is difficult to distinguish in crude extract prepared from
light/dark-grown tissues, the contribution of different cytosolic and plastidic
enzymes, to measure amylolytic activity, as on disruption of lesf, al
components of cellular constituents are merged. In these cases too, appearance
or disappearance of a specific enzyme activity can be seen by native PAGE, as
severa enzymes exist as isoforms, and if a new isoform appears or one isoform
disappears, depending on its level, relative mobility and other factors, most
times it can be visuaized on native PAGE (Scandalios, 1974).
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In the present study, amylolytic activity from light-grown seedlings on
native PAGE was resolved in two groups of bands (Fig. 16A), namely, a dowly
migrating minor isozyme, and a major broad band, which in some samples
consisted of 2-3 closdy migrating isozymes. Since the minor band was absent
in dark-grown seedlings, which nevertheless possessed a major band (Fig.
16B), the role of light in inducing the appearance of the above isozyme was
self-evident. Since light also triggered the chloroplast biogenesis, it is likely
that this band is associated with chloroplast differentiation. The identity of
amylase isoform separated on native PAGE as x-amylase and p-amylase was
ascertained by western blotting (Fig. 35), and enzyme activity assays (Fig. 34F-
H). Both minor and major bands were visualized on the gels with amylose,
whereas only minor band was visualized with g-limit dextrin gels (Fig. 18B,C),
and, was therefore identified as x-amylase. The identity of the major band as
P-amylase is implied by its failure to degrade p-limit dextrin. A fina
confirmation of the above isozymes as x-amylase and p-amylase was made by
blotting the gel on nitrocellulose papers and using monospecific antiserum for
«,-and p-amylase. The p-antiserum recognized the major band (Fig. 35B) and
=, -antiserumrecognized the minor band (Fig. 35A), which closely corresponded
with Rf value reported for «x-amylase and p-amylase. It is evident from the
foregoing that the available evidence clearly indicates that light induces a new
amylase band, which is x-amylase in nature and is likely to be localized in

chloroplasts.

Norflurazon is a powerful inhibitor of carotenoid synthesis, and lack of

carotenoids causes photo-oxidation of various plastid components including
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chlorophyll, membranes and proteins in plants grown under light, leading to
degeneration of chloroplasts and loss of plastidic proteins (Oelmiller, 1989).
Since, in light, NF treatment functionally destroyed the chloroplasts (Mayfield
and Taylor, 1987; Batschauer et al., 1986), in the present study NF was used
as a tool to distinguish the plastidic localization of amylase. It has been
observed that in NF-grown plants, chloroplastic enzymes are reduced, whereas
cytoplasmic, glyoxisomal and mitochondrial enzymes are maintained at normal

levels (Blume and McClure, 1980; Reiss et al., 1983).

Norflurazon treatment rendered leaf of pearl millet seedlings
photosynthetically inactive in light, due to degeneration of plastids resulting
in albino leaves (Fig. 5B,C). While NF application did not affect amylase
activity in dark- grown seedlings (Fig. 15B), in light-grown seedlingsiit reduced
amylase activity by 30-50%. Nevertheless, the profile of photostimulation of
total amylase followed a qualitatively similar pattern to control seedlings (Fig.
15A).

The enzymatic analysis of NF-grown seedlings revealed that in light-
grown seedlings, while NF slightly suppressed f-amylase photostimulation, it
completely blocked the photoinduced rise in oc-amylase level. Since the light
induced «-amylase band was totally absent in NF-treated seedlings (Fig. 16C),
which lacks functional chloroplasts, it is evident that light-induced «x-amylase
is localized in plastids. Since NF grown seedlings still have a residual oz
amylase activity it is evident that oc-amylase is also present in extraplastidic

compartments too (Fig. 15C).
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516 x-amylase iS present in plastids

Since the light-induced appearance of an «-amylase isozyme was
interlinked with chloroplast development, the presence of amylase in
chloroplast was confirmed by studying amylolytic activity of isolated plastids.
Generally, the studies demonstrating plastidic localization of enzymes, are
impeded by the presence of cytosolic contaminants in plastid preparations or
else isolated plastids are broken which may have lost its contents to cytosol,
or may be contaminated by cytosolic components. In this context, a
demonstration of plastidic integrity and purity is an essential step before a
plastidic localization of an enzyme can be inferred, and it is al the more
essential in a case where the same enzyme is present in cytosol too. In the
present study, the intactness of plastids were established by several methods
(Hall, 1972). First, the intactness of chloroplast was confirmed by phase-
contrast microscopy, where only a small number of chloroplasts were seen
without plastidic envelop, and most were intact (Fig. 17). Second, the absence
of ferricyanide reduction by plastid preparation, which could be seen only after
rupturing chloroplasts by osmotic shock, unequivocally shows that plastid
preparation contained mainly intact chloroplasts. Third, the absence of PEP
carboxylase activity in isolated chloroplasts ruled out contamination of cytosolic

proteins in isolated chloroplast preparation (Table 1).

In isolated chloroplasts amylolytic activity could be detected only after
rupturing the envelope membranes by osmotic shock or sonication (Table 2).
The molecular identity of a plastidic enzyme like «x-amylase was established

by its capacity to hydrolyze B-limit dextrin and by western blotting. Since no
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«x-amylase activity could be detected in etioplasts, it is evident that light-
mediated chloroplast development is necessary for photostimulation of «-
amylase. The dependence of photoinduction of «-amylase on chloroplast
development is adso apparent from the observation, that NF-treatment which
eliminated functiond chloroplasts, aso suppressed the formation of plastidic
«-amylase. NOB-amylase activity could be detected in plastidic preparation. In
mog plants, among the two amylases only «-amylase has been detected in
plastids, and the presence of any p-amylase is attributed to a cytosolic
contamination.

The plastidic =-amylase from pearl millet lesf cross-reacted only with «,-
antiserum (Fig. 34D), but not with p- Or «,-antiserum. Moreover, the «,-
antiserum employed for detection of plastidic enzyme cross-reacted with both
cytosolic and plagtidic «-amylases and aso with one <-amylase species from
seed (Fig. 34D). Since, in seeds, x-amylase after synthesis is secreted to
endosperm (Subbarao, 1992), and plastidic x-amylase after synthesisin cytosol
needs to be translocated across the envelope membrane, these two may not be
the same amylase. However, the wider cross-reactivity of «,-antiserum may
arise because being a polycdond antibody, it recognizes certain commonly
present epitopes on the surface of antigens constituting the gene family of «,-
amylase proteins. Inspite of having different sequences, these amylase species,
i.e, «,-amylase Of seed, cytosolic and plastidic amylase of leaf are likely to
belong to the same multigene family, whereas «,-amylase belongsto the other

family which expresses only in seed.
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The localization of x-amylase in chloroplast has been debated in many
cases. x-amylase was detected in chloroplasts of spinach (Okita et al., 1979;
Okita and Preiss, 1980), but several studies with pea and barley indicate that
«-amylase iS either absent or displays very low activity in the chloroplasts
(Stitt, 1984; Stitt et al., 1978; Kakefudaet al., 1986). Ziegler and Beck (1986)
found that one-fourth of the amylolytic activity of wheat was associated

primarily with the chloroplasts, and slightly higher amylolytic activity in pea.

Okita et al., (1979) found both =-amylase and p-amylase activity in
plastids, but these were only 5% of total amylolytic activity of leaf. Okita and
Preiss, (1980) also showed that plastidic and extraplastidic amylase differed
in their substrate specificity. Though, Ziegler (1988) found an endoamylase in
pea chloroplast which was similar to cereal «=-amylase, Beers and Duke, (1990)
doubt its presence in the same system. Li et al., (1992) have also reported

localization of plastidic «x-amylase in leaf of sugar beet.
5.1.7 Molecular properties of plastidic = -amylase

The amylolytic activity associated with plastids was specifically
identified as an x-amylase. A general property of «-amylase isthat it requires
Ca?* to maintain the structure of the active site and also stability of the
enzyme (Bush et al., 1989; Fischer and Stein, 1960), therefore a chelating
agent like EDTA, inactivates x-amylase activity (Koshiba and Minamikawa,
1981). In contrast, p-amylase (Lizotte et al., 1990) and starch - debranching
enzyme (Swain and Dekker, 1966) do not require Ca®* for their activity. The

plastidic amylase possessed several properties which are characteristics of «-
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amylase. For instance, its activity was remarkably dependent on presence of
Ca *in solution (Fig. 21A). Moreover, on dialyzing plastidic extracts against
EDTA, which chelates Ca?*, activity was irreversibly lost (Fig. 21B). The
chloroplastic amylase was aso resistant to heat in the presence of 10 mM
CaCl, (Table 5). A final proof of it being «-amylase was obtained by its
renaturation by Triton X-100 after SDS-PAGE (Segundo et al., 1990), which
was also demonstrated for maize «-amylase (Segundo et al., 1990). In the
present study denatured =-amylase from seed, lesf, B strands was renatured
after SDS-PAGE, by exchange with Triton X-100 (Fig. 23). Lin et al., (1988)
though, detected four endoamylases x,, =5, x, and =g, likely to be associated
with chloroplast in Arabidopsis but did not study the molecular properties of
these enzymes, Nevertheless, these results further confirms the existences of

x-amylases in plastids.

