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ABBREVIATIONS

Ala AT L-alanine aminotransferase

Asp AT L-aspartate am notransferase

BHB butyl-2-hydroxy-3-butynoate

CA carboni ¢ anhydrase

CcCcCP carbonyl cyani de m-chlorophenylhydrazine

CE carboxyl ation efficiency

Ches 2- (N-cycl ohexyl am no) et hanesul phonic acid

DCDP 3,3-dichloro-2-dihydroxyphosphinoyl-methyl-
2- propenoat e

DCPIP 2,6-dichlorophenclindophencl

DTNB 5-5’~-dithiobis-2-nitrobenzoate

FAA formalin-aceto-alcohol

FMN flavin mononucleotide

GDC glycine decarboxyl ase

GGAT glutamate-glyoxylate am notransferase

glycidate 2, 3-epoxypropionate

[ce) gl ycol ate oxidase

GOGAT glutamate:2-oxoglutarate am notransferase
(glutamate synt hase)

G 6-P glucose-6-phosphate

GS glutamine synthetase

o~HPMS a-hydroxy-2-pyridinemethanesulphonate

HPR hydroxypyruvate reductase

INH i sonicotinyl hydrazide

K1 di ssoci ation constant of enzyme-inhibitor
conpl ex

LCP l'ight conpensation point

MDH malate dehydrogenase

MVE malic enzyme

MsO L-methionine sulphoximine

OAA oxal acetic acid

PEP pho sphoenol pyruvate

(Continued on next page)



(Abbreviations continued)

PEPC PEP car boxyl ase
PEP-CK PEP- car boxyki nase
PGA 3-phophoglycerate
PGAP phosphogl ycerate phosphatase
PGP phosphogl ycol ate phosphat ase
PMS N-methylphenazonium methosulfate
PPDK pyruvate, orthophosphate dikinase
PR phot orespiratory
QR quantum requirement
QY quantum vyield
RuBP ribulose-1,5~bisphosphate
RuBPC RuBP car boxyl ase
RuBPO RuBP oxygenase
SGAT serine-glyoxylate aminotransferase
SHMT serine hydroxymethyltransferase
TCA cycle tricarboxylic acid cycle
maxi mum vel ocity of an enzyme catal yzed
reaction
r Q02 conpensation point
a3 a measure of carbon isotope

di scrim nation

Al'l remaining abbreviations are according to those found in

Plant Physiol ogy, January 1993
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Chapter 1

GENERAL | NTRCDUCTI ON AND SCOPE OF THE PRESENT | NVESTI GATI CN

Hi gher plants are grouped into three main categories based
on the type of photosynthetic carbon netabolism viz., C3-, C4- and
CAM pl ants (Zelitch 1975, Troughton 1975, Edwards and Wl ker 1983).
C3 and C; plants are named after the initial stable product during
primary carboxyl atl on. Phosphogl yceric acid (PGA), a three carbon
conmpound formed by Rubisco, is the initial product of photosynthe-
sis in C3 plants (Edwards and Wal ker 1983, Buchanan 1992). C,
aci ds (oxal acetate, mmlate or aspartate) are the primary products,
due to the predom nance of phosphoenol pyruvate carboxylase (PEPC)
in C4 and CAM pl ants (Edwards and Wal ker 1983, Edwards et al. 1985,
W nter 1985, Hatch 1987, 1992a, b, Griffith 1988, Buchanan 1992).
The C2 rel eased from decarboxylation of C4 acids is later refixed
through Calvin cycle, thus Rubisco formng the step of secondary
car boxyl ati on. The primary and secondary carboxyl ation reactions
are spatially separated in C4 species whereas they are tenporally

separated in CAM pl ants (Edwards and Wal ker 1983, Hatch 1987).

C4 plants have a unique syndronme of several anatom cal,
physi ol ogi cal and biochemi cal characteristics. Some of them are:
speci alized Kranz |eaf anatomy, short |ntervelnal distances and

hi gh frequency of plasnmpdesmata, saturation of photosynthesis at



at nospheric levels of CO2, |ow or non-detectable photoresplratory
C02 efflux, low sensitivity of photosynthesis to Oz, high water-
and nitrogen-use efficiency conpared to C3 species, relatively |ow
di scrimnation of 13(: agai nst 120, primary assimlation of carbon
into ¢4 dicarboxylic acids, high conplenent of C4 cycle enzynes,
differential conpartnentatlon of photosynthetic enzynes of C4 cycle
in mesophyll and Calvin cycle in bundle sheath cells, low |evels of
photorespiratory enzymes and their exclusive localization in bundle
sheath cells (Recent reviews: Edwards and Huber 1981, Osnobnd and
Holtum 1981, Edwards and Wal ker 1983, Hatch 1987, 1992a, Furbank
and Foyer 1988, Edwards and Ku 1990, Leegood and Osnobnd 1990,

Nel son and Langdal e 1992, Peisker and Henderson 1992, Dai et al.

1993, Iglesias et al. 1993, Raghavendra and Das 1993).

Several plant species with characteristics intermediate to
those of C3 and C4 plants are identified in recent years (Reviews:
Raghavendra 1980, Hol aday and Chollet 1984, Monson et al. 1984,
Edwards and Ku 1987, Monson 1989a, Monson and Moore 1989,

Rawst horne 1992, Raghavendra and Das 1993, Raghavendra and Devi
1993). The first identified naturally occurring C3-C4 intermediate
was Mollugo verticillata (carpet weed) by Kennedy and Laetsch in
1974. Since then at |east 24 species of 8 genera fromsix famlies
were recognised as naturally occurring C3-C4 internedi ate species
(Rawst horne 1992). Most of these intermedi ates belong to genera
that also contain both C3 and C4 species (Table 1.1). However, in

the genera Parthenium (Asteraceae) and Moricandia (Brassicaceae),



TABLE 1.1. Taxonomlc distribution of C3-C4 internediate species
Family/Genus Speci es
C3 type C3-C4 inter- Ca type
nedi at e
MONOCOTYLEDONEAE
Cyper aceae
Eleocharis E. acutangula E. pusilla E. caespito-
E. atroparpurea sissima
E. Jjeniculata E. retroflexa
Poaceae
Neurachne N. alopecuroidea N mnor N. munroi
N. lanigera
N. queenslandica
N. tenuifolia
Panicum P. bisulcatum P. decipiens P. coloratum
P. hylaelcum P. milioides P.  maxi mum
P. laxum P. schenckil P. miliaceum
P. rivulare P. prionitis
DICOTYLEDONEAE
Ai zoaceae
Mollugo M. |otoides M. nudicaulis M. cerviana
M. pentaphylla M. wverticillata
Amaranthaceae
Alternanthera A sessiles A. ficoides A. caracasana
A tenella A. pungens
Ast er aceae
Flaveria F. cronquistii F. angustifoliaF. australa-
F. pringlei F. anomala sica
F. robusta F. chloraefoliaF. bidentis
F. floridana F. trinervia
F. linearis
F. oppositifolia
F. pubescens
F. ramosissima
F. sonorensis

(Continued on next

page)



(Table 1.1 continued)

Fam | y/ genus C3 type C3-C4 inter- 4 type
medi at e

brownii )
palmeri
F. vaginata

mm

Parthenium P. argentatum P. hysterophorus
P. incanum

Brassi caceae

Moricandia M. foetida M. arvensis
M. foleyi M. nitens
M. moricandio- M. sinaica
i des M. spinosa
M. suffruticosa

The species were conplied from the references included in the
text. The important references include: Brown and Brown (1975),
Keck and Ogren (1976), Sayre and Kennedy (1977), Kennedy et al.
(1980), Hegde and Patil (1981), Rajendrudu and Das 1981, Pathan
and Nimbalkar (1982), Ku et al. (1983, 1991), Patil and Hegde
(1983), Runpho et al. (1984), Hattersley et al. (1986),

Hattersl ey and Stone (1986), Monson et al. (1986), Rajendrudu et
al. (1986), Bruhl et al. (1987), More et al. (1987a), Cheng et
al. (1988), Hylton et al. (1988) and Brown and Hattersley
(1989).

C4-like C3-C4 intermediates.



only C3 plants and C3-C4 intermediates are known to exist but not
C4 species (Edwards and Ku 1987, Monson 1989a). Like their Ca
counterparts, intermedlates are also found in nost advanced orders
of angiosperms, such as Asterales (Flaveria, Parthenium),
Caryophyllales (Alternanthera, Mollugo), Capparales (Moricandia)
and Poal es (Neurachne, Panicum). In the genus Flaveria, of the 21
species, ten species are C3-C4 intermediates. The reasons for such
hi gh frequency of intermediacy in this genus are not known (Edwards
and Ku 1987, Monson 1989a). This genus also contains the nost
advanced C3-C4 intermediates which are alnpbst C4-l1lke (for e.g.

Fl averia brownii, Cheng et al. 1989, Edwards and Ku 1987, Ku et al.

1991).

The inmportant features of C3-C4 intermediates are summarized
in Table 1.2. Sone of the npbst inportant ones are: (i) partial or
imperfect 'Kranz' anatony, (11) intermediate levels of CO2
conpensation points (D indicating reduced photorespiration, (iii)
biphasic response of r to 02, (iv) sharp decrease in I' at low |ight
intensities, (v) sensitivity of photosynthesis to O less than that
in C3 species (Mnson et al. 1984, Edwards and Ku 1987, Monson
1989a, Monson and Moore 1989, Schuster and Monson 1990, Rawsthorne
1992). The characteristics of C3-C4 Intermediates are described
further in the follow ng pages with reference to those of C3 or 4

speci es.



Table 1.2. Important characteristics of C3C4 intermediates.

1. Habitat

(a) Mostly distributed in sem-arid, hot and dry
envi ronnent s.

2. Anatony

(a) A near conplete or partial Kranz |eaf anatony.

(b) Mesophyll is less impact and not totally radiate.

(c)Anumber of organel | es (chloroplasts,mitochon-
arTa and peroxisomes) in the bundle sheath cells.

(d) Bundl e sheath chloroplasts are arranged in a
centripetal manner.

(e) Increased plasmodesmatal frequency and shorter
interveinal di stances conpared to C3 species.

3. Physi ol ogy

(a) H gher photosynthetic rates than C3 species under
warm | eaf tenperatures.

(b) Reduced sensitivity of photosynthesis to 02.

(c) Internediate levels of CO2 conpensation points.

(d) Decrease in I'under low light intensities.

(e) Diphasic response of I'to Increase in [02].

(f) Mostly Ca~like & °C val ues.

(g9) Increased water and nitrogen use efficiency.

4. Biochemstry

(a) C3 cycle - the major route of O assimlation.

(b) Variability in Cacycle operation.

(c) 2-5 fold increase in Ca-enzymes over C3 species.

(d) Partial reduction in the activity-levels of
photorespiratory enzynes.

(e) Inconplete compartmentation of photosynthetic and
phot oresplratory netabol i sms.

(f) Distinct localization of glycine decarboxylase and
serlne hydroxymethyltransferase in bundl e sheath
cell's.

(g) Decreased levels of photorespiratory metabolites
conpared to C3 species.

(h) Efficient refixation of photorespired CO2 .



Leaf anatony

Leaves of C4 species are characterized by typical Kranz
anatony (Laetsch 1974, Edwards and Wal ker 1983, Hatch 1987) with
two distinct layers of cells each containing numerous chloroplasts:
the inner thick-walled bundle sheath cells around the vascul ar
tissue and the outer radially arranged mesophyll cells. The | eaves
of C3 plants lack this type of |eaf anatomy and their bundle sheath
cells, even if present, contain very few or no organelles. The
nunmber of plasnmodesmata on bundle sheath cells of C4 plants 1is
several times greater than that on normal cells in C3 |eaves (Hatch
and Osnond 1976, Edwards and Wal ker 1983; a recent ref. Hatch

1992b) .

All the C3-C4 internediates have Kranz-like |eaf anatony
though not as typical as in C4 (Monsonet al. 1984, Edwards and Ku
1987, Brown and Hattersley 1989) plants. A marked variation occurs
anong the C3-C4 species in the degree of Kranz-cell devel opnent.
Their leaf anatonmy can be categorized into three types: Kranz,
Kranz-1ike and poorly devel oped Kranz (Holaday and Chollet 1984,
Edwar ds and Ku 1987). Exanpl es for such gradation in |eaf anatony
are: (i) typical Kranz in Flaveria brownii (Brown and Hattersley
1989) and Neurachne minor (Hattersley et al. 1986, Brown and
Hattersley 1989), (11) Kranz-like in F. floridanaand F. chloraefo-
lia (Holaday et al. 1984) and (111) poorly devel oped Kranz in

F. pubescens and in M. verticillata (Holaday and Chollet 1984).



The bundl e sheath cells of Neurachne mnor are suberized as
in C4 plants (Hattersley et al. 1986). The bundle sheath cells of
internediates are enriched with not only chloroplasts but also
mitochondria. |In C3-C4 Intermediates the arrangenment of
chloroplasts in bundle sheath cells is usually centripetal, a
feature characteristic of NAD-ME type Ca species (Edwards and Ku
1987) . In Panicuminternedi ates some mitochondria in bundle sheath
cells are conpletely enclosed by chloroplasts (Brown et al. 1983b)..
There are a large nunber of plasmodesmata on bundle sheath cells in
Panl cum intermediates, similar to that of Ca Panlcum species (Brown

et al. 1983a).

CO2 conpensation point - a measure of photorespiration

CO2 conpensation point (I' - OO concentration where net
phot osynthesi s becones zero) is regarded as a nmeasure of
photorespiration (Andrews and Lorimer 1987, Sharkey 1988).
Photorespiration is a process of light dependent Oz uptake/ C02
evolution and plays an inportant role in carbon/nitrogen netabolism
of the leaf (Reviews: Zelltch 1982, Ogren 1984, Artus et al. 1986,
Husic et al 1987, G van et al 1988, Sharkey 1988, Canvin 1990, Lea
et al. 1990, Lea and Blackwell 1990, 1992). Photorespiratory
process is closely linked to Calvin cycle and involves the
coordination of three organelles; viz., chloroplast, peroxisome and

m tochondrion (e.g. Lea and Bl ackwel | 1992).
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The C02 conpensation points are quite high (30-70 pul 17)
in C3 plants but are close to zero (0-5 ul 17 ) in Ca species (e.g.
Krenzer et al. 1975), while the values of C3-C4 internediates fall
in between those of C3 and C4 plants (Holaday and Chollet 1984,
Edwar ds and Ku 1987, Monson and Moore 1989). The decreased |evel
of I (5-35 ul 1'1) in C3-C4 intermediates reflects the reduction in

magni tude of photoresplration (Holaday and Choll et 1984, Edwards

and Ku 1987, Canvin 1990).

In C4 plants the ‘Kranz' (leaf) anatony facilitates the
differential localization of primary carboxylation reactions 1in
mesophyll cells and Calvin cycle enzymes in bundle sheath (Reed and
Chol l et 1985, Hatch 1987, Sheen and Bogorad 1987, Schaffner and
Sheen 1992). The decarboxyl ation of C4 acids in the bundle sheath
leads to the concentration of CO02 (nearly 7-10 fold higher than the
atnospheric levels) and results in the suppression of oxygenase
function of Rublisco, and thereby photorespiration (Hatch and Osnond
1976, Edwards and Huber 1981, Hatch 1987). Because of this, all C4
species exhibit low I' values and photosynthesis is not affected by

02 concentrations.

Phot osynt hetic features

Phot osynt heti ¢ characteristics were studied in detail only

inafew C3-C4 internediates, nanely Flaveria (Bauwe et al. 1987,



Apel et al. 1988, Wesslnger et al. 1989, Kuet al. 1991), Panicum
(Brown and Brown 1975, Morgan et al. 1980, Edwards et al. 1982,
Hol aday et al. 1982, Hattersley et al. 1986), Moricandia arvensis
(Hol aday et al. 1982, Bauwe 1984, Toriyama et al. 1988) and
Partheniumhysterophorus (More et al. 1987a). The differences
observed 1n the photosynthetlc/photoresplratory C02 exchange
characteristics between C3 and C3-C4 internedi ates are pronounced
at low [CO2] but show little or no difference at anmbient or high
[CO2] (Edwards and Ku 1987). The rates of apparent photosynthesis
by C3-C4 intermediates at atnospheric COz are similar to those of
C3 plants (Holaday and Chollet 1984). These characteristics are

di scussed further in the follow ng pages.

The studies of Krall and Edwards (1990, 1993) indicated a
tight l|inkage between PS |l activity and CO2 fixation in C4 plants
under variable [COz], which is in contrast with C3 plants, where
ratio of QYpsri/QYcoz dramatically increases with decrease in CO2
(because of elevated photorespiratlon). However, no information is
available on the relation between PS Il activity and CO2 fixation

in C3-C4 internediates.

Phot osynthesi s and photorespiration In higher plants are
regul ated by several external and Internal factors (Edwards and
wal ker 1983). Light, tenperature, CO2 and 02 are sonme of the
important external factors. Anpbng the mpjor internal factors are

netabolite pools and enzyne activities. The pattern of regulation



of photosynthesis/photorespiration by the external factors in C3

and C4 plants is discussed below in relation to C3-C4 species.