The profile of pH optima was not sharp and showed more shallow
increase towards optima pH, which was different from cytosolic p-amylase,
and was localized at pH 6.2 (Fig. 22). The molecular weight of pearl millet -
amylase (46 kD) falls within the range reported for higher plant «-amylases.
The MW of wheat and sorghum isozymes ranges between 42 to 42.5 kD and
415 to 42.7 kD, respectively. The four «-amylase isozymes of barley have
approximately the same molecular weights of 44,000 daltons (Jacobsen and
Higgins, 1982). In pearl millet, like maize (Subbarao, 1992), «,-amylase
molecular weight is 46,000 daltons. The pearl millet p-amylase molecular

weight is 43,000 daltons. In most cases plant -amylases MW is higher than
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the a-amylase MW, whereas in pearl millet it is less than the a-amylase MW

(Fig. 45).
518 aamylase is also present in extraplastidic compartments

The fact that plastidic a-amylase could be detected only in light-grown
leaves while a dgnificant a-amylase activity could be detected even in dark-
grown leaves raises a question about its subcdlular localization. Since
induction of plastidic amylase is obligatorily dependent on light and presence
of chloroplasts, it is evident that in dark-grown leaves a-amylase activity
comprises of extraplagtidic amylases. Since NF treatment eliminates
chloroplast, in NF-grown seedlings the residua aamylase activity would
essentially consist of extraplastidic a-amylase (Fig. 15C). In pearl millet leaves
cytosolic <-amylase is present at extremely low levd, and after PAGE, cytosolic
aamylase can be resolved into 7 isozymes on prolonged incubation on ap-limit
dextrin gd (Fig. 20, lane E). Interestingly, whereas the plastidic a-amylaseis
homogenous and isvisualized after native PAGE as asingle band, the cytosolic
«x-amylases are a heterogenous group consisting of multiple a-amylase
isoforms. The precise subcdlular localization of aramylase in extraplastidic
fraction was not investigated. In pea it was found that, most of extraplastidic
aamylase activity, upto 87% of the total, was found to be locdized in the
apoplast of stem and leaves (Beers and Duke, 1988; Saeed and Duke, 1990a).
Though in other systems it is not known whether a-amylase is present or
absent in chloroplagt, it appearsthat the largest amount of the total a-amylase
activity in ledf tissue is extrachloroplastic (Kakefuda et al., 1986; Ziegler and
Beck, 1986).
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In pea seedlings, Saeed and Duke, (1990b) observed that Norflurazon
stimulated «<-amylase activity by > 80-fold, which was largely localized in the
apoplasts. Lincomycin and chloromphenical increased «<-amylase activity in
light-grown seedlings to the same magnitude as Norflurazon, indicating that
the effect of Norflurazon was probably through the destruction of plastid
ribosomes. It was proposed that chloroplasts produce a negative signal for the
regulation of the apoplastic «-amylase in pea (Saeed and Duke, 1990a). In this
study, in NF-grown seedlings, there was suppression of plastidic x-amylase
activity and no enhancement of cytosolic amylase could be detected (Fig.
15B,C).

519 In bundle sheath cells only plastidic x-amylase is present

Pearl millet being a C, plant has a typical kranz leaf anatomy with
distinct M and B cells and within these cells more amylase activity was
present in M cellsthan in B cells (Table 3). In pearl millet leaves, chloroplastic
a-amylase was present both in M and B chloroplasts. However, B chloroplast
possessed higher amylolytic activity than the M chloroplast when expressed on
either number of chloroplasts basis or on chlorophyll basis (Table 4). The
higher amylase activity in M chloroplasts on mg protein basis, was however
due to the lack of Rubisco in M chloroplasts. The exclusive localization of «-
amylase in B cells was confirmed by light-induced appearance of x-amylase

isozyme in B cells, which could be eliminated by a NF-treatment (Fig. 20B).

No « -amylase activity could be detected in dark-grown B cells (Table 3).

Unlike M cells, where both =- and B-amylases are present, B cells possess only
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plagtidic x-amylase activity, and cytosolic x-amylase was d 0 absent (Table 3).
A spedific locdization of x-amylase in B cdls is akin to its principa function
to generate starch during photosynthesis and the presence of a photoinduced
plagtidic x-amylase is an essentia requirement for its mohilization to sugars.
While in maize B cdls, both nonplastidic and plastidic starch degrading
enzymes were detected (Echeverria and Boyer, 1986), in pearl millet, only
plastidic phosphorylase and «-amylase were detected in B cells. Cytosolic g-
amylase, x-amylase and cytosolic phosphorylase were absent in these cdls.

51.10 p-amylase is a extraplastidic protein

In pearl millet leaves, p-amylase activity was mainly restricted to the
extraplagtidic compartment and no p-amylase activity could be detected in
isolated plastids (Table 3). In a few isolated studies it has been shown that g-
amylase too is present in chloroplast (Lin et al., 1988; Beers and Duke, 1988;
Kakefuda et al., 1986), but contaminants are a likely explanation (Beer and
Duke, 1990). On the other hand, in our study at no stage we could detect any
P-amylase activity in chloroplasts of pearl millet (Table 3, Fig. 20) and mustard
(Manga and Sharma, 1990). Both enzymaticaly (Table 3, Fig. 20) and
antigenicaly (Fig. 34G, Table 6), using p-amylase specific antiserum, no p-
amylase protein was detected in chloroplasts. Since specific p-antiserum inthis
study can detect protein levels upto 10 pg, it is evident that the p-amylase is
not present in pearl millet chloroplasts. p-amylase was aso restricted to M
cdls and no extraplastidic p-amylase could be observed in B célls. Interest-
ingly, in dark-grown leaves, p-amylase was nearly absent for above 5 days
from sowing, while in light it was detectable right from initiation of lesf
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expansion (Fig. 39A). Though, there is little information available regarding
gene sequence of p-amylase, in barley (Kreis et ed., 1988), mustard
(Subbaramaiah and Sharma, 1989) and sweet potato (Nakamura et ed., 1991)
P-amylase has no N-terminal transport peptide that can lead its import to
plastids. The p-amylase photostimulation was independent of chloroplast
biogenesis, although NF lowered the magnitude of photostimulation of p-
amylase (Fig. 15B).

In some species such as pea and wheat, p-amylase is localized in vacuole
(Ziegler and Beck, 1986), and in mustard (Manga and Sharma, 1990), maize
(Subba rao, 1992) pea, wheat, Spinach, (Ziegler and Beck, 1986) p-amylase is
extraplastidic in nature. The physiological function of extraplastidic p-amylase
is questionable (Monroe and Preiss, 1990). It has been observed that
Arabidopsis mutants, which overproduces starch (Casper et al., 1989; Monroe
and Preiss, 1990), or are starchless, have highly elevated level of p-amylase in
leaves. However, the elevation of p-amylase level was seen only in mutants

exposed to 12 h photoperiod but not in the one grown under continuous light.

The reasons why absence as well as over-production of starch, both
increase the level of p-amylase protein is not yet known. Since in Arabidopsis
leaves, p-amylase activity is light regulated, it should have an important
function, but in the absence of starch in cytosol, it is illogica to have an
enzyme in an compartment with no substrate. One suggestion has been that
perhaps the enzyme acts as a synthetic enzyme in vivo (Manners, 1985). There
have been a few reports of the presence of soluble glucans in cytosols of a few

species (Steup, 1988; Yamada et al., 1986), which may perhaps be substrates
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for B-amylase and other extraplastidic starch degrading enzymes. Moreover,
in species where B-amylase is located in the vacuole of leaves, a new role far
it will have to be looked for. Lizotteet al., (1990) have speculated that vacuolar
p-amylase may participate in hydrolysis of maltodextrins stored in vacuole.
Since the mutants deficient in B-amylase like soybean (Adams et al., 1981),
and rye (Daussant et al., 1981), do germinate normaly, it has been taken as
evidence for the nonessential role of p-amylase in plants. However, this view
is negated by the observation that, sSince in storage tissues g-amylase, being
a storage protein, accumulates 100-500 fald excess amounts, even after agreat
reduction in its leve, the residual leve is sufficient for degradation of starch
in mutant leaves (Sopanen and Lauriére, 1939).

5.1.11 Photostimulation of «-amylase and p-amylase in |eaf

follows different gradients

Cered leaves are an ided system for studying the developmenta
gradients because each leaf contains a full spectrum of development by virtue
of basal meristem. Since different cells of cered leaves are developmentaly
distinct, the obsarved increase in amylolytic activity of pearl millet leaves is
in reality a total of differentid alteration in amylase leve in the whole ledf.
Strictly spesking, the analysis of photostimulation of amylase activity inwhole
leef extract does not ditinguish if aparticular cdl type or cels of aparticular
region respond more or less to RL exposure. Moreover, =-amylase being a
plastidic enzyme, its photostimulation may be dependent on development of
chloroplast, which itsdlf follows a distinct gradient of development from base
to tip. The dectron micrograph of plastids from cered leaves shows a
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progressive chloroplast development from base to the tip of leaf (Wellburn
et al., 1986), where at base only proplastids are present which in dark-grown
leaves differentiate to etioplast, whereas in light-grown leaves the plastids
develops to chloroplast (Rebeiz and Rebeiz, 1986). Additionally, pearl millet
leaves possess dimorphic chloroplasts and the chloroplasts of the B are

structurally and functionaly different from M chloroplasts.

In pearl millet leaves, the extent of photostimulation of amylase in leaf
is determined by cellular position; in dark the amylolytic activity gradually
increases from base to the tip of lesf, whereas in contrast in light a maximal
amylase activity is in the 2nd segment from base and then activity declines
towards the tip (Fig. 25). Evidently, the observed photostimulation gradient
arises as a consequence of cellular sensitivity gradient to respond to the light
signal and a similar gradient has been observed, eg. the gradient of
photostimulation of chlorophyll &b binding protein synthesis in barley leaves
(Zielinski et al., 1989).

5.1.12 p-amylase Gradient

Since amylolytic activity of pearl millet leaf comprises =-amylase and 8-
amylase, the effect of light on gradient of B-amylase activity was independently
analyzed. The identity between profiles of p-amylase and total amylase
gradient indicates that the observed photostimulation gradient of total amylase
activity basically represents photostimulation of g-amylase activity, which is
in conformity with B-amylase being the major amylase in pearl millet (Fig. 27).

Determination of gradient of B-amylase induction by cellular position is further
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confirmed by the observation that in leaves transferred from dark to light, the

photostimulation gradient is similar to light-grown leaves (Fig. 26).

Quantification of p-amylase protein dong the length of the light-grown
lesf correlated with the observed gradient in p-amylase activity and a maximal
levd of p-amylase protein was detected in the 2nd segment from base. In
subsequent segments, a gradual decrease in p-amylase protein content aso
corrdlated with the decrease in p-amylase activity. In dark-grown leaves a
different pattern was obtained, wherein p-amylase protein gradually increased
towardsthetip of thelesf (Fig. 41 A). It isevident that the distribution pattern
of p-amylase in pearl millet lesf is strongly influenced by light, and unlike -
amylase gradient (see beow), where light only quantitatively stimulated o-
amylase activity but did not alter the gradient, light changed the p-amylase
gradient pattern in legf. Like pearl millet, in barley leaves also, p-amylase was
aso concentrated in the basal haf of the leaf and was locdized in the
extrachloroplastic compartments.