Li ght

Light plays a key role in regulating the photosynthetlc
carbon assimlation (Zelltch 1971, BJjorkman 1981, Berry and Downton
1982, Edwards and Wal ker 1983, Evans 1987, Wl ker 1992). The
effect of light on photosynthesis depends on the npde of CO2
fixation in higher plants (Bjdrkman 1972, Buchanan 1992). In C3
pl ants photosynthetic rates increase with light intensity and
saturate at about 400 mpmol m s (about 1/5 of full sun light),
whereas C4 photosynthesis is not saturated at even full sun Iight

(Edwar ds and WAl ker 1983, Hatch 1992a).

The light conpensation point (where net CO2 assimilation is
zero) of C4 plants is normally higher than those of C3 plants
(Wal ker 1992). However LCP depends on also the light intensity
during plant growth. Low light grown plants show |ow LCP (about
20%4 of that in high light grown plants). The alteration of LCP is
believed to be due to variation in the rates of dark- and photo-
respiration (Heath and Meidner 1967). The dark respiration varies
with previous intensity and duration of illumnation (Bjorknman et

al. 1972, Sharp et al. 1984).



Quantum yields (QY) are defined as the ampunt of oxygen
evolved or C02 assimlated (in the absence of photorespiratlon) per
quanta of |ight absorbed (Edwards and Wal ker 1983, Evans 1987). QY
is taken as a nmeasure of photosynthesis in higher plants (Bjdrkman
1981, Osnond 1981, Evans 1987). Since the operation of C4 pathway
requi res additional amount of energy (ATP and NADPH), the QY in C4
pl ants are reduced, conpared to C3 plants (Gsnond et al. 1981,
Bassham and Buchanan 1982, Berry and Downton 1982, Hatch 1987).
Simlar QYs are reported for representative C3 and C4 species of
Fl averia under atnospheric CO2 concentrations (Monsonet al. 1986,
Monson 1987). The low QYs in sone of the C3-C4 internediates
conpared to C3 and C4 species is attributed to the possible
operation of a futile C4 cycle due to the absence of distinct

conpart nentati on of Rubisco (Mnson et al. 1986, Monson 1987).

Phot osynthesis is inhibited in |leaves of C3 plants when
illumnated at high light Iintensities particularly under linmiting
car bon di oxi de. Thi s phenonmenon of decrease in carbon assimlation
at supra-optimal light is called as photoinhibition (GCsnond 1981,
Osnond et al. 1981, Berry and Downton 1982, Leegood et al. 1988,
Bar ber and Anderson 1992). Photoinhibltlon is due to the over
excitation of photosystems, under sub-optimal conditions of carbon
met abolismand results in the damage to the photosynthetic
machi nery. The Ca plants have the ability of CO2 concentration
wi thin bundle sheath cells due to the unique C4-photosynthesis

(Hatch 1987, 1992a). Not surprisingly, 10 ppm CO2 in 21% 02 s



effective In preventing alnost conpletely the photoinhibition in Ca
pl ants. In illumnated | eaves of C3 plants, CO2 at concentrations
much hi gher than the atnospheric levels are necessary to avoid

phot oi nhi bition (GCsnond 1981). There is no information regarding

the photoinhibition In C3-C4 intermediates.

Li ke photosynthesis, photorespiration is also nodul ated by
light intensity In C3 plants (Sharkey 1988, Canvin 1990). Photo-
respiration increases at high photosynthetic active radiation (PAR
levels in several C3 species (Heath 1969, Whiteman and Koller 1967,
Zelitch 1971). In Panicum schencklii (C3-C4 Intermediate species),
phot orespiration was reduced by 1.0 mg dm h by lowering the PAR

2 h-1 (Brown and Morgan 1980, Byrd and Brown 1989).

to 100 pE m
Simlarly, T (a neasure of photorespiration) changes with
light intensity (up to a threshold intensity) in C3 plants, while
staying unaffected in C4 plants (Kuet al. 1991). [ decreases
sharply at low intensities but remmins constant at high |ight
intensities in C3 species (Mnson et al. 1984, Ku et al. 1991). At
I ow photon flux densities (PFD), I in the C3-C4 internediates of
Alternanthera, Flaveria, Moricandia and Panicum decreases to the
val ues of C3 plants (Brown and Morgan 1980, Hol aday and Choll et
1984, Rajendrudu et al. 1986, Ku et al. 1991). The decreased ' at
high light intensities is an indication of refixation of photo-
respired CO02 through photosynthetic process which responds to I|ight

intensity (Mnson et al. 1984, Ku et al. 1991).
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Tenperature

Bot h photosynthesis and dark respiration increase along with
tenperature between 0 and 35 C, but the extent of increase in dark
respiration is less conpared to that of photosynthesis (Zelitch
1971). The pattern of photosynthetlic response to tenperature is
different in C3 and C4 species (Bjorkman 1981). The optinmm
tenperature spans between 15 and 25 °cfor 3 species, 25-30 °C for
C3-C4 internediates and 30-40 °C for C4 plants. In parallel, the
quantum yield of C4 plants remamin constant within a tenperature
range of 10 to 40 C, whereas in C3 plants, quantumyield increases
as the tenperature Is raised from 10 to 25 °C but decreases above
25 °C (Berry and Downton 1982, Oberhuber and Edwards 1993). Thus,
Ca species are superior to C3 species under normal environnental
conditions {(Ehleringer and Bjorkman 1977, Berry and Downton 1982,
Ehl eringer and Pearcy 1983). This may be due to the internal CO2
concentrating nmechanismin C4 species. At high CO2 levels
(suppressing photorespiration in C3 species), the response of C3
plants to varying tenperature is simlar to C4 species (Berry and

Bj orkman 1980).

Phot orespiration plays a domnant role in tenperature
regul ati on of photosynthesis, particularly in C3 plants (Csnond et
al. 1981). Photorespiratory rates are low at |low tenperatures

(<20 °c), but increase when tenperature exceeds 25 °C (Sharkey 1988)



Rel at ed phenonena |ike CO2 conpensation point, oxygen inhibition of
photosynthesis and post illumination burst also increase with
temperature in C3 plants resulting in a decrease in net photosyn-
t hesi s. Sone of these effects can be partly attributed to changes
in the solubilities of C02 and 02 (Ku and Edwards 1977, Berry and

BJjorkman 1980, Edwards and Wl ker 1983).

The increase in photorespiration with tenperature is less in
C3-Ca internediates than that in C3 species. Increase in
tenperature between 20-35 C elevated photorespiration from 2.5 to
3.3 mg dm h (32% increase) in Panicum schenckii, a C3-C4
intermedi ate species, while elevating from7.3 to 10.2 ng dm h
(40% increase) 1in tall fescue {Festuca arundinacea), a C3 species
(Brown and Morgan 1980). Accordingly, increased tenperature
between 20 and 35 °C had little effect on I' in C3-C4 internediates
of Panicum {P. milioides and P. schenckii) whereas I' in C3 species

{Festuca arundi nacea) was very sensitive to tenperature changes.

The response of C3-C4 Intermediates to tenperature appears
to depend on the extent of C4 pathway operation. I in Ca-like
C3-C4 internediate species of Flaveria brownii showed very little
response to changes in tenperatures which was similar to that in Ca
species (Ku et al. 1991). But I in some of the internediates (for
e.g. F. floridana) showed similar response to that of C3 species

(Ku et al. 1991).
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The reduced responses of photorespiration and I' to
tenperature in C3-C4 internedi ates appears to be due to the CO2
concentration/recycling due to the operation of a partial or nearly
conpl ete C4 pathway (Brown and Morgan 1980). Thus the reduced
photorespiration bestows an advantage on C3-C4 species for a better
performance at high tenperature than that of C3 plants (Henning and
Brown 1986, Monson 1989b, Monson and Jaeger 1991). The studies of
Schuster and Monson (1990) have indeed shown that the C3-C4 species
possess an advantage of photosynthesis at warm |leaf tenperature

over C3 plants.

Car bon di oxi de

CO2 is a mpjor limting factor for photosynthetic carbon
reduction in C3 plants, since the atnospheric (350 ppm) CO2
concentration is not sufficient to saturate their primary
carboxylatlon by Rubisco (Leegoodet al. 1985, Woodrow and Berry
1988, Jenson 1990, Bowes 1991, Long 1991). However, photosynthesis
gets saturated at atnospheric concentrations of CO2 in C4 plants
because of the |ow Km(co2) of PEP carboxylase (responsible for
pri mary carboxylation) in these species (Hatch and Osnond 1976,
Edwar ds and Wal ker 1983). For e.g. Sorghum a NADP-ME type C4
speci es, has higher CE than wheat, a C3 plant, because of the CO2
concentrating ability of C4 photosynthesis (Edwards and Wl ker
1983, Monson et al. 1984). In fact, photosynthesis in wheat

saturates at a CO2 concentration less than the expected |evel due



to the photochemical/substrate (RuBP} limtation on photosynthesis
(Monsonet al. 1984). Carboxylation efficiency and r in |eaves of
Flaveria floridana (a C3-Ca Intermediate) under different CO2
concentrations were in between those of F. pringlei (C3) and

F. trinervia (¢4) (Byrdand Brown 1989).

Since photosynthesis in C3 plants is limted by CO2
concentration, lncreasing the COz concentration results 1in an
increase 1n photosynthetic rates (until photosynthesis becomes
saturated i.e. about 900 ppm [CCz]) (Bowes 1991, 1993, Long 1991).
Such increase in net photosynthetic rates by elevated COz appear to
be due to two main reasons: (i) increased availability of the
substrate, i.e. CO2 for Rublsco, and (11) decrease in oxygenation
of RuBP since COz conpetes with O2 (Andrews and Lorimer 1987,
Salvucci 1989, Portis 1992). Consequently the energy requirenent
for the operation of Calvin cycle is |lowered at higher CO2
concentrations in C3 plants (Canvin 1990). High CO2 does not alter
photosynthetic efficiency or Qys of C4 plants, as carbon
assimlation in these plants is already saturated at atnospheric

COz levels (Berry and Downton 1982).

Both dark respiration (DR) and light conpensation points
(LCP) decrease at high CO2 concentrations in both C3 and C4 plants
(Heath and Meidner 1967, Downton et al. 1980, Berry and Downton
1982). Light conpensation point 1s high in Cs plants because of

their high light requirement. Yet, dark respiration and Iight
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conpensation point decrease with increased carbon dioxide

concentration in C4 plants.

Oxygen

In 3 plants there is 30-35"/. inhibition of photosynthesis by
21% 02 (Ku and Edwards 1977, Edwards and Wal ker 1983, Edwards and
Ku 1987, Sharkey 1988) and no such inhibition was observed in C4
pl ants (Rathnam 1978, Ogren and Choll et 1982, Canvin 1990). I'n
C3-C4 intermediates, photosynthesis is inhibited by 21V. 0z but the
extent of inhibition is relatively small (20-25% (Monsonet al.

1984, Rawsthorne 1992).

The oxygen sensitivity of photosynthesis in C3 plants
depends on the intercellular concentration of CO2 (Edwards and Ku
1987) . In Flaverla brownii, a C4-11ke species, the 02 inhibition
of photosynthesis 1s 8-12%, where as in Neurachne mnor (C3-C4
intermediate) it is about 31% (Edwards and Ku 1987). In Panicum
prionitis and P. nmaxi mum (G4 species) apparent photosynthesis is
insensitive to oxygen, while in P. hylaeicum, P. rivulare, P. laxum
and tall fescue (C3 species) photosynthesis is inhibited by 28-36%
at 21% oxygen. In C3-C4 intermediate species of P. milioides,

P. schenckii and P. decipiens the inhibition is noderate (21-23%
(Morgan et al. 1980). The 02 inhibition of photosynthesis is high
(31-36%) under low light but is slightly relieved (16-24% at high

light intensities in C3-Ca internmediates. This Is proposed to be
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due to the increased recycling of photoresplred CO2 under high

light in these internediates (Brown 1980).

Phot osynthesis is insensitive to low 02 (<5%) in some of the
C3a-Cs Intermediates of Flaveria (Flaveria anomala, F. linear fis,
F. pubescens and F. ramosissima) but gets inhibited at relatively
high 02 concentration. For e.g. at 21% 02, photosynthesis was
inhibited by about 20-25% in these species conpared to 28/4 in (3
speci es of Lycopersicon esculentum {(Kuet al. 1983). The extent of
Oz inhibition of photosynthesis in sone representative C3, C3-C4
internediate and C4 species are: 254 in Flaveria trinervia (Ca), 53%
in L. esculentum (C3), 17% in F. ramosissima, 20-46% in F. anonal a,
F. linearis F. floridana, F. oppositifoliaand F. pubescens (C3-C4

species) (Ku et al. 1983, Brown et al. 1986).

Carboxylatlion efficiency (CE - the initial slope of
photosynthesis in response to varying [COz2} at low levels) of C3
species is inhibited under ambient CO2 and 02 concentrations due to
the conpetitive nature of 02 with CO2 while reacting with Rubisco
(Edwards and Wal ker 1983). The O2 inhibition of CE varies with
speci es. Because of the efficient internal COQ2 concentrating
mechani sm the CE of C4 plants is unaffected by 02. In C3-1like
intermediates of Panicumand Flaveria, the degree of 02 inhibition
of CE is simlar to that of C3 species indicating the absence of
C02 concentrating mechani sm ln these species (Monsonet al. 1984,

Edwards and Ku 1987). On the other hand, 02 exerts a noderate
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effect (less than that in C3 species) on CE of Cs-llke C3-C4
intermedi ates (Flaverla ramosissima and Neurachne minor) Iindicating
the operation of partial C4 cycle in these species (Mnson et al.

1984, Edwards and Ku 1987).

Photorespiratlon increases along with 02 concentration (up
to 44%4) in both C3 and C3-C4 intermediates of Panfcumand similar
observations were made in other C3 species (Forrester et al. 1966,
Morgan et al. 1980). As nentioned already, I is taken as an
indicator of extent of photorespiratlon and the degree of refixa-
tion of photoresplred CO2. In Ca species, the rise in 02 concen-
tration up to even 50% does not influence I' whereas in C3 plants T
Increases linearly with rise in 02. The I in C4 species of Panicum
prionitis and P. maxinum 1s little affected with 02, but in C3
species of P. hylaeicum, P. rivulere, P. laxumand tall fescue I
was high and increased curvilinearily up to 487. 02. In C3-C4
species of Panicumthe I' is internediate and increases linearly
with O2 (Mrgan et al. 1980). Mst of the C3-C4 internediates have
a biphasic response of I' to change in 02 concentration (Apel 1980,
Morgan et al. 1980, Hol aday et al. 1982, 1985, Hattersley et al.
1986, Edwards and Ku 1987, Moore et al. 1987a, Rawsthorne 1992).
The apparent break point of 02 concentration varies with the
internedi ate species: Panicum- 10 to 25%, Moricandia- 10 to 15%,
Partheniumhyst erophorus 10%, N. nminor and F. brownii - >50%
(Edwards and Ku 1987). The exact biochem cal basis of such

biphasic response to 02 in the internediates i1s not known.
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14 Lo )
Pattern of CO2 assim | ation

The CO2 pulse- COz chase experiments help to identify the
principal type of photosynthetic carbon nmetabolism operating in a
pl ant. Further, these experinments can denonstrate also the pattern
of photoresplratlon. In C4 plants, after a 3-sec Yco2 pulse,
about 907. of the C occurs in malate or aspartate, where as up to
80% label enters PGA in C3 plants (Edwards and Wal ker 1983). In
C3-C4 internediates the percentage of C appearing in C4 acids
during short term pul se experinent varies widely, with a range from
as low as 57. to as high as 757. (Monsonet al. 1986, Edwards and Ku
1987). On short termexposure to MC02. the % of label found in
mal at e/ aspartate within leaves of different C3-C4 intermediates
were: 34°/. in Partheniumhysterophorus (More et al. 1987a), 1-8%
in Panicum (Chastin and Chollet 1988), 4-40% in Moricandia (Hol aday
and Choll et 1984, Chastin and Chollet 1988), 10-40% inttollugo
(Sayre and Kennedy 1977), and 40-42% in Fl averia. In Flaveria
brownii, a Cs-1like intermediate species, about 75% of the label was

in Ca acids (Rumphoet al. 1984).

The extent of photorespiratory cycle operation is elucidated
fromthe extent of label in glycine and serlne, key photorespira-
tory internedi ates. After 3-10 sec pulse, the |abel of Cin
glycine and serine, the two photorespiratory netabolites, ranged

from 3-20% in Intel nmedi ates of Mollugo, Horicandia and Parthenium
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(Kennedy et al. 1980, Moore et al 1987a, Chastlin and Chollet 1988).
In F. floridana, another C3-C4 internediate, the extent of label in
glycine (and serine) was 14% which was |ow conpared to that in C3
speci es (Holaday and Chollet 1984). In Partheniumhysterophorus
about 6% of the initial label was in glycolate against 177. in

P. incanum (C3), indicating the reduced glycolate nmetabolismin
these species (More et al. 1987a). Simlarly the extent of
photoresplratory glycolate in Panicummilioides was |ess than that
in barley (C3) but was nuch higher than that in a C4 species,

P. miliaceum (Servaiteset al. 1978).

Inter- and intracellular compartmentation of enzynes is an
integral bi ochenical conponent of Ca photosynthesis. The
atnospheric CO2 is initially fixed by PEP carboxyl ase yielding OAA
in mesophyll cells (O Leary 1982, Andreo et al. 1987, Devi et al.
1992a). Ca acids formed in the nesophyll cells are rapidly
transported into the bundle sheath cells and are decarboxyl ated.
The decarboxyl ation occurs via three nechanisms, viz., NADP-malic
enzyme, NAD-mallc enzyme and PEP-carboxy klnase type. Mal ate is
decar boxylated to COz and pyruvate nedi ated by NADP-ME enzyne.
Aspartate is converted Into OAA or mmlate to be decarboxyl ated
through PEP-CK or NAD-ME, respectively (Edwards and Wl ker 1983,
Edwards et al. 1985, Hatch 1987, 1992a, b, Edwards and Ku 1990,
Raghavendra and Das 1993). There is no clear denpnstration of such
intercellular compartmentation of photosynthetlc enzymes in C3-C4

intermedi ates, although a partial conpartmentation of C4 cycle
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enzymes (PPDK In the mesophyll and NAD-ME in bundl e sheath cells)
was suggested in case of Panicummilioides (Rathnam and Choll et

1978).

C discrimination

Though all plants discrimnate against 1:‘C(')z during
phot osynthesis, the extent of discrimnation is greater in C3
plants than that by C4 plants, and hence the val ues of 13C/:IZC in
| eaf sanples of C3 plants are relatively high (Reviews: OQ'Leary et

al. 1992, Peisker and Henderson 1992).

The principal discrimnation against C02 occurs during
RuBP carboxylation. When stomata are conpletely open, offering
little resistance to entry of CO2, a discrimnation (5 C) close to
-27%. is expected in C3 plants (Smith and Turner 1975, O'Leary
1981, 1988, Farquhar et al. 1989). Since Rubisco is capable of
mar ked di scrim nation agai nst 13COz. all the C3 species show higher
(negative) values (-25 to -37%.) of 8'C.  The basis of '°COz
discrimnation in C4 plants is nore conplex. CO2 is initially
fixed by PEP carboxyl ase in the nesophyll cytosol, then the CO2
rel eased in the bundle sheath cells as a result of Ca acid
decar boxylation is refixed by Rubisco. The net discrimnation of
gaseous €02 as a result of such two-step carboxylation initiated by
PEP carboxyl ase results in low values of S C (-11 to -18%.) 1in

these species (von Caemmerer 1989, O’Leary et al. 1992).
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The 5 C values for C3-C4 internediates range from-21 to
-30%. (Hattersl ey and Roksandic 1983, Hattersley et al. 1986, von
Caemmerer 1989, 1992}. Sone of the C3-C4 species (e.g. Panicum
milioides) show 5 C values close to those of C3 species
(Hattersley et al. 1986). The C3-llke 83 values in intermediate
speci es suggests that nost of the carbon is routed primarily
through Rubisco at anbient CO2. Only in certain cases (for e.g.
Panl cum milfoides) the 8'°C values are nore negative in C3-C4
intermedi ates than those in C3 species (Hattersley et al. 1986).
According to the nodel of Peisker (1986), the C3 like 613C val ues
in C3-C4 intermedlates are the result of restriction on C4 cycle
inposed by the limtation in PEP regeneration. Though carbon
di scrim nation may not have an immediate physi ol ogical
significance, it reflects an important relationship between
carboxylation reaction, CO2 transfer processes including CO2
| eakage from bundl e sheath and assinilation into organic matter

(Pei sker 1985).

Bi ochem cal basis of reduced photorespiration in C3-C4

internedi ates

The reduced |evels of photorespiration in C3-C4 inter-
medi ates may be due to either (1) an efficient refixation of
photoresplratory coz or (11) a CO2 concentrating mechani smdue to

the operation of a partial C4 cycle (Edwards and Ku 1987).
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(1) Efficient refixation of photorespired CO2: CO2 rel eased
from photorespiration or dark respiration is refixed before it
escapes Into the Intercellular spaces of the leaf, in plants like
Moricandia arvensis or Panicum milioides (Holaday and Chollet 1984,
Rawsthorne 1992). Immunogold | ocalization studies showed that
gl yci ne decarboxyl ase was confined to nostly the bundl e sheath
cells in Moricandia arvensis (Rawsthorne et al. 1988a), a situation
resenbling to the one in Ca plants (Hatch 1987). The large
abundance of chloroplasts, mtochondria and peroxisomes along with
predom nant |ocalization of key photorespiratory enzynes (e.g. GDC
and SHMT) in bundle sheath cells facilitates the physical proximity
of decarboxyl ation and carbon fixation reactions. This leads to
the enhanced refixation of photorespired C02 by Rubisco in bundle

sheath chl oropl asts.

Studies on light/dark metabolism of exogenously supplied
{1—”C]glycine or [ 1-“C)glycolate by leaf discs of C3-Ca species
Moricandia arvensis and Panicum milioides also support this
hypot hesi s. 14COz evol ution from [ 1—“C]g1ycine in C3 species was
reduced on illumnation by about 607., while in C3-C4 intermedlates
such reduction was as high as 90% The relatively high Iight/dark
ratios of CO2 release from these photorespiratory netabolites
suggest that the intermediates have a greater capacity than the C3
species to refix photorespired COz in the light (Hol brook et al.

1985, Edwards and Ku 1987). If the sane process occurs during
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photorespiratlon in vivo, 1t could account, at least in part, for
the reduced rates of photorespiratory C02 evolution In C3-C4
intermediates (Hol brook et al. 1985). The rate of Yc0oz evol uti on
from llxl‘clglyclne is inversely related to the rate of 1002
fixation by leaf discs of Moricandia arvensis, denonstrating that
the photorespiratory CO2 loss is reduced as the rate of photosyn-

thesis increases since nore CO2 1s refixed principally by Rubisco

(Hol brook et al. 1985, Kumar and Abrol 1990).

(ii) Partial C4 cycle operation: A partial or nearly

conpl ete C4 cycle operation was detected in sonme of the Flaveria
internedi ate species (F. brownii, F. ramosissima, F. linearis,
F. anomala). The first indication that C4 photosynthesis may occur
In these Intermediates was the detection of substantial activities
of the C4 cycle enzymes - PEP carboxyl ase, PPDK, NADP-malic enzyne,
and NADP-malate dehydrogenase - in |leaves of these species (Ku et
al. 1983, 1991). PEP carboxylase in F. linearis and F. pubescens
had internmediate characteristics in maxi mum velocity on a Chl
basis and Km for PEP, conpared to the C3 and C4 Flaveria species
exam ned (Nakamotoet al. 1983). Pulse-chase experiments with

CO2- C2 confirnmed the functioning of C4-like cycle in Flaveria
ranosi ssima (Rumpho et al. 1984), F. pubescens (Bassiner et al.
1984), F. anonala, F. floridana, F. linearis (Mnson et al. 1986).
The limted C4 pathway operation can be sufficient for reducing

photorespiration by elevating the CO2 concentration at the site of
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Rubisco In the bundle sheath cells (Rumphoet al. 1984, Monson et

al. 1986, Edwards and Ku 1987, Rawsthorne 1992).

(iii) Possible third alternative: Along with the above
factors, reduction in the photorespiratory enzynes may also play an
addi tional role in reducing photorespiration in C3-Ca Intermediate
speci es. The activity-levels of photorespiratory enzymes in the
internedi ates are reduced by varying degrees conpared to those of
C3 speci es. In Flaveria and Panicum internedi ates the photorespi-
ratory enzynes like glycol ate oxidase, NADH-HPR, and SHMT were
reduced relative to that of C3 species (Ku et al. 1976, 1991). Low
I evel s of photorespiratory enzynmes like glycolate oxl dase and GDC
are reported in Flaveria ramosissima and Moricandia arvensis,
respectively (More et al. 1988, Kumar and Abrol 1990). However it
is not certain if a reduction in photorespiratory enzymes can form
a mjor biochem cal basis for reduction in photorespiration in

t hese species.

Studi es on photorespiratory netabolites |like ammonia in
C3-C4 species are very few The levels of photorespiratory NH3 in
the C3-Cs Intermediates of Partheniumand Moricandia were l|ess than
those in C3 plants (Kumar and Abrol 1989, 1990). This situation is
simlar to that of C4 species, where |ow PR-NH3 (Kumar et al. 1984,
Kumar and Abrol 1989, 1990) and glycolate (Zelitch 1973, 1979)
accunul ation are reported. The reduced |evels of photorespiratory

met abolites in C4 species can be attributed to the concentration of
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C02 at the site of rubisco 1n bundle sheath cells due to highly
efficient C4 pathway operation. Simlarly the decrease of
photorespiratory netabolites (NH3, glycolate and gl yoxylate) could
probably be due to the high C02 concentration near the site of

Rubi sco due to either an efficient refixation of photorespiratory/
respiratory CO2 or partial C4 cycle operation. The high CO2 near
Rubi sco reduces 1ts oxygenase function and decreases the formation

of glycolate, the photorespiratory substrate.

Evol ution

The C3-Ca intermediate species offer a good model to study
the biochem cal and nolecul ar aspects of C4 pathway devel opnent,
since, the internediates represent possibly a 'transitory stage’
during the evolution of C4 plants from C3 species (Raghavendra
1980, Moore 1982, Pelsker 1986, Monson and Moore 1989, Hatch 1992a,
b, Brown and Bouton 1993, Raghavendra and Das 1993, Raghavendra and
Devi 1993). C3-C4 internmedi ates have an advantage over C3 species
in their adaptation to warm envlironments, inproved water and
nitrogen use efficiencies, and reduced |levels of photorespiration
(Monson 1989a, Monson and Moore 1989, Schuster and Monson 1990,

Brown and Bouton 1993).

Four alternative mechanisnms were proposed for possible

origin of C3-C4 internediates as indicated bel ow (Mnson 1989a,

Monson and Moore 1989):
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(i) Natural hybrids of C3 and C4 species: Many hybrid
plants with Kranz anatomy and intermediate photosynthetic
characters were obtained during the hybridization experinments with
Atriplex species (Bjorkmanet al. 1970) and other genera of
di fferent photosynthetic types (Review Brown and Bouton 1993).

However, none of them showed typical ‘Ca photosynthesis’.

(11) Plants 'n the process of 'reverse evolution', i.e.
evolution of C3-C4 intermediates from C4 plants: Since there is a
lack of any apparent benefit from this evolutionary pattern, this
hypot hesis seens to be invalid for the evolution of the C3-C4
internmedi ates. Only a limted reduction in photorespiratory
mechani sm in C3-C4 internediates clearly suggest that this node of

evolution is not a favorable one.

(111) 'Dead ends' of evolution: The observed gradation in
the photosynthetic and photorespiratory characteristics in Flaveria
Intermediates lndicates the progressive evolution and rules out

this possibility.

(lv) 'Transitory stage' during the evolution of Ca plants:

The hypothesis of intermediates as 'evolutionary links' 1s quite

appealing at this juncture but additional evidence is needed.
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Scope for future work

Despite the considerable work already done, there are still
mar ked gaps 1n our know edge of C3-C4 intermediates. Some of the
areas which require further attention include: (a) the nechanism
of reduction in photorespiratory metabolism particularly in species
wi t hout a perfect Kranz-syndrome and functional Ca pathway; (b)
possi bl e existence of marked variation in kinetic/regulatory
properties of one or nore photorespiratory/photosynthetic enzynes;
(c) the extent of inter- and intracellular compartmentation of
enzynmes; (d) operation of a unique CO2 concentrating mechani sm
other than C4 cycle (e.g. as in subnerged aquatic plants, see
reviews by Bowes 1991, 1993); (e) nodulation by environmental
factors (light and tenperature) or internal factors (e.g. leaf age)
of C3-Ca intermediacy; (f) physiological and biochenical basis of
bi phasic response of I' to ambient 02; (g) a critical reexam nation
of carboxylation efficiency at different |ight/tenperature regines,
and (h) nolecular biological aspects of transcription and
translation of key enzymes such as PEP carboxyl ase, NAD-malic

enzynme or glycine decarboxyl ase.

Obj ectives of the present investigation

The maj or objective of the present work was to study and
assess the mechanism of reduced photorespiration in C3-Ca

intermedi ates of Alternanthera ficoides, Aternanthera tenella and



Partheniumhysterophorus. An attenpt was therefore made to conpare

the photosynthetic, photorespiratory and respiratory metabolism in

| eaves of

three C3-C4 intermedlates with those of two C3 species

[Alternanthera sessiles and Pisum sativum) and three Caplants

(Alternanthera pungens, Amaranthus hypochondriacus and Zea nays).

1.

As a first step, the maxinmum catalytic activities of
several photosynthetic and photorespiratory enzynes
wer e assayed in |leaf extracts of the C3-, C4- and

C3-C4 internediate species.

In the next phase, accunul ation of photorespiratory
met abol ites (ammonia, glycolate and gl yoxylate) on

1llumination was exami ned.

Later on the decarboxylation of externally added glycine
by leaf discs was determined in light and dark so as to

assess the extent of refixation of photorespiratory CO2.

A partial reduction in photorespiratory netabolism was
noticed, as indicated by reduced activity-levels of
enzymes and rel ated netabolites. It was necessary to
check if there were any major changes in the
characteristics of key photosynthetic/photorespiratory

enzynes in leaves of these intermediates.
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Two key enzymes were chosen for this purpose: glycolate
oxldase and PEP carboxyl ase which are important enzymes
of photoresplration and C4 photosynthesis, respectively.
However, the properties of these two enzynes from C3-C4
internediates were sinmilar to those of C3 rather C4
speci es, suggesting that there was no alteration in

enzyme- protein.

During our attenpts to characterize the conparative
pattern of light activation of PEP carboxylase in |eaf
di scs, |eaf homogenates and protoplasts, very interesting

observations were made with nmize mesophyll protoplasts.

Al 't hough the topic does not directly concern C3-C4
intermedi ates, the data obtained with maize mesophyl |
protopl asts were also incorporated into this thesis.
These results provided a novel denonstration of Iight
activation of PEP carboxylase in C4 nesophyl|l protoplasts
for the first-time and suggested that pH could be an

important factor in such light activation.

Most of the work on C3-C4 intermedlates focused on their
photorespiratory netabolism An attenpt was therefore
made to reexamine the response to anbient CO2 of
photosynthetic or respiratory oxygen exchange in |eaf

discs of internediates, in conparison with C3 and C4
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species. \While the photosynthetic properties of
intermediates were sinilar to C3 species, the response
of dark respiration to anbient CO2 differed
slgnificantly. The inhibition of dark respiration by
nmoderate or high concentrations of CO2 was nuch nore
pronounced In C3 species than that in C4 plants or C3-C4

i nternedi ates.

In the last phase, nesophyll protoplasts and bundl e
sheath strands were isolated from | eaves of a C3-C4
Intermedliate species, Alternanthera tenella. The
activities of Important enzymes involved in

phot osynthesi s, photorespiration and respirati on were
determined in these mesophyll and bundle sheath
preparation so as to assess the differential

| ocalization/distribution, 1if any. A significant
conpartmentati on into bundle sheath cells of this
internediate could be noticed only in case of enzynes
involved in glycine decarboxylation and TCA cycle
pointing out that mitochondrial netabolismis an

important feature in C3-C4 internediates.

30



Chapter 2



Chapter 2

MATERI ALS AND METHODS

Plant Material

Pl ants of Amaranthus hypochondriacusl. (cv. AG-67),
Amaranthus virldis L., PisumsativumL. (cv. Arkel), and Zea mays L.
(cv. Ganga 5) were raised from seed. Al ternanthera ficoides
L.R.Br.R, A pungens (L. ) H.B & K., A sessfles(L.) R.Br.ex DC.,
A tenella Colla and Partheniumhysterophorus L. were collected
from canpus and were nultiplied by transplantation of cuttings/

seedl i ngs.

The seedlings/plants were grown on soil, supplenented with
farmyard manure, in 30-cmdianmeter plastic tubs or earthen pots
(Fig. 2.1 Ato E). The tubs/pots were kept in the field under a
natural photoperiod of approxi mately 12 h and an average tenpera-

ture of 30°C day/ 20°C night. The plants were watered dally.

Third and fourth leaves (counting from the fully devel oped
youngest one) were excised from 3-4-week-old plants between 8.00

and 9.00 a.m and were used for the experiments.

Leaf anatony

The leaf tissue was fixed in FAA (Formalin-Aceto-Alcohol)
(consisting of s0% (v/v) alcohol, 40% (v/v) fornmal dehyde and 5%

(v/iv) glacial acetic acid) for 10 h. Thin hand cross sections of
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Fig. 2.1. Photographs of experimental plants grown in the field.
A Alternanthera sesslles(aCplant), B Alternanthera pungens
(Ca),C Alternanthera tenella, D Alternanthera flcoides, and E

Parthenium hysterophorus. Cto Eare G- intermediate species.






about 100 MM thickness were prepared with free hand using new razor
bl ades. The sections were stained with methylene blue and observed

under a research mcroscope (Wlfe, Japan).