The efet of light on p-amylase induction was aso investigated by
studying the rates of in vivo synthesis of p-amylase in different segments. In
light-grown seedlings, p-amylase synthesis was very high in thefirst two basal
segments of the lesf and then sharply declined in subsequent segments
towards the tip. In contrast, the rate of p-amylase synthesis was quite low in
leaf segments of dark-grown seedlings (Fig. 42). Evidently, the observed
photostimulated increase in p-amylase protein leve in basal segments results
from light-mediated increase in de novo synthesis of p-amylase. A similar

correlation between increase in p-amylase activity and in vivo synthesis rates
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was dso observed in mustard cotyledons (Sharma and Schopfer, 1987,
Subbaramaiah and Sharma, 1989). The possible mechanisms determining -
amylase gradient are discussed in a later section.

5.1.13 «-amylase Gradient

Pearl millet lesf possess a continuous gradient of plastids in different
stages of development right from proplastid a base to mature dimorphic
chloroplagts to the tip of the leef. Analysis of «-amylase distribution in legf
segments revealed a clear association between the development of chloroplasts
and plagtidic =x-amylase. Basal segments, where chloroplast is ill undiffer-
entiated, lack x-amylase activity and «<-amylase activity can be conclusvely
detected only from the 3rd segment from leaf base, with a continual increase
towardsthe ledf tip (Fig. 28). Though the «<-amylase gradient issimilar in light
and dark grown leaves, in light the «-amylase increase was more pronounced
than the corresponding dark control. Like g-amylase, the distribution Of «-
amylase activity in lesf segments was aso identical to distribution of its
protein (Fig. 41B). Moreover, the observed appearance and the increase in the
levd of plagtidic isoform in light-grown leaves from the 3rd segment dosdy
correlated with theincrease in the leve of «-amylase protein. Both in dark and
light-grown leaves N0 x-amylase protein could be detected in the first two
segments of ledf.

Surprisingly, the gradient of x-amylase synthesis was very different
from the observed gradient of x-amylase protein in the lesf. While the «-
amylase protein could not be detected in basa segments (Fig. 41B), in vivo
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labelling (Fig. 43) showed that the basal two segments are most actively
engaged in oc-amylase synthesis. Furthermore, whereas oc-amylase synthesis
declined towards the leaf tip, the accumulation of oc-amylase protein level was

more towards the tip of the ledf.

This discrepancy between gradient of «-amylase synthesis and
accumulation of x-amylase protein may arise via several possible ways. It is
possible that the level of x-amylase protein in apical segment is elevated by
either increased synthesis or decreased turnover. However, the possibility of
increased synthesis of x-amylase in apical segment is clearly ruled out, as e«-
amylase synthesis is higher in basal segments, therefore it is more likely that
in the apica segments, reduced degradation of oc-amylase causes increase in
oc-amylase protein level. Therefore, in apical segments, though the rate of oz
amylase synthesis is low, but due to lack of enzyme turnover its level
increases. While the mechanism responsible for reduced turnover of cytosolic
oc-amylase is not known, the plastidic amylase may be protected from turnover
by virtue of this import in chloroplast. In pearl millet, appearance of plastidic
oc-amylase intimately depends on chloroplast’s differentiation, and though basal
segments actively produce oc-amylase protein, in the absence of functional
chloroplast it is degraded (Fig. 29B). The possibility of accumulation of latent
oc-amylase protein in basal segments is however ruled out, as using SRID, no

oc-amylase protein was detected in these segments.

A role of chloroplast in determining accumulation of plastidic oc-amylase
is clearly apparent in pearl millet as NF-mediated loss of plastid also destroys

plastidic oc-amylase. Although light can stimulate <-amylase synthesis, it
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cannot accumulate without chloroplasts. It is likdy that the lack of differ-
entiated chloroplasts in basa segments causes failure of x-amylase protein
accumulation in basal segments. Interestingly, the appearance of «-amylase in
leaf corrdates wdl with acquisition of Rubisco and the capability of
chloroplasts to generate starch in chloroplast. The dissimilarity between the
gradient of plastidic «-amylase and cytosolic p-amylase activity, clearly
indicates that though both enzymes are regulated by phytochrome, the signal
chain regulating their increase operates independently. In monocot leaves, such
adissmilar gradient is dso observed in barley leaves, where gradient of chl
a/b binding protein accumulation followed agradient similar to p-amylase; the
Rubisco gradient was similar to «-amylase, athough both proteins are localized
in plastids (Zidinski €t al., 1989).

51.14 Cdlular position deter mines photosensitivity to light

The presence of adigtinct gradient of p-amylase photoinduction in light-
grown leaves, where lesf cdls in proximity to basal meristem respond
maximaly to light by stimulating p-amylase activity by severa folds, and
duggish response of cdls towards the tip to light, implied that the observed
gradient results due to a predetermined photosensitivity gradient in the ledf.
The existence of the aove gradient is internally regulated via developmental
homeodtasis, which is evident by the fact that leaves transferred from darkness
to light also show a photostimulation pattern, similar to the leaves grown
under continuous light (Fig. 26). It was observed that pearl millet leaves are
maximally photosensitive to p-amylase induction between 3-8 days (Fig. 30),
before adecline starts, and it islikely that during this period observed changes
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in B-amylase level may result due to increase/decrease in cdllular sengitivity
of legf cdls with respect to B-amylase photoinduction.

Theanalysisof photostimulation gradient of B-amylase activity revesled
that in the young lesf for first 2 d, i.e, 3rd and 4th day from sowing, the
photosensitive gradient is acropetd with maximal sensitivity at or near thetip
of the leef (Fig. 30). The observed photosensitivity gradient is established at
the 5 d with the 2nd segment dose to base being the most photosensitive, and
with age the magnitude of photoinduction in this segment increases with a
maximal stimulation on the 8th day. Interestingly, after 8 days, though decline
in B-amylase starts, thereis no alteration of photosensitivity gradient, except
that the magnitude of photoinduction in the 2nd segment is considerably lower.
It is evident that a cellular positiona signal determines this photosensitivity
gradient in pearl millet leaves. The molecular nature of factors controlling this
positional determination is still not known (Fig. 30).

Since the postion of a cdl once formed in pearl millet leaf continualy
shifts away from the base due to cdl divison at base, the ateration of cellular
position has a distinct influence on g-amylase enzyme in agiven leaf segment.
In leaf segments 1-3 (from the tip) which are present from the 3rd day, p-
amylase activity continually declines, with the shift in the position of segment
in relation to base (Fig. 31). In segments 5-9, the photosensitivity of a segment
became maximal when it was 2nd segment from base, but thereafter with
further shift there is a gradual decline in g-amylase activity (Fig. 32). The
overriding influence of cellular postion on photostimulation of p-amylase iS
evident from the fact that as segments become distant from the base, -
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amylase activity also declines. In pearl millet, a given segment of leaf
accumulates a maximal level of B-amylase protein in the basal segment where
its synthesis is more intense (segment 1-3) (Fig. 41), and thereafter its level
declines, due to a continuous turnover of protein, as the segment is shifting
away from the base. Additionally, the positional effect of the basal segments
on photostimulation of p-amylase istemporally determined and, in general, the

basal segments, of leaf are most sensitive during 59 days (Fig. 30).

It is likely that in the 2nd segment, where an intensive cdl
differentiation takes place, cdl differentiation may itself be the determinant
of observed photosensitivity to p-amylase induction. In wheat |eaves, the level
of ahomologoue of cell cycle control protein p34°4<2 controlling cell division was
maximal at 1 cm from the leaf base and its level declined gradually to a low
level. After 4 cm from base of leaf its level was the same in al segments,
whereas in the same leaf Rubisco appeared only after a distance of 28 mm
from leaf base (John et al., 1990). The similarity between p-amylase
photoinduction and gradient of cell cycle regulating proteins is indicative of a
probable role of cell divison and differentiation in determining observed
photosensitivity gradient of p-amylase. This view is also supported by the
observation that the responsiveness to hormone-promoted cell division in wheat
leaf is similarly determined by cellular position, and the cell, increasingly
distinct from meristem, is unable to resume cell division even after
administration of auxins even though all cells of the leaf possess equal rates
of uptake and metabolism of auxins (Wernicke and Milkovitz, 1987a,b). The
basal segment of the monocot leaf is also metabolically highly active due to the
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ongoing process of cdl division and differentiation. Analogous to cell cycle pro-
teins, maximal transcription of mitochondrial genes are also localized at the
base of wheat leaf and decline sharply within 2 cm from leaf base.
Interestingly, mitochondrial transcripts, follow a dramatically opposite
gradient from rbcL transcript in the same leaf which encodes a plastidic

protein (Topping and Leeve, 1990).

The use of illumination to express positional information has been
studied in dark-grown maize leaves, where in leaf cells Rubisco is present in
both M and B cells but after exposure to light, Rubisco protein is turned over
in M cells and is restricted only to B cells (Sheen and Bogorad, 1987). It is
evident that illumination is an essential component in expression of positional
information, which is needed to suppress Rubisco in M cells of C, plants, and
likewise in this study, illumination is needed to express positional influence of
basal segment on photostimulation of p-amylase. It is of interest to note that
such a expression may be dependent on light intensity, because in monocot |eaf
developed under low light accumulated C4 enzymes and Rubisco, while leaves
grown under high light intensity showed typical gradients of Rubisco and PEP
carboxylase (Usuda et al., 1985; Langdaleetal., 1988). Additionally, cell specific
expression of C, enzymes is also determined by the proximities to the vein
(Langdale et al.. 1989).

In summary, it is evident that though the molecular mechanism
regulating positional effect on p-amylase photostimulation is not known,
similarity of its photoinduction to another cytosolic starch degrading enzyme,

phosphorylase (which is discussed in a later section) indicates that the same
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mechanism may be operating to determine the gradient of several cytosolic pro-

teins.
52 PHOSPHORYLASES

In higher plants, phosphorylase acts as a major enzyme participating in
degradation of starch, particularly in photosynthetic tissue. Though
phosphorylase acts both as a glucan-degrading aswell as a glucan-synthesizing
enzyme (Beck, 1985), in plants in vivo it primarily acts as a degradative
enzyme. (Stitt et al.,, 1978; Stitt and Heldt, 1981; Stitt and Steup, 1985). In
this study the relationship between level of phosphorylase with the

photomorphogenic development of leaves was analyzed in detail.