Phot ogr aphs of leaf cross sections were taken from the
m croscope using a black and white negative film (1SO 125/22° ASA-

ORWO, Germany).

Chl orophyl | and protein estimations

Chl orophyl |l was estinmated as per Arnon (1949).

500 mg of freshly collected leaf tissue was honpgenized with
80% (v/v) acetone using a nortar and pestle. The homogenate was
centrifuged at 1,000 g for 5 min in a table-top centrifuge (Remi
R8C). The clear supernatant was made up to 25 m with 80% acet one.
The absorbance of the acetone extract was neasured at 645, 663 and

710 nm using 807. acetone as the bl ank.

The follow ng equations were used to calculate the concen-

tration of total chlorophyll, Chl a and Chl b.

Total chlorophyll (ugm™') = (20.2 x Asa5) + (8.02 x AG63)
Chlorophyll a (pgm1™') = (12.7 x Aes3) - (2.69 x Aess)
Chlorophyll b (ugml™') = (22.9 x A635) . (4.68 x AG63)

The absorbance at 645 and 663 nm were corrected for
turbidity, j3f any, by subtracting the absorbance of acetone extract

at 710 nm
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In some of the experinments, a snall aliquot of the |eaf
honpbgenate (or protoplasts) was mixed with acetone, to make a final
concentration up to 80% (v/v). The mixture was cleared by centri-

fugation and chlorophyll was estimted as described above.

Protein was estinated by using either Lowy nethod (Lowy
et al. 1951) or the dye binding (CoomassieBrilliant Blue G 250)

nmet hod of Bradford (1976).

Lowy nmethod is based on the colour reaction of Folin-
Ciocalteu phenol reagent with tyrosine residues of protein. To
each 0.2 nl of protein sanple, 1 m of alkaline copper sulfate
solution (50 m reagent A [2% wv Na2C03 in 0.1 M NaOH! mixed with
1 m reagent B [0.5% CuS04.5H20 in 1% sodi um potassium tartrate]),
was added and the mixture was allowed to stand for 10 min. Then
0.1 ml of Folln's reagent (commercial preparation diluted with
water in a ratio of 1:1) was added and mixed inmediately. After
30 min incubation at 25°C, the absorbance was read at 750 nm. A

standard curve was prepared with BSA (10-100 #g m ).

The Bradford nmethod (1976) of protein estimation was done by
reacting the protein with a dye (Coomassie Brilliant Blue G 250).
To the 0.1 mi of the sanple (made with 0.15 M NaCl solution), 5 m
of the dye (prepared by dissolving 100 mg Coommssie Brilliant Blue
G 250 in 50 m of 95% (v/v) ethanol followed by addition of 100 ml

of 85% (w/v) phosphoric acid and the volune made up to 1 1 with
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distilled water) was added and vortexed. After incubation at 30°C
for 1 h the absorbance was read at 595 nm. A standard curve was

prepared by using 1 to 10 ug of BSA m "™

Extraction and Assay of Enzynes

The extraction and assays of photosynthetlic, photoresplratory
and respiratory (mitochondrial) enzymes were done by using the
publ i shed procedures. However several of them were nodified so as
to achieve maxi mal activity in leaf extracts. The details are

descri bed bel ow.

Unl ess otherwi se nentioned, leaf sanples (1 to 1.5 g) were
rapi dly honogenized with 4 vols of prechilled extraction nmedium
using a nortar and pestle. The crude homogenate was filtered
through four layers of nuslin cloth and cleared by centrifuging at
10,000 g (Hermle Z 320 K centrifuge) for 10 min at 4°C.  An aliquot
was kept aside prior to centrifugation for chlorophyll estination
(described above). The supernatant was used for enzyme assays.
Devi ations from this standard extraction procedure are nentioned
wherever relevant. The details of extraction medi um which depends

on the enzyme being assayed are described bel ow.

The assays were done usually with enzyme extracts equival ent
to 1 to 2 pg Chl in the assay nediumof 1 m. Al the spectropho-
tometric assays were conducted in a Shimadzu UV-Vis Spectrophot o-
meter (Mddel UV-160A). Radi oactivity was nonitored using a liquid

scintillation counter (Mdel Beckman LS 1800).

34



The maxi mum catal ytic activities were determ ned by
optim zing conditions during assay for individual enzyme in each
speci es. Further experiments were done to ensure that low |evels
of the photoresplratory enzymes were not due to any endogenous
inhibitory substances. For this, enzyme activities were determ ned
in extracts prepared by cohomogenizing the |eaves or by mixing the
| eaf extracts of internediate species with pea (typical C3 plant

with very |ow phenolics).

PHOTOSYNTHETIC ENZYMES

Phosphoenol pyruvate carboxylase (PEPC. EC 4.1.1.31}:

Extraction

The extraction nmediumwas 50 mM Hepes-KOH pH 7.2, 10 mM
MgClz2, 2 mM K2HPOa, 1 mM EDTA, 20% (v/v) glycerol, 1% (wv)
insoluble PVP, and 10 nM B-mercaptoethanol.

Assay

PEPC was assayed spectrophotometrically at 25°C by coupling
oxal acetate formation with NAD-malate dehydrogenase (Igleslas and
Andreo 1989). The assay mixture (1 m) contained 20 mM Tricine-KOH
(pH 7.8), 5 mM Myl 2, 10 mM NaHCO03, 2 units of NAD-MDH and 0.2 mM
NADU. Fol | owi ng a 30-sec incubation of the enzyme 1n the assay
mi xture, the reaction was initiated by the addition of 50 Kl of
50 mM PEP. The reaction was followed for 3 min by nonitoring the
oxi dation of NADH at 340 nm. The activity was cal cul ated by using

the nolar extinction coefficient of NADH (6.2 mM cm ).
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Pyruvate, orthophosphate dl klnase (PPDK. EC 2.7.9.1):

Extract ion

The extraction mediumwas 100 mM Tris-HC1l pH 7.5, 10 mM
MgCl 2, 5 mM sodi um pyruvate, 2 nM K2HPOa, 1 nM EDTA, 5 mM DTT,
1% (wv) 1nsoluble PVP and 1/. (wv) sodiumascorbate.

Assay

The enzyme assay was done within 10 min after extraction of
the enzyne at 25°C by followi ng the change in absorption at 340 nm
by a coupled reaction using PEPC and NAD- MDH (Aoyagl and Bassham
1983). The assay mixture (1 m') contained 100 mM Tris-HCl pH 7.5,
10 mM MyCl 2, 50 mM NaHCO3, 5 mM DTT, 2.5 mM K2HPO4, 0.2 mM NADU,
2 units of PEPC, 2 units of MDH and 1.25 mM ATP. The reaction was
started by adding pyruvate (final concentration 1.25 mM). The
activity was calculated by using the molar extinction coefficient

of NADH (6.2 mM?! cm'?).

NAD-malate dehydrogenase (EC 1.1.1.37)

Extraction
Extraction medium contai ned 50 mM Hepes-KOH (pll 7.5), 2.5 mM
EDTA, 5 mM MgCl 2 and 5 nM DTT.

Assay

The enzyme was assayed spectrophotometrically by follow ng
the oxidation of NADH at 340 nm (GOsnond and Avadhani 1970). The
assay mixture (1 m) contained 50 mM Tris-HO (pH 7.5), 5 mM Mgl 2,
0.25 mM NADH and enzyne extract. The assay was started by adding

oxal acetate to a final concentration of 5 mM.
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NADP-malate dehydrogenase (EC 1.1.1.82)

Extraction

The extraction medium contained 50 mM Tricine-KOH (pH 8.0),
5mM MgCl 2 and 5 mM DTT.

Assay

The assay was done spectrophotometrically by nonitoring the
oxi dation of NADPH at 340 nm (Kanal and Edwards 1973). An aliquot
of the enzyne was preincubated in 25 mM DTT in a volume of 0.1 m
for 15 min at room tenperature. The reaction mixture (1 m)
contained 50 mM Triclne-KOH (pH 8.0), 0.2 mM NADPH and preactivated
enzyme extract (equivalent to 1 fig chlorophyll). The reaction was

started by adding OAA to a final concentration of 3 mM.

NADP-malic enzyne (EC 1.1.1.40)

Extract ion

The extraction medi um consisted of 50 mM Hepes-KOH (pH 7.5),
2.5 nM EDTA, 5 nM MgCl2, 5 mM DTT and 0.5% (wv) insoluble PVP.

Assay

The enzyme was neasured spectrophotonetrically by follow ng
the reduction of NADP (Kanai and Edwards 1973). The assay nedium
contained 25 mM Tris-HCl (pH 8.0), 2.5 mM EDTA, 20 nM MyCl 2, 5 nM
DTT, 0.4 mM NADP and 5 nM malate. The reaction was initiated by
addi ng mal ate. A control reaction was run wthout magnesium in
order to account for any activity due to NADP-mallc dehydrogenase.
The activity was calculated by using the nolar extinction

coefficient of NADPH (6.2 mM! cm ).
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NAD-malicenzyme (NAD-ME.EC1.1 .1 .79}

Extraction

The extraction medium contained 50 mM Hepes-KOH (pH 7.6),
2 mM \nho 2, 10 mM DTE (freshly prepared), 1% (w/v) insoluble PVP
and 0.5% (v/v) Triton X-100.

Assay

The enzyne was assayed as per the procedure described by
Hatch et al. (1982). The reaction m xture (1 m) consisted of
25 mM Hepes-KOH (pH 7.6), 0.25 mM EDTA, 5 nM DTT, 5 mM MCl 2, 5 nM
NAD, 75 MM CoA and 25 uM acetyl CoA After two min of incubation,
the assay was started by adding malate to nmake a final concentra-
tion of 5 mM. The reaction was nmeasured by nonitoring the increase
in absorption (formation of NADH) at 340 nm. The activity was
cal cul ated by using the nolar extinction coefficient of NADH

(6.2 nmM' cmr?).

Aspartate aminotransferase (Asp AT. EC 2.6.1.1):

Extraction

Leaf pieces (1.0 g) were powdered in liquid N2, and |ater
honmogeni zed in 6 vols of prechilled extraction medi um containing
100 mM Hepes-KOH (pH 7.5), 10 mM MgCl 2, 10 mM DTE, 1 mM EDTA,
2.5 nMpyruvate, 0.5% (wv) BSA, 14 (wv) casein, 0.05% (v/v)
Triton X-100 and 2% (W v) insoluble PVP. The extract was filtered
through 4 layers of muslin cloth and cleared by centrifuging at
15,000 g for 15 min and the supernatant was used for the assay

(Moore et al. 1987a).
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Assay

The assay was done at 25°C by nonitoring the oxidation of
NADH at 340 nm in a coupled reaction (Edwards and Gutierrez 1972).
The assay medium (1 m) consisted of 50 mM Tricine-KOH (pH 8.0),
2.5 mM 2-oxoglutarate, 0.03 mM pyridoxal S-phosphate, 0.1 mM NADH,
2 mM EDTA and 2 units NAD-MDH. The reaction was inltiated by the
addition of L-aspartate to make a final concentration of 2.5 mM.
The activity was calculated by using the nmolar extinction coeffi-

cient of NADH (6.2 mM'! cmi'?l).

Alanine aninotransferase (Ala AT. EC 2.6.1.2):

Extraction

The extraction procedure for ala AT was simlar to that of
asp AT.

Assay

The assay was done by nonitoring the oxidation of NADH at
340 nm (Edwards and Gutierrez 1972). The assay nediumof 1 ni
contained 50 mM Tricine-KOH (pH 8.0), 2.5 mM 2-oxoglutarate,
0.03 mM pyridoxal 5-phosphate, 0.2 mM NADH, 2 mM EDTA and 5 units
of lactate dehydrogenase. The reaction was started by the addition
of 50 pl of 50 mM L-alanine. The activity was cal cul ated by using

the molar extinction coefficient of NADH (6.2 nM cni ).

RuBP carboxylase (RuBPC, EC 4.1.1.39):

Extraction
The extraction medium was 50 mM Hepes-KOH pH 7.8, 2 mM EDTA,

5mM MJCI 2, 5 mM DTT and 1% (W V) Insoluble PVP. A pinch of acld-
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washed sand was added during grinding 1n order to break the bundle
sheath tissues effectively.

Assay

RuBP carboxyl ase was assayed by monitoring the incorporation
of [ CINaHCO3 into acid stable products. The reaction mixture of
500 pl (100 mM Tris-HCl (pH 8.0), 25 mM MgClz and 1 mM DTT) was
prepared in CO2-free distilled water. Assays were perfornmed in
eppendorf tubes. The enzyme was preactivated at 30°C for 10 min in
10 mM Nal 13 and 10 nM MgCl 2.  The reaction was started by
injecting 50 ul of preactivated enzyme and 50 pl of 5.0 mM RuBP
to the reaction mxture containing 100 uCi [“C]NaHCO:x (specific
activity 51 Ci mol ). The reaction was stopped by adding 400 ul
of 10 N formic acid after different time intervals (15, 30, 45 or

60 sec) at 30°C.

The reaction mxture was then transferred to small glass
beakers and evaporated to dryness. The resulting residue was
resuspended in 50 or 100 ul of deionized water, and was added to
scintillation vials containing 10 m of Bray's mxture (contains
200 mg POPOP, 4 g PPO, 60 g naphthal ene, 100 mi methanol and 20 n
ethylene glycol, volume made up to 1 1 with 1,4-dioxan). Radio-

activity was counted using a liquid scintillation counter.

Carboni ¢ anhvdrase (CA, EC 4.2.1.1):

Extraction

The extraction medium was 40 mM Hepes=KOH (pH 8.0) and 10 mM

DIT.
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Assay

The enzyne was assayed by nonitoring the rate of COz hydra-
tion at 4°C as a change of pH (Hatch and Burnell 1990). The 1 m
reaction mxture contained 25 mM barbltone-KOH buffer (pH 8.2) and
the enzyme extract. The reaction was initiated by adding 250 g1 of
C02-saturated distilled water at 4°C and gently stirring the
m xture. The pH of the medium was continuously recorded. The
nonenzymatic reaction rate was measured by adding 250 ul saturated
CO2 solution to the buffer without the enzyme extract. The change
of pH was converted to equivalent pmol H generated (and hence
equi val ent CO2 hydrated assum ng conpl ete dissociation of H2CO3) by
titrating the reaction mxture with a standard solution of H2SO4 in
the range frompH 8.3 to 7.6. The activity at 25°C was cal cul ated

from the val ues neasured at 4°C.

PHOTCRESPI RATORY  ENZYMES

RuBP oxygenase (RuBPO, 4.1.1.39):

Extraction

The extraction nmediumwas 50 mM Hepes-KOH (pH 8.5), 20 mM
MyCl 2, 5 mM DTT and 1% (w v) insoluble PVP.

Assay

The assay was done as per Lorimer et al. (1977) by neasuring
the oxygen uptake in a Clark type oxygen el ectrode (Hansatech, UK).
The assay nedium consisted of 50 mM Hepes-KOH (pH 8.5) and 1 mM
MCl 2. The enzyme was preactivated at 30°C for 10 min jn 10 mM
NaHCO3 and 10 nM MyCl 2. The reaction was run without adding the

enzyme (with substrate RuBP, final concentration 0.5 mM for 2 mn
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and then the preactivated enzyme (equivalent to 2 ug Chl) was
added. The reaction was continued for 60-90 sec. The background
activity (02 consunption in the absence of the preactivated enzyne)
was subtracted from the 02 consunption rates obtained 1n presence

of the preactivated enzyne.

Phosphogl vcol ate phosphatase (EC 3.1.3.18):

Extraction

The extraction mediumwas 50 mM Tris-acetate (pH 6. 3).

Assay

The enzyne was assayed by measuring the inorganic phosphate
formed. The assay medium (1 m) consisted of 50 nmMV Mes-KOH
(pH 5.5), 8 mM MgC 2 and enzyne extract (Osnmond and Harris 1971).
The reaction was started by addi ng phosphogl ycol ate (final concen-
tration 5 mM) and was stopped after 15 min by adding 0.2 ml of 40%

(w'v) TCA.

I norgani ¢ phosphate was neasured by the nethod of Flske and
Subbarow (1925). An aliquot (1 m) of the reaction m xture was
treated with 1 m1 5 N H2SOa followed by 1 ml of anmonium molybdate
and 0.1 m of reducing agent (0.2 g anl nonaphthal ene sul phonlc
acid, 1.2 g sodium bisulphite, 1.2 g sodium sul phite dissolved in
100 M distilled water). The absorbance of the blue colored conplex
at 660 pm was determ ned and conpared to the standards (100-1000

umoles m "' KH2POa).
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Phosphoglycerate phosphatase (EC 3.1.3.20):

Extraction

The extraction was done in 50 mM Tris-acetate buffer pH 6.3.

Assay

The enzynme was assayed by neasuring the inorganic phosphate
formed. The reaction medium (1 m ) consisted of 50 mM Mes-KOH,
8 mM MyCl 2 and enzyme extract. The reaction was started by adding
3-PGA to make a final concentration of 5 mM. The reaction was
continued for 15 min and term nated by adding 0.2 ml of 404 (wv)
TCA. The phosphate content in the reaction m xture was neasured as

descri bed above (for phosphogl ycol ate phosphat ase).

G vcolate oxldase (G EC 1.1.3.1):

Extraction

The extraction mediumwas 100 mM Hepes-KOH (pH 8.3), 2 mM
MyCl 2, 2 mM MhCl 2, 1 mM EDTA, 2 nMDTE, 1% (w'v) 1nsoluble PvP and
0.05V. (v/v) Triton X-100.

Assay

The enzyme was assayed by nonitoring spectrophotonetrically
the conversion of phenylhydrazine to phenyl hydrazone (due to the
formation of conplex with glyoxylate) at 324 nm. The assay nedium
(1 m) consisted of 50 mM Hepes-KOH (pH 8.3), 2.5 mM MgClz and 3 mM
phenyl hydrazine. The reaction was started by the addition of 50 ul
of 100 M glycolate. The activity during the initial jag period of
three m nutes was ignored. The activities were cal cul ated based on
the nolar extinction coefficient of phenyl hydrazone at 324 nm

(16.95 wM™! cm!) (Felerabend and Beevers 1972).
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Catalase (EC 1.11.1.6):

Extraction

The extraction nediumwas 40 mM Tricine-KOH (pH 7.8), 2 mM
MgCl2 and 1 mM EDTA (Tolbert et al. 1969).

Assay

The enzynme was assayed by nonitoring the deconposition of
H202 as a decrease In absorbance at 230 nm. The assay nedium
(1 m) consisted of 50 nmM pot assi um phosphate buffer (pH 7.0).
Leaf extract (equivalent to about 1 pg Chl) was added to the assay
buffer and the reaction was started by adding 50 pl of 0.2 M HC.
The reaction was followed by recording change in absorption at 230
nm (Tol bert et al. 1969). The nolar extinction coefficient of HQ®

(0.067 mM cm ) was used for calcul ations.

NADH-hydroxypyruvate reductase (NADH-HPR, EC 1.1.1.29):

Extraction

The extraction medi um contai ned 50 mM Hepes-KOH (pH 7.5),
5 mMMC 2, 1 nMEDTA, 3 mM DTE and 1% (wv) insoluble PVP.

Assay

The assay was done by nonitoring the oxidation of NADH at
340 nm in presence of hydroxypyruvate according to Kleczkowskl and
Randal | (1988). The assay nmedium (1.0 m) consisted of 50 mM Mes-
KOH (pH 6.5) and 0.2 nM NADH. The reaction was started by adding
hydroxypyruvate to nake a final concentration of 1 mM. The nolar
extinction coefficient of NADH at 340 nm (6.2 M cm'l) was used

for calcul ations.
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G vcerate kinase (EC 2,7.1.31):

Extraction

The extraction medium was 50 mM Hepes-KOH pH 7.5, 5 mM EDTA
and 5 mM DTE.

Assay

G ycerate kinase was assayed by coupling the PGA forned by
gl ycerate kinase to the enzymatic reactions of PGA kinase and
glyceraldehyde-3-phosphate dehydrogenase (Gsnond and Harris 1971,
Usuda and Edwards 1980). The assay nedium (1 nml) contained 50 mM
Hepes-KOH (pH 8.0), 5 mM MyCl 2, 5 mM ATP, 5 units 3-PGA ki nase,
5 units glyceral dehyde 3-phosphate dehydrogenase, 10 nM B-mercapto-
et hanol and 0.25 nmM NADH. The reaction was started by adding
glycerate (final concentration 5 m\) to the assay mixture. The
oxi dation of NADH was nonitored at 340 nm. The nolar extinction
coefficient of NADH (6.2 mM! cni'?) was used for cal cul ating the

activity.

Glutamate-glvoxylate aninotransferase (EC 2.6.1.4):

Extraction

The extraction mediumwas 50 nM Tris-HCl, pH 7.5, 1 nM EDTA,
1 mM DTT, 10 nMMgSOa and 10% (v/v) ethanediol.

Assay

The assay was done by neasuring the formation of the product
[I—HC]glycine from [1—“C]g1yoxylate. The assay medi um consi sted
of 20 @M phosphate buffer pH 7.5, 25 nM glutamate, 0.1 nM pyri doxal

5-phosphate and 20 mM glyoxylic acid. The reaction was started by
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adding 20 Ml (10 MCL) of [1-“clglyoxy1ate (specific activity 4.75
ci mol )  Reaction was carried out at 30°C for 15 mip and
termnated by boiling in water bath for 3 mn. Unreacted

[1- Clglyoxylate was renoved by passing the reaction mixture
through a colum (5.0 cm X 1.0 cm) of Dowex-1 (acetate) and the
col utm was washed With 2 ml of water (Kisaki and Tol bert 1969).

The effluents were conbined (3 m) and an aliquot (500 ul) of
effluent kept in 10 ml of Bray's m xture (conponents as described
for RuBP carboxylase) in a scintillation vial and the radioactivity

for [1- Clglycine was neasured in a liquid scintillation counter.

Serine-glyoxvlate aninotransferase (EC 2.6.1.45):

Extraction

The enzyme was extracted as per Murray et aJ. (1987). The
extraction medium contained 50 mM Tris-HCl (pH 7.5), 1 mM EDTA,
1 mM DTT, 10 mMMgS04 and 10% (v/v) ethanediol. The homogenate was
passed through 4 layers of nuslin cloth and centrlfuged at 10,000 g
for 20 min. 5 m of the supernatant was dialysed for 6 h against
5 mM Tris-HCl1 (pH 7.5). The dial ysed honbgenate was used for the
enzyne assay.

Assay

The enzyne was assayed by measuring the conversion of
(**clserine into ["C]hydroxypyruvate (Smith 1973). The reaction
mxture (1 m) contained 60 nv Hepes-KOH (8.0), 1 mM {**clserine
(Specific activity 135 G mol"!; 0.5 pCl in assay nmixture) and
10 mM gl yoxylate. The reaction was started by adding 10-20 Mg Chl

equivalent leaf extract and incubated for 30 min at 30 C. The
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reaction was stopped by adding 0.2 m of 1.5 M TCA Precipitated

protein was renoved by centrifugation and di scarded.

The supernatant was applied on to a colum (5.0 cm X 1.0 cm)
of Dowex-50 (H ) to renove unreacted (*Clserine. The col um was
washed with 2 ml of distilled water. 0.5 ml aliquot of the effluent
was added to 10 ml Bray's mxture (conponents described as for RuBP
carboxyl ase) and the radioactivity was neasured using a liquid

scintillation counter.

Glycline decarboxylase (GDC. 2.1.2.10) and

Serine hydroxvmethvltransferase (SHMI. 2.1.2.1):

These two enzymes were deternined in mitochondrial pellets
(instead of crude leaf extracts), prepared as described bel ow
Preparationof crude nitochondrial pellet

M tochondria were prepared from | eaves as described by
Bergman et al. (1980). Small pieces (ca. 20 nm) of |eaves were
ground vigorously (to ensure conplete breakage of bundle sheath
strands) in a nortar and pestle at 4°C using 4 vols of prechilled
extraction buffer (25 mM Hepes-KOH, pH 7.8, 0.3 Msucrose, 1 mM
EDTA, 1 nMMgClz, 4 nMcysteine, 0.1% (wv) BSA and 0.6% (wv)
sol ubl e PVP) . The homogenate was filtered through two |ayers of
nmuslin cloth and centrifuged at 5,000 g for 3 min. The supernatant
Was centrifuged again at 20,000 g for 7 mn. The pellet constitu-
the crude mtochondrial preparation. The pellet was resuspended in

a medium gymilar to the one used for the extraction except that BSA

was omtted.
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Assay of GDC

The mitochondrial pellet was exanined for the activity of
glycine decarboxyl ase by using [1—“C]glycine (specific activity
14.5 Ci mol ). The reaction was perfornmed in small (ca. 10 m
capacity) injection vials with centre wells. Filter paper wicks
wetted with hyamine hydroxide were placed in the centre wells (for

trapping the released COz).

The vials were sealed with rubber septa. The assay medi um
(1 m), nodified fromthat of Oiver (1979), consisted of 50 mM
Tris-HCl (pH 7.8), 2 mM NaN03, 0.3 M sorbitol, 2 mM EDTA, 1 mM
MnCl2, 1 mM MyCl 2, 0.5 mM KH2PO4, 2 nM DTT, 0.1 nM pyri doxal
5-phosphate, 1 nmM NAD, 10 nM glycine and crude m tochondria
(corresponding to 2.5-5.0 pug protein). The reaction was initiated
by adding [ I-NC]glycine (specific activity of 14.5 Ci mol"?, final
0.5 uCi), allowed for 30 min in a shaker water bath at 30°C, and
was stopped by adding 0.2 nl of 40% (v/v) perchloric acid. The
injJection vials having the reaction mediumwere left 1n shaker
water bath for a further period of 30-60 min. The centre wells
along with the filter paper wicks were kept in scintillation vials
containing 10 ml Bray's mxture and the radioactivity was measured
in a liquid scintillation counter.

Assay of SHMI

The mtochondrlal preparation was further processed (Wo
1979) for assaying SHMI. The initial mtochondrlal pellet was

resuspended in 20 mM phosphate buffer (pH 7.5) and 1 ™M DTT. Then
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the fraction was solubulized by preincubation with 0.05% (v/v)

Triton X-100 at 0°C for 10 min before use.

The enzyme was assayed at 25°C by using [U-“C]serine
(specific activity 135 Ci mol™") and deternini ng the incorporation
of radioactivity into N,N-bismethylene tetrahydrofolate. The assay
medium (1 m) consisted of 20 mM phosphate buffer (pH 7.4), 1 mM
B-mercaptoethancl, 1 mM EDTA, 0.1 nM pyrldoxal S-phosphate, 2 nM
tetrahydrofolate, 2 mM DTT and mitochondrial fraction, equivalent
to 2.5-5.0 Mg protein (Taylor and Welssbach, 1965). The reaction
was started by the addition of fu-'*cyserine (0.5 uCi) and
termnated after 5 min by adding 0.5 mM of 0.4 mM dimedone in 50%
(v/v) ethanol. The sanples were heated in a boiling water bath for
5 mn, then cooled in ice bath for 5 min. The radiolabelled
di medone derivative was extracted with 5 m of toluene. After
centrifugation, 3 m of the top toluene phase was added to 10 m of
scintillation fluid (0.5% PPO in a nmixture of toluene and methanol,
1:3 v/v) and the radioactivity was neasured using a liquid scinti-

Ilation counter.

MITOCHONDRIAL (RESPIRATORY) ENZYMES

Extraction

The leaf pieces (1 g) were hompgenized in 4 m of prechilled
extraction medi um containing 25 mM Hepes~KOH (pH 7.2), 0.3 M
sucrose, 1 pM EDTA, 1 nMMC 2, 0. 1% (w/v) BSA and 0.6% (W v)

insoluble PVP. The homogenate was passed through two |ayers of
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cheese cloth and centrlfuged at 15,000 g for 15 min. An aliquot
was kept aside prior to centrlfugatlon for chlorophyll (Arnon 1949)

and protein (Lowy et al. 1951) estimations.

Citrate svnthase (EC 4.1.3.7)

Citrate synthase was assayed according to the nethod of Srere
(1969). The enzyne was neasured by nmonitoring the formation of the
free -SH groups from acetyl CoA, by using 5,5 -dithiobis-2-

nitrobenzoate (DTNB).

The reaction mxture of 1 ml contained 50 mM Tris-HC1
(pH 8.1), 0.1 mM DTNB, 0.03 mM acetyl CoA and enzyme extract
(equivalent to 5 ug Chl or mesophyll protoplasts or bundle sheath
cell extract). The absorption at 412 nmwas followed for three min
to neasure possible acetyl CoA deacylase activity. The reaction
was started by the addition of 50 pl of 10 mM OAA.  The activity
was cal cul ated by using the nolar extinction coefficient

(13.6 MM cm ) of mercaptide lon.

Isocitrate dehvdrogenase (EC 1.1.1.41)

The enzyme was assayed by nonitoring the reduction of NAD at
340 nm (Cox 1969). The reaction nedium contained 50 mM Hepes-KOH
(pH 7.6), 1 mM MnSOs, 0.67'/. NAD and 0.025% (v/v) Triton X-100. The
reaction was started by adding L-isocitrate to a final concentra-
tion of 4 yM. The nolar extinction coefficient of NADH (6.2 nM

cn'') was used for calculating the activity.



Succl nat e dehydrogenase (EC 1.9.3.1)

The assay was done spectrophotometrically by followi ng the
reduction of 2,6-dichlorophenolindophenol (DCPIP) at 600 nm and
using PMS to couple electron transfer between succlnate and 2, 6-
DCPIP. The reaction mixture contained 50 mM potassi um phosphate
buffer (pH 7-6), 0.005V. (wv) PMS, 25 pM DCPIP, 3 mM KCN and 0.025%
(v/v) Triton X~100. The reaction was started by the addition of
sodi um succinate to make a final concentration of 40 mM (Veeger et
al. 1969). The activity was calcul ated by using the nolar

extinction coefficient of DCPIP (21 nM! cm'?).

Fumarase (EC 4.2.1.2)

The enzyme was assayed by followi ng the conversion of
L-malate to fumarate (H Il and Bradshaw 1969) as the increase in
absorption at 250 nm The reaction m xture contained 50 nmv
pot assi um phosphate buffer (pH 7.5) and either enzyme extract or
mesophyll protoplasts or bundle sheath cells. The reaction was
started by adding L-malate (final concentration 50 mM}. The
activity was calculated by using the nolar extinction coefficient

of fumarate (2.6 mM™* cnt ).

Cvtochrome ¢ oxidase (EC 1.9.3.1)

Cytochrome C oxi dase was assayed according to the method of
Cooperstein and Lazarow (1951). Reduced cytochronme was prepared by
addi ng sodi um dithionate to 8 mg of cytochrome ¢ in 20 M of 10 nM
pot assi um phosphate buffer (pH 7.0) till the colour turned to pink.

The reduced cytochrome was dlalysed against 10 MM potassium
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phosphate buffer overnight. The reaction medium (1 m) contained
100 mM pot assi um phosphate buffer (pH 7.0}, 0.025% (v/v) Triton
X-100 and either leaf extract or bundle sheath cells or mesophyll
protopl asts. The assay was started by the addition of reduced
cytochrome (35 uM) to the sanple cuvette. The decrease in
absorbance at 550 nm was nonitored. The activity was cal cul ated by
using the nolar extinction coefficient of reduced cytochronme c at

550 nm (28.0 mM! cni'l).

Extraction,estimation and metabolism of photorespiratory

met abol i tes

AMMONIA

Leaf discs accunul ate ammonia upon illum nation,
particularly in the presence of L-methionine sulphoximine (MSO), an
i nhibitor of glutamine synthetase (GS). However, a variety of
sources contribute to ammonia accunul ation in presence of MSO
(Singh et al. 1985). Photorespiratory inhibitors like INH
(inhibits glycine decarboxyl ase) and a«-HPMS (inhibits glycolate
oxidase) are used to distinguish the extent of non-photorespiratory

amoni a (Kumar and Abrol 1989, 1990).

Leaf discs of ca. 20 mm2 were cut (using a sharp paper
punch) under water from freshly collected |eaves. Twenty discs
were washed in distilled water and 20 discs were floated in petri-
di shes containing 5 m of test solution (water, 2.5 mM MSO, 35 nmM

INH, 20 mM a- HPMS, 15 mM glycine or other test conbination) and
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illuminated at 1000 umol m2 s for 2 h at 30°C. Care was taken

to avoid heat during illumination.

At the end of 1llumination period (for 1 h, unless otherw se
mentioned), the leaf discs were washed quickly with water, blotted
dry and extracted in 3 vol of 2% (wv) boric acid (Kumar et al.

1984). The extract was centrifuged at 12,000 g for 20 min at 4°C

Ammoni a estinmation was done in the supernatant by phenol -
hypochlorite nmethod (Sol arzano, 1969). To 5 nl of the sanple,
0.2 m of phenol solution (10/. (v/v) phenol in 95V. (v/v) ethanol),
0.2 m of sodium nitroprusside and 0.5 m of oxidizing solution
(100: 25 (v/v) mxture of alkaline sodiumcitrate and sodi um
hypochlorite) were added and incubated at 30 C for 60 min. The
bl ue conplex formed in the presence of sodium nltroprusslde was
measured at 640 nm in a spectrophotoneter. A standard curve
prepared with 10-100 nmoles m "' NH4CL was used for calculating the

NH3 content.

The extent of PR-NH3 accumul ation was calcul ated from the
difference in the NH3 levels of sanples with MSO and those with

(INH+ MSO) or (a-HPMS + MSO).