521 No apparent photoinduction of phosphorylase was observed in

leaves

In pearl millet, nearly equal phosphorylase activity was present in
different organs of both light and dark-grown seedlings. In general, leaf and
coleoptile possessed nearly 3 times higher activity in comparison to roots or
seeds (Fig. 49). Since, in seeds, amylolytic activity is about 5-fold higher than
in leaves, and in ledaf, phosphorylase activity is higher than amylase, it is
possible that phosphorylase may have a greater role to play in degradation of
transitory starch in lesf.

The profile of time course of phosphorylase activity during leaf
development was qualitatively similar to that of amylases, showing a steady

rise in phosphorylase activity with a peak on the 7th day and with a
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subsequent decline (Fig. 50B). Unlike amylases there was no photostimul ation
of phosphorylase activity, and both in dark and light, phosphorylase activity
profiles were identical. Since pearl millet leaves develop from continuous cell
division of a basal meristem, the observed increase in phosphorylase level is
likely to be due to a de novo synthesis of enzyme, and after the 7 d, either the
process of degradation predominates over the constant rate of synthesis, or

new synthesis may be inhibited.

The role of light in phosphorylase induction has not been much
investigated. It is observed that light modulates phosphorylase activity by
altering the ratio of inorganic phosphate availability during day and night
leading to diurnal fluctuationsin the activity (Preiss, 1984). Pongratz and Beck
(1978) showed that in the chloroplast no diurnal oscillations of phosphorylase
was observed, when enzyme was assayed in the presence of saturating
inorganic phosphate alone. In maize, continuous illumination of lesf triggered
a significant increase in phosphorylase activity (Downton and Hawker, 1973).
Although in this study no photostimulation of phosphorylase was observed, it
is plausible that since phosphorylase consists of 2 isozymes which may respond
to light differentially, the estimation of total phosphorylase activity is not

suitable tojudge the relative contribution of these 2 phosphorylases.

522 Cytosolic and plastidic phosphorylases are located in different

cellular compartments

In pearl millet seedlings, while leaves possessed 2 phosphorylase

isozymes, in other organs such as seed, root, mesocotyl only one isozyme was
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present (Fig. 55). The existence of 2 phosphorylase isozymes in ledf, out of
which one was common to other organs, indicated that the leaf-specific isozyme
may be plastidic in nature. Two phosphorylase isoforms have been observed in
roots and etiolated shoots of spinach (Steup et al., 1987; Steup and Latzko,
1979), and it has been shown that plastidic phosphorylase is associated even
with amyloplasts (in developing seeds) and with proplastids (in germinating
seeds) of pea seedlings (Berkel et al., 1991). Plastidic localization of
phosphorylase has also been reported in spinach (Schachtele and Steup, 1986),
pea (Berkel et a 1991), and corn (Mateyka and Schnarrenberger, 1988).

The plastidic localization of the above enzyme was confirmed by
Norflurazon treatment, which in light-grown seedlings, totally eliminates the
leaf-specific form of phosphorylase (Fig. 52B). Since the above isozyme is also
present in etioplasts of dark-grown plants (Fig. 52C,D), the synthesis and
plastidic localization of this phosphorylase isozyme is independent of
chloroplast biogenesis. However, the functional integrity of chloroplast is
needed to maintain the activity of the above enzyme inside the chloroplast.
Therefore, NF-mediated photooxidation of chloroplast, which extensively
damages the thylakoid and destroys the internal architecture of chloroplast
(Celmuller, 1989), also causes irreversible loss of plastidic phosphorylase
activity. Whether the above loss of chloroplastic phosphorylase is caused by

suppression of its synthesis or import into chloroplast is not known.

Pearl millet, being aC, plant, is endowed with compartmentalization of
carbon fixation during photosynthesis, with carbon flow from mesophyll to

bundle sheath cells. The studies on intercellular distribution of phosphorylase



143

in pearl millet leaves revealed that phosphorylase activity was present in both
bundle sheath cells and mesophyll cells (Table 8). Electrophoresis of
phosphorylase from bundle sheath and mosophyll cells showed that each of
these cellular types possessed a specific isozyme of phosphorylase. The cytosolic
phosphorylase was clearly associated with mesophyll (Fig. 53D) and the
plastidic one was associated with the bundle sheath (Fig. 53A). It was further
confirmed by isolating chloroplasts from BS cells (Fig. 53C), which showed only
the fast-migrating isozyme of phosphorylase which was totally absent in
mesophyll chloroplasts (Fig. 53, lane B).

Similarly, in corn too, fast-migrating phosphorylase isozyme was
associated with bundle sheath chloroplasts, and slow-migrating phosphorylase
isozyme was present in mesophyll cytosol (Mateyka and Schnarrenberger,
1984; 1988). Since plastid and cytosolic phosphorylase are located in different
cellular compartments and follow different photoregulation gradients, it is self
evident that the cytoplasmic enzyme is not a precursor of the chloroplast

enzyme and the two enzymes are not derived from a single gene.

523 Light alters distribution of phosphorylase in leaves

Pearl millet leaf possess a gradient of cells of different maturity, with
an associated gradient of chloroplast maturity towards the tip. Since
phosphorylase is localized both in plastid and in cytosol, its distribution was
analyzed along the leaf axis. Interestingly, while the time course of
phosphorylase activity in dark and light-grown leaves was similar, the distri-

bution of phosphorylase along leaf axis was significantly different. The
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distribution of total phosphorylase activity in dark-grown leaf was somewhat
similar to amylase distribution which also increased towards the leaf tip. In
contrast, in light-grown leaves, phosphorylase activity increased from base and
peaked at the third segment from the base and then in the subsequent section,
declined to a level lower than that in the dark control (Fig. 56). Since the
distinctive pattern of phosphorylase distribution was the same in light and
dark-grown leaves, on segment or on total protein basis, it is evident (Fig.
56A,B) that the decline of phosphorylase activity towards the leaf tip in light-

grown leaves is not due to an elevated level of plastid proteinsin the tip.

It is a coincidence that while the total phosphorylase activity in dark
and light-grown lesf is nearly equal, the influence of light on phosphorylase
activity is clearly evident in individual segments. However, if phosphorylase
activity of each segment is combined, the total phosphorylase activity of the
dark-grown leaf is nearly equal to that of light-grown leaves, generating an
impression that light does not influence the phosphorylase activity in pearl
millet leaves (Fig. 56A). Evidently, the effect of light on phosphorylase activity
is masked by using whole leaf for enzyme extraction, even though different

segments of leaf do respond differently to photostimulation of phosphorylase.

524 Cytosolic and plastidic phosphorylase show a distinct gradient

of distribution in dark grown leaves

The pattern of phosphorylase distribution however has also to take in
account the relative distribution of plastidic/cytosolic phosphorylase in bundle

sheath and mesophyll cells. In dark-grown leaves, the isoform belonging to
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both cytosolic and plastidic phosphorylases could be detected in al segments
of the leaf. The relative level of these isoforms depended on their positional
localization, the cytosolic isoform decreased in relative abundance in the last
two segments near the tip, whereas in the same segments, plastidic isoform
was more abundant (Fig. 59, inset). The suppression of cytosolic isoform and
increase of plastidic isoform in the tip indicated that the relative level of
cytosolic/plastidic phosphorylase isoform even in darkness is independently

determined by positional location.

The accumulation of etioplastic phosphorylase towards the tip may
result from alack of any active turnover mechanism to degrade phosphorylase
in plastids. In contrast, the cytosolic phosphorylase may have higher rates of
synthesis near the basal segments with its degradation predominating towards
the tip, which would account for its observed gradient in the leaf. Essentially,
the positional influence of both cytosolic and plastidic phosphorylase is aso
determined by their location in different intercellular and subcellular
compartments. Interestingly, although plastidic phosphorylaseislocated in BS
cells, it accumulates even in the basal segment of dark-grown leaves, where

differentiation into kranz anatomy and chloroplast is not yet complete.

525 Light promotes cytosolic phosphorylase and inhibits plastidic
phosphorylase in basal segments of leaves

The distribution of phosphorylase isoforms in light-grown leaves was
different than in dark grown-leaves. A distinct suppression of plastidic isoform

by light is seen in the basal segments of leaf, where it is well below the limit
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of detection by electrophoresis. No isoform of plastidic phosphorylase could be
detected in the first three segments of light-grown leaves, and it appeared only
in the 4th segment, and then its level increased towards the tip of the ledf. In
contrast, the level of cytosolic phosphorylase is quite high in the basal
segments, showing a maximal activity in the 3rd segment, and then its level
gradually declined towards the tip. In the tip of light-grown leaves, plastidic
phosphorylase is more dominant than the cytosolic one (Fig. 58, inset). A
comparison of the relative levels of phosphorylase isoform and its activity,
clearly indicates that the observed pattern of total phosphorylase activity in
pearl millet leaves is strikingly similar to distribution of cytosolic isoform,
because cytosolic isoform contributes to about 80% to total phosphorylase
activity in light-grown leaves. It is evident that in pearl millet leaves, light
plays a dual role, in the basal segments it suppresses the plastidic form and
promotes an induction of the cytosolic form, in segments close to the tip, it
suppresses the cytosolic form but is ineffective in suppressing chloroplastic

phosphorylase activity.

The mechanism by which the above pattern of phosphorylase
distribution is generated is at the moment unknown, but it is likely that light-
stimulated cytosolic phosphorylase induction is restricted to the first three
segments, and in subsequent segments perhaps the degradation or turnover
of cytosolic enzyme predominates over its synthesis. On the other hand,
plastidic phosphorylase induction is either suppressed in the first three

segments, or in the presence of light, a certain state of chloroplast
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differentiation is required before light can act on its synthesis or import in
plastids.