GLYCOLATE AND GLYOXYLATE
10 discs (ca. 40 mg) were incubated in different test
solutions (water, glycidate, a-HPMS, NaHC03, or a conbination of

two) and illuminated at 800 umol m_2 s—1 for either 1 (glycolate)
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or 2 h (glyoxylate). After the incubation the discs were washed
quickly in distilled water and frozen in liquid nitrogen. The
photorespiratory nmetabolites were extracted by grinding the |eaf
discs In 4 vols of prechilled extraction buffer containing 0.1 M
phosphate buffer, pH 7.0 and 1 mM EDTA. The extract was cleared by
centrifuging at 10,000 g for 15 min at 4°C. The supernatant was

used for the estimation of either glycolate or glyoxylate.

G ycol ate was nmeasured using Calkins' reagent (Calkins
1943). To the 1 m of test sanple or leaf extract, 2 nm Calkins’
reagent (18.5 mg of 2-7 dihydroxynaphthalene in 100 Ml conc. 112S04)
wer e added and the mixture was incubated for 40 min at 100°C
G ycol ate was neasured as the absorption at 525 nm (Cal kins 1943).
Cal cul ations were based on a calibration curve prepared from

aut hentic potassiumglycolate (0.1-1 mg m ).

G yoxyl ate was determ ned by treatment with phenyl hydrazine,
oxidation in an acid mediumwi th ferricyanide, extraction into
m xture of chloroform/isoamyl al cohol and nonitoring the absorption

of formazan derivative (N rmala and Sastry 1972).

One nml of leaf extract was made up to 3 ml with water and
then 1 m of 400 mM phosphate buffer (pH 7.0) and 1 ml phenyl hydra-
zine-HC) solutions were added. The reactants were mxed well and
incubated at 30°C for 5 min. The tubes were cooled to 0°C by
imersion in ice-water bath. Then 1 m of prechilled €ORC. HCl was

added, followed by 1 m of freshly prepared 0.15% (wv) potassium
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ferrlcyanide. The tubes were allowed to stand at 30°C for exactly
10 min, following which 7 M of a 3:2 (v/v) mixture of chloroform
isoamyl alcohol were added. The two phases of solution were nixed
wel | by vigorous agitation of the tubes by hand for 1 min. The

| ower |ayer of chloroform|soanyl alcohol which had separated was
drawn of f, centrifuged briefly at 1,000 g to clarify and the
absorbance of this layer was read against a blank (omitting

gl yoxylate) at 520 nm  Stock solution of 100 ug m "' of glyoxylate
(monosodiumsalt) was freshly prepared in 0.1 mM EDTA 1-10 pg

m sodi um gl yoxyl ate was used as standard.

Phot oresplratory glycolate or glyoxylate were calcul ated by
subtracting the level of glycolate or glyoxylate in the absence of
inhibitors fromthat in the presence of inhibitors (&~HPMS for

glycol ate and glycidate for glyoxylate).

Validity of nethods

These two nmethods (glycolate and gl yoxyl ate esti mations) are
reasonably specific for glycolate and glyoxylate (Calkins 1943,
Vogel s and van der Drift 1970) if proper precautions are taken.
The interference due to EDTA was avoi ded by preparing standards
(glycol ate) in presence of EDTA The accuracy and efficiency of
the extraction/assay Nethods were cross-checked by spikes of
gl ycolate or glyoxylate, added to crude l|leaf extracts. The

recovery of such glycolate or glyoxylate was 94-97%.
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The Calkins' pethod (1943) was earlier used to estimate the
level s of glycolate in tobacco |eaves (Salin and Homann 1973) and
in cells of Chlanydononas reinhardtii (Husic and Tol bert 1987).
Sinmilarly phenylhydrazine was enployed in both plant and aninal
tissues (Nirmala and Sastry 1972, Creach and Stewart 1982). I'n
order to ensure that these nethods do not make an under- or over-
estimation, we have checked the possible interference of several
organic acids on the estimation of glycolate or glyoxylate. There
was no interference of glycolate during the estination of glyoxy-
late and vice versa. The snmall interference of other conpounds
during glycolate estimation (in increasing order of interference)
was: glutamate < malate < glycine < succinate < serine < glycerate)
did not exceed 8% The extent of interference during estination of
gl yoxylate (in increasing order of interference: glutamate < serine
< mal ate < glycerate < glycine < succinate) was only narginal
(<2%).

DECARBOXYLATI ON OF [ 1-' *CIGLYCINE

Leaf discs of ca. 20 mm were punched from freshly collected
| eaves under water. The leaf discs were blotted dry and fl oated
with adaxial surface upwards in flat injectionvials (ca. 10 m),
containing centre wells (5 discs, equivalent to 30-90 ug Chl jp
each vial). The vials contained 2.5 ml of the buffered nedium
(0.3 M gorbitol, 0-3 MMes-KOH pH 5.5, 1 mM KH2POa and 1 mM MgCl2).
The centre wells contained filter paper wicks, wetted with hyamine

hydroxide. The vials were sealed with rubber septa.
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(1-Y*Clglycine (specific activity 14.5 G mol™, final
0.5 mC1) was added to the vials at zero time to give a final
concentration of 50 mM glycine. The reaction was terminated after
1 h (either In |ight of 1000 mmol m 2 s™! or darkness) at 25°%c, by
adding 0.5 mM 3 N HC1 (Hol brook et al. 1985). After 30-60 pin of
stopping the reaction, the centre wells along with the filter paper
wi cks were kept in 10 ml scintillation vials containing Bray's

m xture (conponents as described for RuBP carboxyl ase) and the

radi oactivity was nmeasured using a liquid scintillation counter.

Measur enent of photosynthetic 02 evolution or respiratory 0z uptake
Leaf discs (ca. 20 mm ) were cut under water fromfreshly
collected leaves and were immediately used. Their photosynthesis
and respiration were determ ned by nmeasuring the evol ution/uptake
of 02 at 25 °Cin a leaf disc electrode (Hansatech Ltd., Kings
Lynn, UK). The details of this |leaf electrode systemare described

in literature (Delieu and Wal ker 1981, Wal ker 1988).

Ei ghteen leaf discs were arranged in two concentric |ayers
(six in the inner and twelve in the outer ring) on the upper npst
capillary mat. Leaf discs were blotted sem -dry before transferr-
ing on to the mat. The two capillary mats were each noistened with
100 yu1 of bicarbonate buffer. The leaf discs were preillumnated
for 5 min at 350 umol m "2 s and left In darkness for 5 min.
They were then exposed to an increasing series of |ight
intensities ranging from0O to 900 umol m_l S-i- The illum nation

was provided by an array of ultra bright light emtting diodes
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nmodul ated by a light source (Mdel No. LS3, Hansatech, UK) through
a conputer. The acquisition and processing of data on Q2 exchange
by leaf discs was done through conputerized software, as described

in detail elsewhere (Walker 1988, 1990).

An 1llustratlon of the use of conputer for acquisition and
processing of data on photosynthetic oxygen evolution by |eaf discs

at increasing photon flux densities is presented in Fig. 2.2.

The concentration of bicarbonate buffer used for noistening
the capillary mat was varied to change the levels of C02 in the
| eaf chanmber, for e.g. 0.01 mM and 1 M bicarbonate buffer were used

to provide CO02 concentrations of 0.03 and 5% (v/v), respectively.

Purification of glycolate oxidase
G ycol ate oxidase was partially purified from | eaves of
Pisum sativum (C3 species), Parthenium hysterophorus (C3a-Ca

intermediate) and Amaranthus hypochondriacus (Ca plant).

The purification procedure was based on the nethod of HEnes
and Erismann (1984). Al the steps during the purification were

done in cold (4 C).

Step 1 (Crude extract)

10 g of freshly collected |eaves were honogenized in 30 n
of prechilled 50 mM Tris-HCL buffer (pH 8.3) 1n a blender for one

min in case of pea and Partheniumor 3 min in case of Amaranthus
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Fig. 2.2. A print-out of conputer screen show ng recorder traces of oxygen
measurements of a typical experinment. During each period of 90 sec,
oxygen uptake/evolution by leaf discs was recorded and conputed. Li ght
Intensity was increased progressively (fromleft to right) by the conputer
itself by a previously determ ned program In this experinent 20 I|ight
intensities were used ranging fromO to 900 umol m s and then 0 again.
The measurement at ‘zero’ light intensity represents dark respiration.



hypochondriacus (in order to ensure conplete breakage of bundle
sheath cells). The medi um contained 1% (w/v)} insoluble PVP for
Parthenfumand a few Mg of acid-washed sand for A hypochondriacus.
The homogenate was filtered through two |ayers of cheesecloth and

centrifuged at 15,000 g for 15 min.

Step 2 (Acetic-acid precipitation)

The pH of the supernatant was brought to 5.3 using freshly
prepared 10/. (v/v) acetic acid, and the mixture was stirred gently
for 5 min. The acetic acid extract was clarified by centrifugation

at 15,000 g for 10 min.

Step 3 (Precipitation with 25% ammoni um sul phate)

The pH of the supernatant obtained was adjusted to 8.3 with
1 N NaOH. Fi nely powdered salt of ammonium sul phate was added to
supernatant to reach a 25% saturation of (NHs)2S0s. After 30 min of
gentle stirring, the suspension was centrifuged at 15,000 g for

15 min and the pellet discarded.

Step 4 (Precipitation with 45% anmoni um sul phate)

The supernatant fraction of the Step 3 was adjusted to 45%
saturation in (NH4)2S0s by adding the salt. After 30 min of gentle
6tlrring, the suspension was centrifuged at 15,000 g for 20 mn.

The pellet was dissolved in 1 m of 25 mM Tris-HCl puffer (pH 8.3).
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Step 5 (Protam ne sul phate treatment)

Four hundred Ml of freshly prepared 2% (wv) protam ne
sul phate solution was added to 1 nl of the enzyne preparation
obtained in Step 4, stirred for 10 min, and centrifuged at 15,000 g
for 10 m n. The pellet (consisting of nucleic acids) was

di scarded.

Step 6 (Column chromatographv on Seral ose- 6B)

The supernatant from Step 5 was |oaded on to Seral ose-6B
colum (5.5 X 2.0 cm), preequilibrated with 5 mM Tris-HC1 (pH 8. 3).
The enzyme was eluted (1.5 m fractions) using the sane buffer at a
flowrate of 20 M h . The fractions were assayed for activity

and the enzyme was found to appear in the void vol une.

Step 7 (65% Precipitation with anmoni um sul phate)

The conbined fraction containing the enzyme activity (from
Step 6) was brought to 65% (NH4)2SOsa saturation and stirred gently
for 30 min. The suspension was centrifuged at 15,000 g for 20 min.
The pellet was dissolved in 500 ul of 25 mM Tris-HC buffer

(pH 8. 3).

Step 8 (Chronmtographv on Sephadex G 200)

The enzyne preparation obtained in the Step 7 was |oaded on
to a colum of Sephadex G200 (5.3 X 1.5 cm) equillibrated
previously with 5 mM Tris-HC buffer (pH 8.3). The enzynme was
eluted (1.0 nl fractions) using the sanme buffer at a constant flow

rate of 10 m hM).
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The fractions were assayed for the enzyme activity and
fractions containing GO were pooled (Fig. 2.3). The enzyne was
transferred into a dialysis bag and concentrated by leaving in
finely powdered polyethylene glycol for 2-3 h. The purified enzynme

was stored at -20 °C after nmixing with an equal volunme of glycerol.

The absorption spectrum of purified glycolate oxidase was
determined in a UV-Vis 160A Shimadzu Spectrophotometer. The Kx
(glycol ate), Ki(a~HPMS) and Vmax were cal cul ated by Eddie-Hofstee

met hod using a BASIC program

Li ght activation of PEP carboxyl ase: Conparative studies
I LLUM NATI ON OF LEAF DI SCS/ LEAF HOMOGENATES
Leaf discs

Twenty leaf discs (ca. 80 mg) were prepared from freshly
collected |leaves and were left in darkness for 2 h at 30 C.  After
the predark treatment, the leaf discs were illumnated at an
intensity of 1000 umol n% s~ . An extract was prepared from
prilluminated or darkened leaf discs in 4 vols of prechilled extra-
ction buffer and the activity of PEPC was assayed (as indicated for

the enzyme in the section on "Extraction and assay of enzymes").

Leaf homogenate

The honpgenate prepared by grinding the leaf tissue in 4
vols of prechilled extraction buffer (50 mM Hepes, pH 7.2, 0.3 M
sorbitol, 2.5 MM EDTA, 5 nMMgCl2, 1 nMDTT and 1 nM KH2PO#) yas

-2
illunminated at an intensity of 1000 pmol m = s" for 20 MIn 4t
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30i 1C A water filter was kept between the light source and the

| eaf homogenate in order to prevent heating.

MAI ZE MESOPHYLL PROTOPLASTS
I sol ation

| eaves were cut into 1 em thick pieces and kept in freshly
prepared di gestion mediumcontaining ZV. (wv) cellulase, 02/. (wv)
macerozyme, 10 mM Mes-KOH pH 5.5, 1 mM CaCl2, 1 mM MyCl 2, 0.2%
(wv) BSA, 0.5 M sorbitol, and 0.2 mM KH2PO4 in a petri dish for
1 hat 30t 1°C After incubation, the digestion nmedi um was
carefully removed with the help of a Pasteur pipette. A fewm of
fresh washing medi um consisting of 20 mM Hepes-KOH, pH 7.2, 0.5 M
sorbitol, 1 mMCaCl2, 1 mM MyC2 and 1 nmM KH2PO4, were added to the
petri dish to submerge the |leaf pieces. The petri dish was
agitated gently to liberate protoplasts into the medium The
medi um was passed successively through 500-, 85- and 60 um nylon
filter cloths. The final filtrate was centrifuged at 100 g for
5 min (Remi R8C npodel) and the pellet was suspended in a small

vol ume of resuspension medium.

Characteristics

The nunber of protoplasts in the preparation was counted
using a haenocytoneter. The size of the protoplasts was neasured
with a precalibrated occular microneter using a mcroscope (Wlfe,
Japan). The viability and intactness of protoplasts were checked

using neutral red and Evans blue, respectively.
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Oxygen upt ake/ evol uti on

The uptake or evol ution of oxygen by protoplasts was
nonitored at 30°C using a Aark type oxygen el ectrode (Mdel DW2,
Hansatech Ltd., Kings Lynn, UK). GCalibration of oxygen content in
the el ectrode chanber was nmade with air saturated water, assuning a

concentration of 230 nmoles of Oz per m at 30°C

Incubation/illumination

Prot opl asts were washed and resuspended in a low (2 mM) or
high (20 mV) Hepes-buffered resuspension mediumin such a way so as
to have the equival ent of 200 ug of Chl mi" . The suspension was
kept in darkness for at least 1 h at 0°C and then either naintained
in darkness at 30 Cor illumnated with tungsten lanps (Philips
comptalux 75 W to provide an intensity of 1000 pmol m s . A
water filter was placed between the light source and the protopl ast
suspension to ninimze heating. A the required tinme, a 50 ul
aliquot of protoplasts, equivalent to 10 pug chlorophyl| was added

to the reaction mxture to assay PEPC.

Mesophyll protopl asts and bundl e sheath cells from Alternanthera
tenella, a C3-C4 internediate
I sol ation

Freshly collected |eaves were nmade into small pieces
(ca.1mm) with a sharp bl ade and were placed in plasmolysis nedi um
containing 10 mM Mes-KCH (pH 6.0), 0.3 M sorbiteol and 1 nM Cad 2.
After 30 min the |leaf pieces were transferred to a di gestion nedium

of 10 nMMes-KCOH (pH5.5), 0.5 Msorbltol, 2.54 (wv) Cellulase
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‘Onozuka’ R-10, 0.3% (w/v) Macerozyme R-10, 0.5% (w/'v) BSA, 0.2 mM
CaCl 2, 0.2 mM KH2PO4, 1 mM MyC 2, 0.25 mM EDTA and 10 nM sodium
ascorbate. The digestion was carried out in petri dishes for 90 min

at 30°C in light (200 pmol m2 s™').

After incubation, the digestion nedium was renoved slowy
with a pipette. A fewm of washing medium containing 10 mM Hepes-
KOH (pH 7.2), 0.5 M sorbitol, 1 nM CaClz2, 1 nM MCl2 and imM KH2POs
were added to the digested leaf pieces. The petri dishes
containing the digested |eaf pieces and washing nedium were gently
tapped, so as to release the protoplasts into the medium The
washi ng medi um containing the protoplasts was filtered through a
tea strainer (a pore-width of ca. 500 gm). The leaf pieces were
washed again with a few additional m of washing medium and the
protoplasts released into the nedium were collected after
filtering. This procedure was repeated twice. The conbi ned
filtrates were passed through a 60 pm nylon filter (Saryu Textiles,

Bonbay, India).

The filtrate obtained through 60 pm nylon filter contained
nmesophyl | protoplasts and was further processed. The filtrate was
passed through a 20 um nylon filter. The protoplasts retained on
the 20 um nylon filters were washed into washing medium (as
descri bed above) and were collected by centrifugation at 100 g for

2 min. The pellet contained nmesophyll protoplasts.
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Bundl e sheath strands were retained on 60 um nylon filter
whi | e preparing mesophyll protoplasts. These were collected by
washing into the washing nedium (as described above). The medium
was centrifuged briefly at 200 g for 2 Bin and the pellet contained

the bundle sheath strands.

Size and purity
The size of the protoplasts was measured with a precalibra-

ted occular mcrometer using a research microscope (Wl fe, Japan).

Cont am nation of nesophyll protoplasts with bundle sheath

cells or vice versa (discernible distinctly by their size) was very

|l ow as observed under the m croscope.

Measur ement of photosynthesis or respiration

The assay nedi um consisted of 10 mM Hepes-KOH (pH 7. 2),
0.6 M sorbitol, 1 mM CaCl2, 1 mM MyCl2 and 2 mM KH2POs. The upt ake
or evolution of 02 in mesophyll protoplasts/bundle sheath cells was
noni tored at 30°C usi ng a Clark type oxygen el ectrode (Mdel DW2,
Hansatech Ltd., UK). During measurenment of photosynthesis
protoplasts were illumnated with red light at intensity of

1000 pmol m™2 v .

Calibration of O2 content in the el ectrode chanmber was nmde

with air saturated water at 30°C (Wal ker 1988).

65



Enzyne assays in mesophyll protoplasts and bundl e sheath cells

The nesophyl | protoplasts were incubated in the assay
mxture (wthout the substrate) prior to the initiation of the
reaction for 5 min in order to ensure the conpl ete breakage of the
protopl asts. The bundl e sheath strands were gently ground in
washing nediumprior to assay of the enzymes. Unless otherw se

nentioned, the enzymes were assayed in a reaction medium of 1 ni.

Replication/Statistical anal ysis of variation

The experinents were repeated on different days. The data
presented here are averages (+ SD) of three to six experinments
conducted on different days. The variation due to experinental
treatnents was anal yzed for statistical significance using

Student's t-test.

Chenical s

a-HPMS was fromA drich Chenmical Co, USA; acetyl-CoA,
coenzyme A (sodiumsalt), carbonic anhydrase, Dowex-1 (acetate),
Dowex-50 (H ), pL-glyceraldehyde, glyceraldehyde-3-phosphate
dehydrogenase, glycerate (monosodiumsalt), glycolate (potassium
salt), glyoxylate (nonosodiumsalt), hyamine hydroxi de,
B-hydroxypyruvate (lithiumsalt), lactate dehydrogenase, malate
(nmonosodi umsal t), NAD-malate dehydrogenase, methionine
sulfoximine, phosphoenolpyruvate (nonocycl ohexyl anmoniumsalt), PEP
carboxyl ase (fromcorn), phenyl hydrazi ne hydrochl ori de,
phosphogl yceric acid (trisediumsalt), 3-PGA kinase,

phosphogl ycol ate, protamine sulfate, pyridoxal 5-phosphate,

66



ri bul ose 1,5-bisphosphate (sodiumsalt), te:rahydrofolic acid, and
tricine were from Sigma Chenical Co, USA; LCimedon from Fluka,

Swi t zerl and; 2-oxoglutarate (disodiumsalt) from Boehringer-
Mannheim, GCernany; Sephadex G 200 from Phareacia Fine Chem cals,
Uppsal a, Sweden; INH from Citadel Fine Pharmaceuticals, Taml
Nadu; Seral ose-6B from Si sco Research Laboratories, Bombay; and
2,7-dihydroxynaphthalene from Sisco-Chem | ndustries, Bombay; The
enzynes for protoplast preparation, Cellulase 'Onozuka R-10' and
Macerozyme R-10, were procured from Yakult Honsha Co. Ltd., Tokyo,

Japan.

The radioactive chemicals nanely [1- Clglycine,
ll-“C]glyoxylate, II-HC]serlne, (u-'*c)serine and [“C]NaHCO:,

were from Board of Radiation and |sotope Technol ogy, Bonbay, India.
DCDP and glycidate were gifts fromDr. C L.D. Jenkins,
CSIRO, Canberra, Australia and Prof. 1. Zelitch, Connecticut

Agricul tural Experinent Station, Connecticut, USA, respectively.

Al'l other chemicals were of analytical grade from either

Si sco Research Laboratories or Spectrochem, Bonmbay, |India.
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Chapter 3

LEAF CHARACTERISTICS AND ACTIVITY-LEVELS OF PHOTOSYNTHETIC
AND PHOTORESPIRATORY ENZYMES

I ntroduction

G- internediate species offer a good nodel to study the
mechani sm of photorespiration (Raghavendra 1980, Edwards and Ku
1987, Monson and Mbore 1989, Rawsthorne 1992, Raghavendra and Das
1993). Wiile sonme of these intermedi ates possess a partial or near
conpl ete ¢4 pathway, others do not show evi dence of C4 cycle
operation (Edwards and Ku 1987, Rawsthorne 1992, Raghavendra and
Das 1993). Apparently photoresplration is reduced in these
internedi ates due to reasons other than G4 cycle, e.g. a decrease
in enzymc capacity, or a different type of OX concentrating

mechani sm

The levels of key G4 photosynthetic enzymes were 2-5 fold
hi gher in several C3-CG4 intermedi ates of Fl averia conpared to C3
species (Ku et al. 1983, 1991, Hattersley and Stone 1986). The
maxi mum catal ytic activities of key photorespiratory enzynes were
either conmparable to C3 species or partially reduced in the |eaves

of C3-CG« intermediates of Fl averia (More et al. 1988, Ku et al.
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1991), Mollugo (Sayre and Kennedy 1977, Sayre et al. 1979) and
Moricandia (Rawsthorne et al. 1988b, Kumar and Abrol 1989). Most
of these studies involved a cursory exam nation of two or three of
photosynthetic or photorespiratory enzynes in leaves of C3-C4
intermediates (Ku et al. 1983, 1991, Hol aday and Choll et 1983,
Hattersl ey and Stone 1986, Cheng et al. 1989). However, a detailed
exam nation is yet to be made of photorespiratory enzyme conpl ement

in the intermedi ates of Alternanthera and Parthenium.

The aim of the present work is to assess the possibility of
reduced photorespiration in C3-C4 internmediates of Alternanthera
and Parthenium due to a restriction in enzymic capacity. We have
chosen to assess the conpl ement of photosynthetic and photorespi-
ratory enzynmes in leaf extracts of the three C3-C4 internediate
species, in conparison with those of the two C3 and the three C4
speci es. The activity-levels of several photosynthetic and
photorespiratory enzymes were assayed in the three C3-C4 Iinterme-
di ate species of Aternanthera and Partheniumand were conpared
with C3 {A sessiles) and C4 (/. pungens) species of Alternanthera.
The enzyme conpl ement of Pisum sativum (C3), Zea mays (NADP-ME type
C4 monocot) and Amranthus hypochondriacus (NAD-ME type Ca dicot)
were included as further references. The |eaf anatony was studied
in order to establish the extent of devel opment of Kranz anatomy in

the intermediates in relation to other C3 or Ca species.
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Resul ts
Leaf anat ony

The cross-sections of |eaves fromA sessiles showed nornal
C3 type leaf anatomy. The mesophyll was diffuse and conposed of
pal i sade and spongy parenchyma. There were no bundl e sheath cells
(Fg. 3.1A). The C4 species Alternanthera pungens showed typical
‘Kranz’ anatony, with two different photosynthetic cells, nanely
nmesophyl | and bundl e sheath cells. The bundl e sheath cells were

distinct with nurerous chloroplasts (Fig. 3.1B).

In contrast to C3 and Cs species, the three C3-C4 species
(A. ficoides, A tenellaand Parthenium hyst er ophorus) showed an
intermediate status ('partial Kranz' anatony), wth a chlorenchy-
matous bundl e sheath |ayer, but these cells were not as distinct as
in G4 plants. The chloroplasts in bundl e sheath cells of these
internmediates were arranged in a centripetal manner. The nunber of
bundl e sheath cells in each cross-sectional area of the leaf was
considerably less in internediates than in their Cacounterparts

(Fg. 31 CtoE).

Chlorophyll andprotei ncontent

The chlorophyl| and protein (per unit fresh weight) content
of leaves was simlar among the plant species studied. However,
the Chl & b ratio increased progressively fromC3 plants to C3-CG4
intermediates and G4 species (Table 3.1). The C3 species had the
lowest Chl a/b ratio of 2.75, while the Ca species had the highest

ratio of nearly 3.5. The C3-C4 intermediate species had the
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Fig. 3.1. Photom crographs of cross-sections of |eaves from

A Alternanthera sessiles (Qplant), B. Alternanthera pungens
(CGhspecies), C Alternantheratenella, D Alternanthera ficoides
and E Parthenium hysterophorus (Cto E are C3-Ca intermedi ates).
Bundl e sheath (BS) cells are indicated by arrows. The horizontal

bar represents 50 um.






Table 3.1. Total chlorophyll, protein, Chl a/b and protein/

chlorophyl|l ratios in C3, C-CG4 intermediate and Caspecies

Type/ Speci es Tot al Chl a/b Soluble Protein/
Chl or ophyl | ratio protein Chlorophyl |
mg g F.wt mg g F.wt

C3 SPECI ES

Alternanthera
sessiles 1.50 2.65 7.94 5.29
Pisum sativum 1.58 2.85 8.84 5.59
Aver age 1.54 2.75 8.12 5. 44

C3-Cs | NTERVED ATES

Al t er nant hera

ficoides 1.46 2.94 8.11 5.55
Alternanthera

tenella 1.54 3.06 8. 69 5.65
Parthenium

hysterophorus 1.50 3.00 7.92 5.55

Aver age 1.50 3.00 8.24 5.48
G4 SPECI ES

Al t er nant her a

pungens 1.52 3.54 8.89 5.84
Zea mays 1.40 3.38 7.97 5.46
Amaranthus viridls 1.40 3. 46 7.83 5.59

Aver age 1.44 3. 46 8.23 5.63




intermediate val ue of 3.0. The protein/chlorophyll ratios were

al so simlilar in all the three types of species (Table 3.1).

Enzynmes of photorespiration and photosynthesis

The activity-levels of GO catal ase, NADH-HPR and gl ycerate
kl nase in |eaves of the intermediates were 28 to 35% less than
those in C3 species (Table 3.2). The activities of photorespira-
tory enzymes in C« plants were only a fraction (<18%) of those in

C3 | eaves.

The reduction of photorespiratory enzynes was not drastic,
but the reduced levels were consistently recorded, during
replicated enzyme assays nmde on different days. The reduction was
not due to any endogenous inhibitors since either mxing of |eaf
extracts or cohomogenation of |eaves of pea and the C3-Ca
intermediates did not show any inhibition of expected activity

(Table 3. 3).

The activity-level of RuBPO was low in Partheniumbut this
may be due partly to an endogenous inhibitor as coextraction wth
Pisum sativum tissue recovered only 60% of the expected activity

(Table 3. 4).

The activities of Cs photosynthetic enzymes were several fold

hi gher in C« species conpared to those in C3 species. For e.g.,

PPDK was very active in Cs species, but was barely detectable in C3
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Table 3.2.

C3, C3-Ca intermediate and C4 species

Activity-levels of key photorespiratory enzymes in

Type/ Speci es G ycol ate Cat al ase NADH-hydroxy G ycerate
oxidase pyruvate ki nase
reductase
pumol mg~ Chl h
C3 SPECI ES
Alternanthera
sessiles 126 + 11 194 + 18 747 £71 97 + 9
Pisum satjvum 144 + 14 257 + 25 710 + 72 106 + 10
Aver age 135 226 729 102
C3-Ca | NTERVEDI ATES
Alternanthera
ficoides 95+9 171 + 18 507 +48 67 £ 6
Alternanthera
tenella 110 + 10 182 + 17 499 +43 69 +6
Parthenium
hysterophorus 80 = 7 126 = 11 560 53 61 + 5
Aver age 95 160 522 66
C4 SPECI ES
Al ternant hera
pungens 12 + 1 48 + 4 459 +41 19 + 1
Zea mays 18 + 1 27 +2 396+38 16+1
Aver age 15 38 408 18
. s -1 .-1

mmol mg h



Table 3.3. Glycolate oxidase and NADH-hydroxypyruvate reductase

activities in co-homogenized leaf extracts or mixed leaf extracts

of pea and C3C4 intermediate species

Speci es conbi nati on A ycol ate oxidase NADH-hydroxypyruvate
reduct ase
Expected Measured Expect ed Measur ed

umol mg™* chl h™

Cohomogenat ion

Pi sumsativum +
Al'ternanthera tenella 113 106 (94) 604 575 (95)

Pisum sativum +
A ficoides 108 104 (96) 608 566 (93)

Pi sumsativum *

Parthenium hystero-
phor us 118 115 (97) 635 610 (96)

M xed leaf extracts

Pi sumsat i vum+
Al ternanthera tenella 127 115 (91) 605 571 (94)

Pi sumsativum +
A ficoides 120 112 (93) 614 589 (96)

Pi sumsat ivum +
Par t heni umhyst er o-
phorus 112 99 (88) 635 608 (96)

Val ues in parentheses indicate'/. control.



Table 3.4. Activity-level of RuBP oxygenase in co-homogenized

leaf extracts or mixed leaf extracts of pea and Parthenium

hysterophorus
RuBPO activity (umol mg™' Chl h™?)
Expected Measured
Pisum sativum - 35.5
Parthenium hysterophorus - 4.3

Pi sSum sativum
*  Parthenium hysterophorus

(i) Co-homogenation 19.9 11.5 (58%)

(ii) Mixed after extraction 19.9 11.9 (e0%)

Val ues in parentheses indicate V. of control (i.e. expected

val ues).



speci es. The activity-levels of key C4 photosynthetic enzynes
(PEPC, PPDK and NAD-ME) were 2 to 7 fold higher in the C3-C4
intermedi ate species than those in C3 but were not as pronounced as
in C4 species. On the other hand, the level of carbonic anhydrase

inall the plant species was simlar (Table 3.5).

The activity-levels of photorespiratory aminotransferases,
namely glutamate-glyoxylate aminotransferase and serine-glyoxylate
aminotransf erase, were less (23 to 37%) in the internediates than
those in the C3 species. The activities of asp AT and ala AT were
slightly increased (60 to 130% over C3 species) in C3-C4 species of

Alternanthera and Parthenium (Table 3.6).

A histogram of the range of activity-levels of photorespira-
tory enzymes in the three photosynthetic groups is presented
Fig. 3.2), to enphasize the reduction in sone of these key enzynmes.
The actual values of these photorespiratory enzymes in each species

are given in Table 3.2.

The ratio of PGA- to P-glycolate phosphatase confirmed the
reduced photorespiratory enzymic capacity in the C3-Ca internediate
species. However, the ratios of PEPC/RuBPC and PEPC/RuBPO
indicated that the intermediates were sinmlar to the C3 species

(Table 3.7).
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Table 3.5. Activity-levels of key photosynthetic enzymes in C3,

C34 intermediate and C4 species

Type/ Speci es Carbonic , PEP carbo- PPDK NAD-malic
anhydr ase xyl ase enzyne
pmol mg™' Chl h"
C3 SPEQ ES
Alternanthera
sessiles 83+8 24 +2 2.+ 0.2 54+5
Pisumsativum 98+9 29+3 3+ 0.3 69 £ 6
Average 91 27 3 62
C3-C4 | NTERMEDI ATES
Alternanthera
ficoides 7% £ 17 T1+7 19 &+ 2 109+9
Alternanthera
tenella 83+8 T1+7 29+3 144+10
Parthenium
hysterophorus§d t 8 55 +5 13+ 2 70+6
Aver age 80 66 20 108
C4 SPEC ES
Alternanthera
pungens 86 + 8 702 + 70 294 + 29 293 + 17
Amaranthus
hypochondriacus 85+8 908 + 81 285 = 27 241 t 23
Zea mays 83 + 8 348+34 110 + 11 ND*
Aver age 85 653 345 267

mmol mg~ Chl h

ND: not determined.



Table 3.6. Activity-levels of aminotransferases in C3, C3-C4

intermedi ate and Cs species

Type/ Speci es GGAT SGAT Asp- AT Ala-AT
pmol mg Chl h
C3 SPECI ES
Alternanthera
sessl | es 58 + 5 64+6 170 + 16 121 + 12
Pisum sativum 40 + 4 55 £ 5 164 = 16 145 = 14
Aver age 49 60 167 133
C3-C4 | NTERMEDI ATES
Al t ernant hera
ficoides 29 £ 2 47 £ 4 204 + 19 314 + 31
Al ternant hera
tenella 34 £ 3 41+4 238 * 21 336 * 32
Parthenium
hysterophorus 31+3 49 + 4 333 + 32 279 + 25
Aver age 31 46 258 310
C4 SPECI ES
Al t ernant hera
pungens 23+2 9 + 0.6 1213 + 95 1012 = 90
Amaranthus
hypochondriacus 19 = 1 7+0.5 1420 + 99 1160 + 90
Aver age 21 8 1317 1086

GGAT - glutamate-glyoxylate aminotransferase; SCAT -

serine-gl yoxyl ate aminotransferase; Asp-AT - aspartate

aminotransferase; A a-AT - al ani ne am not ransf erase.
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Fig. 3.2. The averaged activities of four photorespiratory enzynes,
gl ycol ate oxi dase, catal ase, NADH hydroxypyruvate reductase and
glycerate kinase in C3, C3-C4 internediate and Ci species. The

speci es examned were two C3 (Alternanthera sessiles, Pisum sativum),
three C3-CG4 internedi ates (Alternanthera ficoides, A tenella,
Parthenium hysterophorus) andthree Cs [ Al ternantherapungens,
Amaranthus hypochondriacus, Zea mays). The figures on each bar
indicate the range of activities for each photosynthetic type.