The distribution of distinct phosphorylase in isolated mesophyll and
bundle sheath cdlls highlights the effect of light on phosphorylase activity in
the leaves. No plastidic phosphorylase activity was present in bundle sheath
cells isolated from the first three basal segments of leaves, it appeared only in
subsequent sections. By contrast, the total activity of cytosolic phosphorylase
closdly followed phosphorylase activity of mesophyll cells and subsequently
declined (Fig. 61). These results too are indicative of a requirement of plastid
differentiation to import plastiduc phosphorylase into BS chloroplasts.

It has been reported that in pea, plastidic phosphorylase may consist of
2 isoforms, one associated with etioplasts, and another one with chloroplasts
(Berkel et al.,, 1991). It is likely that in pearl millet too such etioplastic and
chloroplastic may exist, and a suppression of the etioplastic and stimulation
of the chloroplastic phosphorylase alter phosphorylase activity; but existence
of such specific phosphorylase in pearl millet leaves is yet to be confirmed. The
effect of light on phosphorylase like amylase, is also determined by the cellular
position, that is, the suppression of plastidic phosphorylase and induction of
cytosolic enzyme in the basal segments illustrates that it is the cellular
position which is a primary determinant of phosphorylase expression in a
particular cells, and light simply acts as a modulating agent. The relative
amount of phosphorylase in plastid and cytosol fraction has been studied only

in the case of pea cotyledon, where, during germination, plastidic enzyme
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remained at a constant level, while the level of cytosolic enzyme increased
severa-fold (Berkel et ai., 1991).

In general, the results obtained above for plastidic phosphorylase are
typical of plastidic enzymes in monocot leaves which show a gradient of
accumulation of plastidic proteins towards the tip of the leaf (Rubisco). On the
other hand, restriction of photoinduction of cytosolic phosphorylase to the base
of the ledf, is clearly akin to p-amylase gradients which also show a maximal

induction near the base of the ledf.

53 FUNCTIONAL ROLE OF STARCH DEGRADING ENZYMES IN
LEAVES

5.3.1 Extraplastidic enzymes

The logic behind the existence of starch degrading enzymes in
extraplastidic compartments has so far not been understood. In this study, -
amylase, f-amylase and phosphorylase were observed in extraplastidic
compartments of pearl millet leaves. In general, these enzymes were present
only in M cells, and in B cells, the level of these extraplastidic enzymes was
below the limit of detection. In literature there are reports showing localization
of <-amylase in apoplast (Beers and Duke, 1988), and p-amylase in vacuole
(Ziegler and Beck, 1986). In pearl millet these enzymes are extraplastidic but
their association with a particular subcellular fraction has not been
determined. Since the photoregulation gradients of cytosolic §-amylase and
phosphorylase along the axis of leaf in light-grown plants are distinctively

similar, it may have some hitherto unknown function. In general, while several
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functions have been ascribed to cytosolic enzymes in other systems (see
review), evidence is rather fragmentary, and more work still needs to be done

to understand the function of cytosolic starch degrading enzymes in leaves.

5.3.2 Plastidic enzymes

In C, plants transitory starch is generated and stored in the B
chloroplasts, therefore the exclusive presence of phosphorylase in B chloroplast,
clearly indicates that it plays an important role in starch degradation in a C,
plant like pearl millet. Hammond and Preiss (1983) suggested that the
chloroplastic phosphorylase contributes a maor part in degradation of
photosynthetic starch. However, in spinach under optimal conditions,
assimilatory starch is avery poor substrate for the chloroplastic phosphorylase
(Beck, 1985). However, the same can be hydrolyzed efficiently by the action of
«<-amylase (Chang, 1982). Therefore it has been suggested that phosphorolysis
rather than amylolysis plays a mgjor role, but the initial steps of degradation
are mediated by «-amylase (Okitaand Preiss, 1980; Steup et al, 1983). Ghiena
et a (1993), on the basis of the presence of a 5fold higher phosphorylase
activity than amylase in Vicia fab a chloroplast, suggested that phosphorylase
isinvolved in amylose degradation. Since, in pearl millet, both «-amylase and
phosphorylase activities are present in B chloroplasts, it is evident that these
enzymes may combinedly participate in the degradation of transitory starch.
In general, in vivo metabolic state of chloroplasts is more favorable for phosp-
horylase action on starch (Beck, 1985) and its activity may be modulated by Pi
concentration in the chloroplast (Kaiser and Urbach, 1977; Lilley et al., 1977).

Such a view is supported by the observation that in sugar beet, glucose-1-
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phosphate level was high, during the period of active starch degradation
(Servaites et al., 1989). In spinach too, starch is likely to mobilize via
phosphorolytic pathway in chloroplast, as breakdown products of starch
constitute of glucose-1-phosphate, maltose and glucose (Levi and Gibbs, 1976;
Stitt and Heldt, 1981). While a significant amount of phosphorylase products
was found in pea chloroplasts (Levi and Priss, 1978; Stitt and Heldt, 1981).
Ziegler and Beck (1986) reported that the x-amylase contribution was more in
pea chloroplasts. However, amylolysis of starch results in the formation of
degradation products, on which phosphorylases act four times more effectively
than on the starting material (Steup et al., 1983; Chang, 1982).

It is generally assumed that the =-amylase initiates, or at least plays a
key role, in transitory starch degradation (Beck, 1985; Preiss and Levi, 1980).
The presence of a-amylase in chloroplast suggests that it plays an important
role in starch mobilization. The localization of higher oc-amylase activity in B
chloroplasts might be linked to the fact that in C, plants, starch is located in
B chloroplast. Therefore B chloroplasts need to possess more a-amylase activity
than M chloroplasts. This localization of plastidic a-amylase in chloroplast is
aso consistent with the model for starch breakdown in higher plants proposed
by Dunn (1974). According to thismodel, a-amylase is the only enzyme capable
of initiating the digestion of starch granule in vivo which is then digested by

other enzymes.

The mechanism by which starch degrading enzyme activity in B
chloroplasts may be regulated is not known and can be only speculated.
Amylolytic starch degradation isregulated by means of pH shifts in the stroma
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(Werdan et al., 1975). Amylases exhibit acidic pH optima (Chapman et al.,
1972; Thoma et al., 1971). At pH 8, which isthe stromal pH upon illumination
(Werdan et al., 1975), amylase activity was inhibited roughly by 80%. At pH
7 which is stromal pH of darkened chloroplasts, inhibition was found to be only
50%. Pongratz and Beck, (1978) reported that amylolytic activity was almost
twice as high in chloroplasts prepared during the dark phase and only low
amylolytic activity was observed in chloroplasts isolated during the light phase.
Since plastidic x-amylase has a pH optima of about 6.2, it may be possible that
the observed pH shift in chloroplast may control the diurnal oscillation of
plastidic «-amylase activity by controlling plastidic starch mobilization
(Pongratz and Beck, 1978).

The notion that only oc-amylase is capable of hydrolyzing native starch
granules, is been recently challanged. Sun and Henson (1991) reported that -
glucosidase is also capable of initiating degradation of native starch granules.
A combination of «-glucosidase and «-amylase acts synergistically and
degrades starch granules 8-11 times further than the sum of these enzymes
aone (Sun and Henson, 1991). The role of oc-amylase in degradation of
photosynthetic starch has also been questioned by Casper et al., (1989), who
isolated a Arabidopsis mutant which, lacked the capacity to degrade starch
even though it had oc-amylase activity equal to the wild type. They suggested
that an unknown factor other than oc-amylase is involved in starch
degradation. Similarly, in pea chloroplasts, the presence of oc-amylase is
equivocal (Beers and Duke, 1990) notwithstanding earlier reports of Kakefuda
et al., (1986) and Ziegler, (1988) who could detect oc-amylase in pea
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chloroplasts. Moreover, starch is not essential for growth and development of
plant as starchless mutants of Arabidopsis (Casper et al., 1985; Lin et al.,
1988) survive and complete their life cycle normally if grown under controlled

conditions.

In summary, in pearl millet leaves, both x-amylase and phosphorylase
together play a role in degradation of photosynthetic starch. The coexistence
of «-amylase and phosphorylase in B cell's chloroplasts is an indication of the
cooperative function of these enzymes in transitory starch degradation in
leaves. The exclusive localization of phosphorylase in B plastids aso
emphasizes the importance of phosphorylase in mobilization of photosynthetic

starch produced in B chloroplasts.

The similarities in gradients of plastidic phosphorylase activity and «-
amylase activity in light-grown leaves, which also correlates with appearance
functional differentiation of chloroplasts and their capacities to fix CO,, is a
clear proof of the role of these enzymes in degradation of transitory starch.
Interestingly, while in etioplasts no x-amylase was present, phosphorylase
activity in etioplasts could be clearly detected, which may be associated with
the presence of starch in the plastids of dark-grown leaves in basal segments
(Wellburn et al., 1986).

While in different system the relative importance of phosphorylase or
amylase on starch degradation (Levi and Preiss, 1978, Beck, 1985) have been
emphasized, in the present study, it has not been possible to distinguish

between the relative importance of these two enzymes. However, since «-
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amylase activity isin generd lower than that of plastidic phosphorylase, it is
likely that after an initial degradation of starch granules by «-amylase,
phosphorylase plays a mgor role in starch metabolism.

54 CONCLUSIONS

In pearl millet leef the distribution of both amylase and phosphorylase
is strongly dependent on three factors in the following hierarchical order, cdl
position, organelle development and light. In dark grown legf, extraplastidic
B-amylase gradient existed with an increase from base to tip and light altered
it with amaxima dose to basal segment, by stimulating the rate of p-amylase
synthesis in basal segments. The development of plastidic x-amylase activity
depended on chloroplast biogenesis, which was evident by the fact that though
at the leaf base rate of x-amylase Synthesis was quite high, the accumulation
of «-amylase protein took place only in those cdls where chloroplast
differentiation had taken place. Similar to p-amylase, light adso enhanced
activity of cytosolic phosphorylase and this photostimulation was restricted to
the lesf base. In contrast, light suppressed accumulation of plastidic
phosphorylase in etioplasts in the basal region of leaf and plastidic phosphory-
lase was present only in bundle sheath chloroplasts from middle of ledf to
leef tip.
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CHAPTER 6

SUMMARY

In the present study, attempts have been made to decipher the
interaction between chloroplast development and photoregulation of starch

degrading enzymes in pearl millet (Pennisetum americanum) leaves, a NADP-

ME type C, plant. Since the morphogenetic development of leaf and chloroplast
biogenesis both intimately depend on the availability of light, the
interrelationship between leaf development, chloroplast biogenesis and
photoregulation of cytosolic and plastidic starch degrading enzymes viz.,
amylases and phosphorylases was investigated, during development of pearl
millet seedlings.

In pearl millet (Pennisetum americanum) seedlings light acting via

phytochrome stimulated amylase activity in the leaves. This photostimulation
mainly results from an enhancement in p-amylase activity, which constituted
80-90% of leaf amylase activity. The native PAGE followed by specific staining
for =- and p-amylase, by contact printing on amylose or f-limit dextrin con-
taining gel, revealed that these enzymes had different Rf values of 0.21 and
0.71  respectively. Isolated chloroplasts possessed only «=-amylase and
appearance of plastidic =-amylase was obligatorily dependent on chloroplast
biogenesis. The subcellular and intercellular fractionation studies revealed
that, while B-amylase was localized only in the extraplastidic compartment, -
amylase was localized both inside the chloroplasts and in the extraplastidic
compartment. The mesophy 11 cells contained both «- and p-amylase activities

but only «-amylase activity was detected in the bundle sheath cells.



Norflurazon mediated photooxidation of chloroplasts during leaf devel opment
also eliminated plastidic x-amylase activity confirming dependence of its photo-

regulation on the chloroplast biogenesis.

An analysis of photostimulation of amylase along the leaf axis revealed
that the segment proximal to the leaf base shows the maximum
photostimulation of cytosolic p-amylase. In contrast, photoinduction of
plastidic «x-amylase was intimately dependent on chloroplast biogenesis and
followed a gradient akin to the light dependent chloroplast development. The
gradient of «- and p-amylase activity in leaf also paralleled with respective iso-

zyme gradients in both light and dark grown seedlings.

The effect of light on stimulating amylase synthesis was monitored by
using polyclona «;-, x,- and p-antiseras raised against maize amylases.
Monospecificity of «;-antiserum and p-antiserum antibodies was ascertained
by double diffusion, western blotting and immunoelectrophoresis. The usage
of these antibodies confirmed the localization of p-amylase in mesophyll cytosol
and of x-amylase in chloroplasts of both mesophyll and bundle sheath cells.
Quantification of amylase protein by single radial immunodiffusion showed
that the phytochrome mediated increase in p-amylase and «-amylase activity

results from an increase in the level of the respective proteins.

The in vivo labelling of amylases with  [S]-methionine and subsequent
immunoprecipitation revealed that the increase in amylase activity resulted
from an increase in the rate of de novo synthesis of amylase protein. In vivo
radiolabelling and immunoprecipitation of p-amylase protein revealed that
photostimulated increase in p-amylase synthesis was maximal in basal

segments of leaf and correlated with changes in p-amylase protein level and



activity. In contrast, while the basal segment possessed high rates of «-
amylase synthesis, significant level of «-amylase protein could not be detected
in basal segments of leaf. It was assumed that in absence of functional

chloroplasts newly synthesized «-amylase protein is rapidly turned over.

In pearl millet seedlings, no specific influence of light on the induction
of phosphorylase activity in leaves was apparent. The electrophoresis of
extracts from 7-d old leaves revealed the presence of two phosphorylase
isozymes migrating at Rf value 0.24 and 0.28 respectively. The mesophyll cells
possessed only dow migrating enzyme of phosphorylase which was localized
in cytosol, whereas the bundle sheath cells possessed fast migrating isozyme
of phosphorylase located in plastids. The appearance of plastidic phosphorylase
was independent of chloroplast biogenesis and it was also present in proplastid
and etioplast. The sustainment/oglastidic phosphorylase activity needed
functional integrity of chloroplast, as in Norflurazon treated seedlings, the
photooxidation of chloroplast eliminated the plastidic phosphorylase activity.
The correlation between phosphorylase and starch localization in bundle
sheath chloroplasts indicates that phosphorylase plays a role in starch

mobilization.

The distribution of plastidic and cytosolic phosphorylase along the axis
of leaf was influenced by light. In dark grown seedlings, phosphorylase activity
increased from base to tip of leaf, however, exposure to light altered the
phosphorylase gradient in leaf, with maximal phosphorylase activity being in
the third segment (3 cm) from the base. Light initiated a photoinduction of
cytosolic phosphorylase in the base and middle of the leaf but caused a

suppression towards the tip. Dark grown leaves possessed high levels of



plastidic phosphorylase activity with a gradient increasing from base to tip. In
contrast, light repressed appearance of plastidic phosphorylase in the first

three segments close to the base but was ineffective towards the tip of ledf.

In summary, this study highlights that the cdl position is the primary
determinant, and the organelle development is the secondary determinant
regulating the activity of starch degrading enzymes, while light only acts as a
modulating agent on activity of starch degrading enzymes in pearl millet

leaves.
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Abstract—In pearl millet (Pennisetum americanum) seedlings, light acting via phytochrome stimulates
amylase activity in the leaves. The maximum photostimulation of amylase is observed in the segment

proximal to the leaf base. This photostimulation m
activity (EC 3.2.1.2), which constitutes 80~-90% of |

ainly results from an enhancement in B-amylase
eaf amylase activity. The subcellular fractionation

studies revealed that while B-amylase is localized only in the extraplastidic compartment, a-amylase
(EC 3.2.1.1) is locaized both in the cytosol and in the chloroplasts. The mesophyll cells contained

both a and B-amylase activity, but only a-amylase

activity was present in the bundle sheath cells.

The Norflurazon-mediated photooxidation of chloroplasts during leaf development also eliminated
plastidic «-amylase activity, confirming dependence of its photoregulation on the chloroplast biogenesis.

INTRODUCTION

In higher plants, chloroplast biogenesis obligatorily
depends on the environmental availability of light.
In the absence of light, the proplastid in lesf cells
develops into an etioplast. The exposure to light
rapidly transforms etioplasts to chloroplasts
(Hoober, 1984). Additionally, light triggers a large
number of photomorphogenetic responses in plants,
many of which are realized by photoregulation of
gene expression in the nucleus as wel as in the
plastids (Shropshire and Mohr, 1983; Kendrick and
Kronenberg, 1986). It has been acknowledged that
the nucleus plays a major role in chloroplast func-
tion and development (Kobayashi et al.; 1987).
Nevertheless, it is now apparent that the chloroplast
can aso influence, in a feedback fashion, the
expression of specific nuclear genes encoding plas-
tidic proteins (Oelmiuller, 1989). The studies on
developmental mutants of chloroplasts or studies
where chloroplasts are experimentally destroyed
clearly demonstrate that the loss of chloroplast is
accompanied by a concomitant decrease in the rate
of gene expression of nuclear encoded plastidic pro-
teins (Oelmiiller, 1989). Hitherto the molecular na
ture of the putative plastidic factor, which may be
involved in the above nuclear-plastidic interactions,
is not known.

We initiated this study to decipher the extent of
feedback influence of chloroplast biogenesis on the
photoregulated increase of amylase activity in pearl
millet (Pennisetum americanum) seedlings. A mono-
cotyledon, pearl millet has leaves which are well

*This paper is dedicated to Professor Masaki Furuya on
the occasion of his 65th birthday. One of the authors
(RS) appreciates having the opportunity to work in his
laboratory as a visiting scientist.

tTo whom correspondence should be addressed.
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suited for this study. The cell division is locaized
a a basa meristem, which offers a gradient of
plastids and leaf cells at different developmental
stages along the leaf axis from the base to the tip.
In addition, Pennisetum americanum [a C; plant
(Hoober, 1984)] has dimorphic chloroplasts viz.
bundle sheath chloroplasts, in which thylakoids are
not differentiated into grana and mesophyll chloro-
plasts which contain grana and are morphologically
similar to chloroplasts of C; plants. In C4 plants
bundle sheath chloroplasts carry out the process of
carbon fixation leading to the formation of starch
(Hoober, 1984). It is observed that in C, plants,
eg. Zea mays, the enzymes involved in starch
biosynthesis, ADP glucose pyrophosphorylase,
starch synthase and branching enzymes are pre-
dominantly localized in the bundle sheath cells,
whereas the starch degrading enzymes like amylases
and phosphorylases are predominantly present in
the mesophyll cells (Spilatro and Preiss, 1987;
Downton and Hawker, 1974).

In recent years the subcellular and intracellular
distribution of starch degrading enzymes, particu-
larly amylases in ledf cells, have been investigated
intensively to decipher their role in starch mobiliz-
ation (Ziegler, 1988; Manga and Sharma, 1990).
The amylases have been reported to occur in cytosol
(Manga and Sharma, 1990). vacuoles (Zieglar and
Beck. 1986), plastids (Zieglar, 1988) and also in cell
walls (Saeed and Duke, 1990). Because in many
species most amylolytic activity is present in extra-
plastidic compartments of cells, there have been
many doubts regarding the role of amylases in the
mobilization of photosynthetically generated starch
(Beck and Zieglar, 1989). In this study we have used
Norflurazon-induced photooxidation of chloroplasts
in pearl millet seedlings (Henson, 1984) as a tool to
investigate plastidic localization of amylase and the
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interrelationship between photoregulation of amy-
lase and chloroplast biogenesis.

MATERIALS AND METHODS

Pearl millet (Penniseturn americanum) var. WCG.75
seeds were obtained from State Seed Corporation, Hyder-
abad, India The seedlings were grown at 25°C in trans-
parent plastic boxes on germination paper pie-soaked
(12 h) with either distilled water or Norflurazon solution
(0.4 mM). Seedlings were grown under continuous red
light (An,. 650 nm. fluence rate, 0.67 W m -), or blue
light (A, 450 nm. fluence rate 0.13 W m %) (Manga and
Sharma. 1988) or in darkness. The long wavelength far
red light was obtained by using Schott interference filters
and two 300 W projectors (A,,.. 756 nm. fluence rate 6 W
m~*) (Manga and Sharma, 1988).

Enzymeassay. The primary leaves were homogenized
in a pre-cooled mortar and pestle with sea-sand in an
extraction buffer containing 60 mM Na-citrate, pH 6.1,
10 mM mercaptoethanol and 10 mM CaCl.. The homo-
genate was clarified by centrifugation at 760 g for 30 min
at 4°C. Amylase activity was measured as described earlier
(Manga and Sharma, 1988). a-Amylase activity was mea-
sured by using a specific substrate $-limit dextrin (2
mg/mL) after inactivating 3-amylase activity by incubating
supernatant a 70°C for 10 min in the presence of 10 mAf
CaCl,. The protein and chlorophyll estimations were done
by using the procedure of Lowry et al.. (1951) and Arnon
(1949) respectively.

Isolation of intact chloroplasts. The procedure for
chloroplast isolation was adapted from Palmer (1986).
Twenty grams of leaf material were homogenized in a pre-
cooled Waring blender (5 s homogenization x 5 times) in
a 50 mM Tns-HCI buffer, pH 8.0. (6 mL/g fresh weight)
containing 0.35 M sorbitol. 5 mM MgCl.. 1 mM CaCl,.
2 mM ethylene diamine tetraacetic acid (EDTA), 5 mM
mercaptoethanol. 10 mM Na-ascorbate. The homogenate
was centrifuged a 1000 g for 1S min and the pellet was
washed 3 times with a wash buffer containing SO mM
Tris-HCI (pH 8.0). 0.35M sorbitol. 20 mM EDTA. 0.1%
(volivol) mercaptoethanol Thereafter the pellet was sus-
pended in 4 mL of the above buffer and layered on top
of a 31% and 54% sucrose (wt'vol) step gradient. The
gradient was centrifuged at 30K g for 40 min a 4°C.
The intact chloroplasts obtained at the interface of 31%
and 54% sucrose were diluted 5 times with wash buffer
and were pelleted by centrifugation at 1(%X) g for 15 min.
The intactness of chloroplasts was confirmed by the ferri-
cyanide reduction test (Lilley et al.. 1975) and phase con-
trast microscopy. Chloroplasts were disrupted by soni-
cation to obtain plastidic enzymes. The purity of the
plastidic preparation was confirmed by estimating phos-
phoenol pyruvate (PEP) carboxylase as a marker enzyme
of the cytosol (Nott and Osmond. 1982):

Isolation of mesaphyil and bundle sheath cells. Meso-
phyll and bundle sheath cells were isolated with the enzy-
matic method of Day et «/. (1981). with few modifications.
Bundle sheath strands were also isolated by using the
mechanical method of Chollet and Ogren (1973) with some
changes in the isolation buffer, which contained 50 mM
Tris~HCI (pH 8.0).0.35 M sorbitol, 10 mM Na-ascorbate.
1mM CaCl.. 1 mM MnCl,, 5mM EDTA, 0.2% BSA
(wt/vol). Bundle sheath strands which were retained on
80 um nylon mesh were finaly washed with wash buffer
(50 mM  Tris-HCIl, pH 8.0, 035 M sorbitol, 20 mM
EDTA, 1 mM Ca(),). The bundle sheath protoplasts were
isolated by the enzymatic method by incubating the strands
in the protoplast isolation medium. The bundle sheath
chloroplasts were obtained after passing the above proto-
plasts through a 30 pm nylon mesh.

Electrophoresis. The polyacrylamide slab gel electro-
phoresis was performed according to Davis (1964). To
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visudlize amylase isozymes, the gl was washed with
extraction buffer for 15 min and incubated in a reaction
mixture containing 0.5% amylose in 60 mM Na-acetate
buffer, pH 4.6, for 3 h a room temperature. The trans-
parent amylolytic bands were visualized after submerging
the gel in iodine solution containing 5.7 mM 1,, 43.3 mM
Kl in 0.2 M HCl for 1 min. The contact prints for amylase
isoforms were obtained by layering the polyacrylamide gel
after electrophoresis on a 1% agar gel containing 0.5%
{wt'vol) amylose in 60 mM Na-acetate buffer, pH 4.6, for
3 h. To differentiate the a-amylase band, amylose in the
above agar gel was replaced by 0.5% (wt/vol) B-limit
dextrin. Staining of the agar gels was carried out as
described above for the polyacrylamide gels. To visuaize
otODlic «-amylases, contact printing was conducted for
9 h, as these isozymes were present in a very low amount

The level of amylase in the leaves of pearl millet
seedlings grown in darkness or in continuous red/
blue light was determined at different time points
from sowing onward. Figure 1 shows that red light
stimulates amylase activity right from the time of
emergence of pearl millet leaves, and by the 8th
day it is 7-fold higher than the amylase level of dark
grown seedlings. In contrast blue light, although it
does stimulate amylase activity, is less effective than
red light. Under both blue and red light the amylase
activity declines after the 8th day from sowing.
Table 1 shows that blue or red light pulses of 10
min duration with 8 h intervals also induce amylase
activity. Moreover. the inductive effect of these
light pulses can be significantly reversed by follow-
ing them every time with a 10 min far red light pulse.
a treatment which reverses phytochrome mediated
photoresponses (Shropshire and Mohr, 1983).

In higher plants amylase activity consists of two
distinct enzyme proteins viz. a-amylase and 3-amyl-
ase (Manners, 1985); therefore, the relative extent
of photoregulation of these enzymes in the above
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Figure 1. Time course of amylase activity in the leaves of

pearl millet seedlings. Seedlings were grown in continuous

red light (<)), blue light (A), or in darkness (+) from the
time of sowing.



Photoregulation of amylase

Table 1. Effect of brief red/blue and far red light on the
amylase activity in pcarl millet leaves
Amylase activity (nkat/mg
protein)

Treatment” Red light Blue light

5d cont. dark (control) 06,20 = 1.01 06,20 = 1.0]

5d cont. light 20,25 = |08 19.34 = 0.70

IdD +2d1 17.40 = 1,10 1280 = 0.36

3dD + 6 x (10 min 2042 = 1.47 1533 = 1.80
L+8hD)

3d D+ 6 x (10 min 04.10 = (.40 04,90 = 1.00
FRL + 8 h D)

3dD+ 6 % (10 min L 10.20 = 0.54  08.03 = 1.03
+ 10 min FRL + 8 h d)

Seedlings were grown in continuous darkness for 3 d after
sowing. Thereafter. the seedlings were subjected to sx 10
min light pulses separated by an interval of 8 h in darkness
The enzyme activity was measured 5 d (120 h) after sow-
ing. The control seedlings were grown in continuous dark-
ness or light for 5 d (120 h).

*L—cither red or blue light; D—dark; d—day: FRIL.—Far red
light; h—hour.

photoresponse was aso ascertained. The distinction
between these two uamyluses was made by using a
specific substrate. (3-imit dextrin. While a-amylase
alone can degrade [3-limit dextrin, the amylose can
be degraded by both a-amylase and B-amylase. The
red light mediated stimulation of amylase activity
in pearl millet leaves resulted largely from an
increase in the B-amylase activity, which constituted
80-90% of total lesf amylolytic activity in light
grown seedlings (Fig. 2). In darkness B-amlyase
activity could be significantly detected only after the
6th day from sowing. The photoregulation of a-
amylase activity in leaves followed a different kin-
etic pattern than (3-amylase (Fig. 2).

The interrelationship between light mediated
amylase increase and chloroplast development was

<

3 %01 = |

o

o

a

=]

E A \

+~ 40 |

Il

x "

E |

= o

> pr

= X

- 20 -

U

o P

o o Lo

v

o K e ~—{—a. |

= I g0 H:—ﬂ-n" (J
= .

£ gl =t e

< ] 3 4 5 6 4 ] 9 o

Days after sowing

Figure 2. Time course of development of a-amylase (O.
*) and (i-amylase (A, A) activity in pearl millet leaves.
Seedlings were grown in either continuous red light (O,
A) or in darkness (¢, ¢) from the time of sowing. L—
red light; D—dark: a—a-amlyase;p—p-amylase.
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Figure 3. Effect of Norflurazon on the time course of
amylase activity in pearl millet leaves. Seedlings were
grown in Norflurazon (NF) from the time of sowing in
continuous red light (A) or in darkness (A). The control
seedlings were grown in distilled water (DW) in red light
(©). or in darkness (@). The inset shows the a-amylase
activity in NF treated 7 day-old pearl millet seedings.

investigated by growing pearl millet seedlings with
Norflurazon, a chlorosis-inducing herbicide (Hen-
son, 1984). Treating pearl millet seedlings with Nor-
flurazon completely prevents chloroplast develop-
ment in light and also decreases the level of
photostimulation of amylase in leaves (Fig. 3). At
the same time application of Norflurazon had almost
no effect on the amylase level in the dark grown
seedlings. The inset in Fig. 3 shows that in the
presence of Norflurazon. u-amylase photo-
stimulation is significantly lowered.

The amylolytic activity of the pearl millet leaves
was analyzed by electrophoresis to study the effect
of light and Norflurazon on the isozymes of amyl-
ases in leaves. The analysis of amylase isozymes
from pearl millet leaves (Fig. 4, lanes 1-4) shows
that in dark grown seedlings only a fast migrating
amylase isozyme group was present (R;0.71). The
exposure of seedlings to continuous light induces
the appearance of an additional dowly migrating
amylase isozyme (R;0.21). The treatment of seed-
lings with Norflurazon abolishes the appearance of
a light induced amylase isozyme with alow R,value
(Fig. 4).

The distinction between the above amylase iso-
forms as a-amylase and p-amylase was made by
contact printing of polvacrylamide gels on an agar
gel containing (3imit dextrin (data not shown). The
contact printing of the above gels for 3 h on agar
gel containing (3-limit dextrin as a substrate revealed
only one isozyme having a low R;value (0.21). In
contrast, the fat migrating major isozyme {R, 0.71)
of leaf could not degrade (3-limit dextrin. and there-
fore is p-amylase in nature (Manners, 1985). Evi-
dently light, in addition to stimulating total amylo-
lytic activity of leaf, aso induces a new isozyme of
amylase (R, 0.21), which can be identified as a-
amylase on the basis of its substrate specificity. The



Figure 4. The dectrophoreétic analysis of amylase isoforms
in leaves of 7 day dd pearl millet seedlings. The seedlings
were grown in continuous red light and darkness in dis-
tilled water (DW) or in 04 mAf Norflurazon (NF). The
gd Wasstaned wbmergl itinan ..\mxlo\t -conty umng
solution (lanes 1-4). The gd for islated chloroplasts (lane
5 and supernatant fran mesophyl cdls (lane 8) and
extract from bundle sheath strandg (lanes 6-7) was contact
printed on a B-limit dextrin containing agarosc gd. Lane
1—red light DW: lane 2—dark DW: lane 3—red light NF;
lane +—dark DW, lane 5—mesophyll chloroplads Lane
6—bundle sheath strands NF; lane 7 bundle sheath
strands DW; lane 8&—dark DW.

contact printing of gels for a prolonged period (9 h)
on B-limit dextrin gels revealed five additional iso-
zymes of a-amylase having higher R, values (0.59,
0.68. 0.75. 0.79, 0.82). which were present in a low
amount in leaf cells (Fig. 4, lane 8). The pattern of
these isozymes was not influenced by either light or
Norflurazon treatment (data not shown).

The subcellular fractionation of pearl millet leaves
into cytosolic and plastidic fractions revealed that
80-90% of amylase activity is present in the cyto-
solic fraction, with the balance present in chloro-
plasts (Table 2). The substrate specificity (Table 2)
and electrophoretic analysis (Fig. 4) of the chloro-
plastic fraction revealed that the chloroplast had a
minor isozyme (R, 0.21) of amylase representing a
amylase activity (Fig. 4, lane 5). On the other hand,
the cytosolic fraction mainly consists of B-amylase,
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as shown by its inability to degrade B-limit dextrin
(Table 2). Pearl millet leaves, in addition to g-
amylase, aso contain ca 5 a-amylase isozymes (Fig.
4, lane 8) in the cytosol, but their contribution
towards the a-amylase activity of leaves is quite low
(Table 2). The estimation (Table 2) and electropho-
retic analysis of amylase in isolated bundle sheath
strands showed the presence of only plastidic a
amlyase isozyme (Fig 4, lane 7), while cytosolic 8-
amylase activity was totally absent. Furthermore, in
bundle sheath strands isolated from Norflurazon-
treated seedlings plastidic a-amylase was aso
absent, confirming its plastidic localization (Fig. 4,
lane 6). The purity of the isolated chloroplast prep-
aration was checked by using PEP carboxylase, a
cytosolic enzyme which was absent in the chloro-
plastic fraction (Table 2).

Figure 5 shows the spatial gradient of photo-
stimulation of amylase activity along the axis of
pearl millet leaves beginning from basal meristem.
It is evident that in dark grown seedlings there is a
gradual increase in amylase activity towards the tip
of the leaf, whereas in light grown seedlings the
maximum photostimulation of amylase activity is
observed in the 2nd segment from the base of the
leaf; in subsequent leaf segments, the magnitude of
photostimulation of amylase activity declines
towards the tip of the leaf. The above increase in
the amylase activity in pearl millet leaves closely
corresponds with the gradient of B-amylase activity.
The inset of Fig. 5 showing the p-amylase isozymes
clearly reveals that in light p-amylase activity fol-
lows the same pattern as the photostimulation of
total amylase activity in pearl millet leaves. On the
other hand. in light, plastidic a-amylase activity
shows a gradual increase towards the tip of the leaf
(Fig. 5, inset).

DISCUSSION

In higher plants, the studies on in vivo regulation
of amylases have been largely confined to seeds,
where hormonal regulation of amylase induction

Table 2. The inlracellular distribution of a and B-amylase activity in the leaves of 10 day
old red light grown pearl millet seedlings. The substrate specificity and sensitivity to heat
treatment was used to distinguish between a- and p-amylase

Amylase activity (nkat/mg protein)

PEP carboxvlase
activity (pmol/mg

Fraction Amylose B-limit dextrin Chl)
Homogenale 25,0 (100%: ) 6.6 (100%) *
Cytosol 219 (BB%) 0.3 (4.6%) 2.03
Chloroplast 4.5 (18%) 5.0 (76%) n.d
Chloroplastic fraction, 5.0 (20%) 4.4 (67%) :
10 mM CaCly + 10 min
al 70%C
Bundle sheath strands 2.876 2.65

n.d.—not detected
«Estimation not done.
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Figure 5. The relative photostimulation of amylasc in the
different sections (1 ¢m) of first lesf of 7 day old pearl
millet scedlings  The segments are numbered from the
base (segment 1| to the tip of the leaf. The light grown
leaf (O) was 8 em long while the leaf in darkness (@) was
6 cm in length. The inset shows the gradient of B-amylase
activity in light and in darkness and of plastidic a-amylase
activity in light along the axis of leaf. The plastidie o-
amylase activity was totally absent in dark grown seedlings.
In order to clearly visualize B-amylase isozyme in dark
grown leaves a concentrated extract was applied to gel.

and secretion have been investigated in detail
(Akazawa et al., 1988). In contrast, in leaves there
is not much evidence for hormonal regulation of the
amylase level (Drumm € a/.. 1971). In pearl millet
leaves red light acting via phytochrome leads to a
significant induction of amylolytie activity during
the course of seedling development (Fig. 1). The
photoreversibility of red and aso of blue light pulses
by a far-red light pulse (Table 1) confirms the
involvement of phytochrome in mediating the above
photoresponse (Shropshire and Mohr, 1983). The
greater effectiveness of brief pulses of light than
continuous light points to participation of phyto-
chrome. Under continuous red light Pfr destruction
leads to a stationary state, which is likey to be
lower than the Pfr level maintained by brief light
pulses. Likewise, less effectiveness of blue light in
stimulating amylase activity, in comparison to red
light may also be a consequence of the lower photo-
stationary state of phytochrome under blue light
(Sponga et al., 1986). The close similarities in these
results obtained in a monocot seedling with our
earlier studies on a dicot seedling, indicate that
photoregulation of amylase is an intregral part of
intraccllular - photomorphogenesis in  developing
leaves of higher plants (Manga and Sharma, 1988;
Subbaramiah and Sharma, 1989). The photo-
stimulation of amylase level in pearl millet leaves is
largely brought about by enhancement of the B-
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amylase level (Fig. 2). Although a-amylase aso
shows a photostimulation of its activity, its total
contribution to the amylolytie activity of leaves is
much less.

In green leaves the principle function of amylase
is to mobilize starch generated during photo-
synthesis, therefore, it is logica to assume that amy-
lase is aso locdized in the chloroplasts. Moreover,
we aso expected that the increase in amylase level
should be correlated with ehloroplast development
and acquisition of photosynthetic competence. In
this study, we used Norflurazon-mediated chlorosis
of leaves (Henson, 1984) to study the interrelation-
ship between ehloroplast biogenesis and amylase
photoregulation. In pearl millet leaves the light-
mediated stimulation of plastidie a-amylase is
clearly associated with the light-mediated ehloro-
plast development. In seedlings grown in light in
the presence of Norflurazon, which blocks the ehlor-
oplast biogenesis, the plastidie a-amylase induction
(as seen by the appearance of a new isozyme (R
0.21)] is totally suppressed (Fig. 4). These results
clearly indicate that the photostimulation of plas-
tidie a-amylase, like other plastidie proteins, is
dependent on the availability of functional chloro-
plasts (Oelmiller, 1989). It is likely that, although
a sgnd chain triggered by phytochrome may oper-
ate in Norflurazon-treated seedlings, in the absence
of ehloroplast active plastidie a-amylase, molecules
cannot accumulate. At the same time B-amylase
photostimulation could take place even in the
absence of chloroplasts, abeit Norflurazon lowered
the level of B-amylase in light grown leaves. On
the contrary, Saeed and Duke (1990) observed a
Norflurazon-mediated stimulation of aamylase
activity in pea seedlings, which is localized in the
apoplast, while it had no influence on the cytosolic
(i-amylase activity. A similar Norflurazon-mediated
decrease in the level of non-plastidic enzymes is
observed in mustard seedlings where Norflurazon
treatment lowered the level of glycollate oxidase
and hydrooxypyruvate reductase, but at the same
time enhanced the level of isocitrate lyase and mal-
ate synthase (Bajracharya et al., 1987).

These results point out that while in mesophyll
cells a-amyiase is localised in both plastidie and
cytosolic  fraction respectively, B-amylase is
localized exclusively in the cytosolic fraction. The
subcellular fractionation studies (Table 2) also con-
firmed the spatial localization of a and B-amylase
activity in plastidie and cytosolic compartments.
Furthermore the intracellular fractionation revealed
that only plastidie & amylase is present in bundle
sheath strands. Moreover, the finding that in Nor-
flurazon-grown leaves. bundle sheath strands are
totally devoid of a-amylase activity, confirms the
plastidie localization of a-amylase in bundle sheath
cells.

The localization and the role of a-amylase in the
chloroplasts have been doubted in many studies
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(Kakefuda et al.. 1986; Jacobson et al.. 1986). In C,
plants CO- fixation into starch occurs in bundle
sheath chloroplasts (Hoober, 1984), so the localiz-
ation of a-amylase in bundle sheath chloroplasts of
pearl millet leaves is positively correlated with its
role in starch degradation. Although in mesophyll
cells both «- and B-amylases are present, most «-
amylase is localized in plastid while B-amyvlasc is
cytosolic in nature.

Monocot leaves, by virtue of having a basal leaf
meristem, maintain a natural gradient of cells and
organelles of increasing maturity from the base to
the tip. The analysis of photostimulation of amylase
along the gradient shows that the segment next to
the meristematic base of pearl millet leaf shows the
maximum increase in amylase activity. In contrast,
in dark this gradient of amylase level is not appar-
ent. The gradient of photostimulation of amylase
activity in pearl millet leaf is closely akin to the
gradient of photostimulation of chlorophyll alb
binding protein synthesis in barley leaves (Zielinski
et al., 1989). This gradient of photostimulation of
amylase activity results from a stimulation of (3
amylase activity. In contrast plastidic a-amylase
shows a gradient with increasing activity towards
the tip of the leaf. similar to a gradient of RUBP
carboxylase level in barley leaves (Zielinski et al..
1989). The dissimilarity of gradients of plastidic a
amylase and cytosolic B-amylase activity, depen-
dence of a-amylase photoregulation on chloroplast
biogenesis, and their distinct spatial localization
clearly indicate that though both enzymes are regu-
lated by phytochrome. the signa chains regulating
their increase operate independently of each other.
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