The activity of catalase is represented in mmol mg Chl h



Table 3.7. Ratios of photosynthetic and phot orespiratory

enzynes in C3, C3-C4 intermediate and C4 species

Type/ Speci es PEPC/RuBPC” PEPC/RuBPO  RuBPC/RuBPO PGAP/ PGP
C3 SPEA ES
Alternanthera
sessiles 0.07 0.54 11.2 0.28
Pisum sativum 0.05 1.12 15. 6 0.22
Aver age 0.06 0.83 13. 4 0.25
C3-C4 | NTERMEDI ATES
Alternanthera
ficoides 0.20 3.0 15.7 0. 62
Al t er nant hera
tenella 0.18 31 15.5 0. 58
Parthenium
hysterophorus 0.15 3.2 15.9 0. 66
Aver age 0.18 31 15.7 0.62
G4 SPEC ES
Al t er nant hera
pungens 2.90 58.5 20.2 1.7
Zea mays 4.24 71.0 16. 4 2.3
Aver age 3.57 64.8 18.3 2.0

.PGP - phosphoglycolate phosphatase;

PGAP - phosphoglycerate

phosphat ase; PEPC - phosphoenolpyuvate carboxyl ase; RuBPC -

ribulose- 1,5-bisphosphate carboxyl ase; RuBPO - ribulose-1,5-

bi sphosphat e oxygenase.



Di scussi on

This is the first study of a profile of several enzymes
invol ved In photorespiratory carbon/amino acid metabolism in the
three C3-C4 internediate species of Alternanthera and Parthenium,
whi ch have been identified as C3-C4 internedi ates based on their
low I' values and partial kranz anatony (Rajendrudu and Das 1981,

Rajendrudu et al. 1986, Moore et al, 1987a).

A partial 'Kranz' anatony occured in the internediates of
Al ternanthera (Rajendrudu et al. 1986 and Fig. 3.1 C,D) and
Parthenl um (Mbore et al. 1987 and Fig. 3.1 E). Such partial
differentiation of mesophyll and bundl e sheath cells in
Intermediates may result in inconplete compartmentation of
phot osynthetlc and photorespiratory enzymes (Edwards and Ku 1987,
Brown and Hattersley 1989, Rawsthorne 1992). I nterveinal distances
and the number of plasmodesmata were also found to be internediate
in some C3-C4 intermedi ates (Kanai and Kashiwagi 1975, Morgan and
Brown 1979, Brown et al. 1983a, Monson et al. 1984, Rawsthorne
1992). However, the leaf anatony of the internediates is not
strictly correlated to their photosynthetic characteristics (Mnson
et al. 1986, Edwards and Ku 1987). The devel opnent of a partial
Kranz anatony in the intermediates may formonly an initial stage
during the evolution of Caphotosynthesis (Brown and Hattersley

1989, Monson and Moore 1989, Raghavendra and Das 1993).
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The ampbunt of chlorophyll and protein was simlar 1in all the
species, whereas the Chl a/b ratio increased progressively from C3
to C3-C4 and Ca species (Table 3.1). In C3 plants the |ight
harvesting chlorophyll of PS I contains nostly Chl a and the Iight
harvesting chlorophyll of PS Il is expected to contain both Chl a
and b (Kuet al. 1991). The higher ratios of Chl a/b reflects the

hi gher energy requirenents of Ca plants.

At least four enzymes of the photorespiratory metabolism
viz. , glycol ate oxidase, catal ase, NADH hydroxypyruvate reductase,
and glycerate kinase, were significantly reduced (28 to 35%) in the
| eaves of these intermediates (Table 3.2). The levels of two
aminotransferases (GGAT and SGAT) related to photorespiration also -
were partly reduced in the internmediates (Table 3.6). Thus, our
results strongly suggest that there is a partial reduction in
photorespiratory enzymic capacity of the C3-C4 internediate species

of Alternanthera and Parthenium.

Anot her indication of decreased photorespiratory enzym c
capacity is the ratio of PGA-/P-glycol ate phosphatase activities.
This ratio is about 2-4 in Ca plants, but 1s less than one in C3
species indicating that the netabolism of phosphoglycerate is far
nmore active than that of P-glycolate in |eaves of C4 plants
(Randall et al. 1971). The ratios of PGA- to P-glycolate
phosphatase (Table 3.7) suggest a decreased potential of
met abol i zi ng phosphogl ycol ate in C3-C4 internediates. These

observations appear to be simlar to the limtation in
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photorespiratory turnover of glycine was associated with C3-S«

Intermediacy in Moricandia arvensis (Kumar and Abrol 1990).

The reduction observed in the activity-levels of
photorespiratory enzymes (glycolate oxi dase, hydroxypyruvate
reductase) in these internediate species was not due to any
endogenous inhibitors since either coextraction or mxing of
extracts had above 90/. of the expected activity (Table 3.3).

However the reduced activity-level of RuBPO observed for Parthenium
hysterophoruscould be due partly to some endogenous interference
since these experinments recovered only 60% of the expected activity

(Table 3. 4).

Qur data may not be able to explain readily the gas exchange
phenotype of internediates and their ability to grow in normal air.
Mut ants deficient in photorespiratory enzynes (Qdiver and Kim 1990,
Lea and Blackwell 1990, Somerville 1986) can not grow in air but
survive in elevated COz2. Therefore, the reduction in photorespira-
tory metabolismis nornally detrinmental to plants. The reasons for
the ability of the intermediates of Alternanthera and Parthenium to

survive in air are not clear, at present.

Qur observation that the |eaves of C3-C4 internediates have
slightly higher activities of at least three C4 enzymes: PEPC, PPDK
and NAD-ME than C3 species (Table 3.5), is at variance with those
of Rajendrudu et al. (1986) and Moore et al. (1987a), who have
reported low activities of Cs enzymes in Alternanthera and

Parthenium respectively. These enzyme activities could vary due
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to several factors including growth conditions, but we are sure of
the high levels of C4 cycle enzynmes 1in these intermediates in view
of our sufficiently replicated assays. Incidentally, no indication
of variability i1s given in the earlier reports (Rajendruduet al.
1986, Moore et al. 1987a). However, we doubt the operation of a
typical Ca pathway in our internediates, since the ratios of
PEPC/RuBPC in |eaves of A. tenella, A ficoides and P.
hysterophorusare close to those of C3 species (Table 3.7).
Simlarly, the leaves of P. hysterophorusdid not incorporate nuch
of C into C4 acids during short-term labelling experinents (More

et al. 1987a).

In C4 plants, the T value does not change even at |ow |ight
intensity, while a marked increase in T under low light intensities
Is expected in C3-C4 internedi ate species having a |ight dependent
C02 refixation nmechanism (Monson et al. 1984). However, the
decrease in I' of Alternanthera internediates under |ow [ight
(Raj endrudu et al. 1986) was not as drastic as that of C3-C4
intermedi ates of Panicum (Brown and Morgan, 1980). W wish to cite
this an additional evidence for non-significance of C4 pathway in

our intermediates of Alternanthera and Parthenium.

The extent of increase in activity-levels of photosynthetic
enzynmes |ike PEPC, PPDK and NADP-ME over C3 plants varies anong the
intermediates. The enhanced activity levels of these photosynthe-
tic enzymes correlate with the pattern of “CIabeIIing during

short-term 4oz fixation (Monson et al. 1986, Moore et al. 1987b,
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Chastin and Chollet 1989) and also conformto the quantitative
Increases in the PEPC protein levels (Kuet al. 1991). This
increase in activity or protein levels of Ca enzymes tends to
correlate with the devel opnent of kranz anatony (Ku et al. 1983,
Hol aday et al. 1984). The increased activity-levels of PEPC in
these intermediates may help in the refixation of photorespired C02
(Bauwe and Chol | et 1986, Hol aday et al. 1981, Devi and Raghavendra

1992a, 1993a), without the involvenent of typical C4 pathway.

In Moricandia arvensis, the reduced photorespiration is due
to the predom nant |ocalization of glycine decarboxylase and serine
hydroxymethyltransferase in bundle sheath cells, leading to an
efficient recycling of photorespiratory CO2 (Rawsthorne et al.
1988a). COQur attenpts to separate mesophyll and bundl e sheath
tissues from leaves of A. ficoides and Parthenium hysterophorus
have not been successful. However, studies on nesophyll and bundle
sheath tissues of A tenella did not reveal any clear intercellular
distribution of photosynthetic enzynmes (Chapter 8 of this Thesis).
Neverthel ess, we wish to draw an attention to the significant
reduction in photorespiratory enzymic capacity, along with a small
increase in PEP carboxylase/NAD-ME system in the internediates of

Alternanthera and Partheni um

Based on the differential |ocalization of photorespiratory
enzynes Rawsthorne (1992) proposed a nodel for photorespiratory
mechani sm §n C3-C4 internediates. According to this nodel, the

mesophyl |l cells have the ability to produce glycine but lack the
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capacity to decarboxylate it. Therefore glycine will be
transported to the bundle sheath cells and further metabolismwll
occur in these cells. The CO2 released during glycine decarboxyl a-
tion will be refixed within the bundle sheath cells reducing the
extent of photorespiratory CO2 |oss. Serine or its product is

transported back to mesophyll cells for further metabolism.

We do not know the exact mechanism which results in partial
reduction of enzyme activities in |eaves of C3-C4 internediates.
Recently a gradation in the level of NADP-ME transcripts has been
noticed anong different photosynthetic types (Rajeevan et al.
1991). The abundance of NADP-ME transcripts was less in C3
Flaveria pringlei, more in C4 F. trinervia, but internmediate in
C3-C4 F. linear is (Rajeevan et al. 1991). The expression of NADP-
ME in leaves could thus be regulated, at least in part, by the
abundance of transcripts and the expression of genes rather than
differences in primary structure or activation state of the enzyne.
The partial reduction in photorespiratory enzynes in our
intermedi ates can therefore be due partly to reduced abundance of
enzyme transcripts or decreased gene expression. Further work is

necessary to confirm the exact phenonmenon.

The reduction in photorespiration in C3-C4 internediates is
proposed to be due to either an efficient refixation of
photorespired CO2, supported by either anatomi cal features or the
operation of a limted (or near conplete) C4 cycle (Edwards and Ku

1987, Monson 1989a, Mnson and Moore 1989, Rawsthorne 1992,
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Raghavendra and Das, 1993). Based on this criterion, the C3-C4
intermedi ates were classified into two categories: the first group
with an operational C4 cycle (e.g. Flaveria brownii) and the second
wi thout a Ca pathway (e.g. Moricandia arvensis). However ,

Rawst horne (1992) proposed that the confinement of glycine

decar boxyl ase and an enrichnent of mitochondria in bundle sheath
cells forms the physiological base of all C3-C4 internmediates. W
suggest a partial reduction in enzymic capacity could be an
additional factor for the reduction in the photorespiratory pathway

at least in the internmediates of Alternanthera and Parthenium.
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Chapter 4

PHOTORESPIRATORY METABOLITES (AMMONIA, GLYCOLATE AND
GLYOXYLATE) IN LEAF DISCS AND THEIR RESPONSE TO
EXTERNAL BICARBONATE

I ntroduction

During photorespiration, ammonia is forned from glycine by
decar boxyl ation in mitochondria (Qiver 1981, diver et al. 1990).
Photorespiratory ammonia (PR-NH3) is an inportant conponent during
not only photosynthesis and photorespiration but also nitrogen
nmet abol i smof C3 plants (Keys et al. 1978, Oiver 1981, Miflin and
Lea 1980, 1982, Singh et al. 1985, Gvan et al. 1988, Lea et al.

1990, Lea and Bl ackwell 1992, Sechley et al. 1992).

PR-NH3 is reassimilated in vivo via mainly the GS- GOGAT
pat hway (Keys et al. 1978). Methionine sulfoximine (MSO) is an
irreversible inhibitor of glutamine synthetase (EC 6.3.1.2), the
enzyme that catalyzes the primary incorporation of NH3 into amino
acids. Addition of MSO results in an increase in NH3 particularly
in leaves of C3 plants, such accunulation being a reflection of
PR-NH3 (Platt and Rand 1982, Berger and Fock 1983, Martin et al.

1983, Ikeda et al 1984, Rhodes et al. 1986, Magal haes and Huber

1991, Sechley et al. 1992).
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The extent of NH3 accunulation in the presence of MSO is two
to three-fold higher in C3 than in Ca leaves (Martin et al. 1983).
Phosphinothricin (gl ufosinate). another irreversible inhibitor of
GS, also causes the accunul ation of ammnia in several C3 and Cs
plants (Lacuesta et al. 1989, Wendler et al. 1990, 1992, Shelp et

al 1992).

G ycolate and glyoxylate are inportant internediates of
photorespiration (Zelltch 1979, Lorimer and Andrews 1981, Canvin
1990) . I nhibitors of glycolate oxidase (EC 1.1.3.1) I|ike
a-hydroxypyridinemethane sul fonate (a-HPMS), butyl 2-hydroxy-3-
butynoate (BHB) are used to neasure the levels of photorespiratory
glycolate (Salinand Homann 1973, Zelltch 1973, 1979, 1988,
Servaites and Ogren 1977, Doravari and Canvin 1980, Cho et al.
1983). Glycidate is an inhibitor of glutamate-glyoxylate aminotsea-

{ansferase (EC 2.6.1.4) and can be used for determ ning PR-glyoxylate
(Lawyer and Zelitch 1978, Zelitch 1978, 1979). dycidate also

increases the glutamate pool (Zelltch 1978).

Direct estimates of photorespiratory nmetabolites in C3-C4
internediates are very few (cf. Holbrook et al. 1985, Kuet al.
1991), since nost of the studies have been made on photosynthetic
carbon netabolism We exanmined the extent of the accurnul ation of
phot orespiratory anmoni a, glycolate and glyoxylate in leaf discs of
C3-Cs intermediates of Alternanthera ficoides, Alternanthera

tenella and Parthenifumhysterophorus and conpared these results
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with those from C3 (A sessiles, Pisumsativum) and Cs (A. pungens,
Amaranthus hypochondriacus, Zea mays) species. Qur findings
indicate a reduction in the formation of photorespiratory ammonia
and pools of glycolate and glyoxylate in |eaves of C3-C4
internediates of Alternanthera and Parthenium. W also report a
mar ked nodul ati on of these nmetabolites in leaf discs by external

bi carbonate or glycine.

Resul ts

Phot orespiratory ammonia accunul ation

A steady increase In PR-NH3 occurred upon illum nation of
leaf discs for up to 90-120 min, but there was no such increase
when | eaves were kept in darkness (Fig. 4.1). The cal cul ation of
PR-NH3 is shown in Table 4.1. Accunulation of PR NH3 was nmaximum
in Pisum sativum and Alternanthera sessiles (C3), low in A pungens
(¢4) and noderate in A. ficoides (C3~Ca internediate). The average
rates of PR-NH3 accunul ation, estimted using MSO and either INH or
a-HPMS, were reduced in the C3-C4 internediates by 23-30% (Table
4.2 and 4.3), conpared to C3 species, while PR-NH3 in C4 plants was

further |owered (s42%of that in C3).

Effect of external bicarbonate and glycine on PR-ammoni a
The presence of bicarbonate in the incubation nedium reduced
the formation of PR-NH3 in pea leaf discs. The inhibitiory effect

of bicarbonate on PR-NH3 accumul ation was saturated at 5 mM (Fig.
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Table 4.1. An illustration of photorespiratory ammoni a (PR NH3)
in leaf discs of Pisum sativum (C3 species) deternined in

presence of INH or «a-HPMS

Par arret er/
Test conbi nati on Amoni a
umol mg Chl h"

1. \Vater 3.1

2. M5O (2.5 mM) 7.2

3. INH (35 nmV) 2.3

4, a-HPMB (20 V) 17

5. MBO + INH 4.6

6. MO + a-HPVB 3.5

7. PR-NH3 (INH-dependent)
(Row 2 - Row 5) 2.6

8. PR NH3 (a- HPM5- dependent)

(Rw 2 - Row 6) 3.7
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Tabl e 4.2. Effect of bicarbonate (5 mM) and glycine (15 mM) on
accunul ati on of PR-NH3 (neasured in presence of 35 niM INH) in
C3, Ca and C3-C4 internedi ate species. The cal cul ations of

PR-NH3 were done as per Table 4.1

Speci es Phot orespiratory ammoni a

Wat er Bi car bonat e G ycine

umol mg Chl n?
C3 SPECI ES

Al ternant hera
sessil es 2.3 + 01 1.0 + 0.03 (44)* 40t 0.4 (174)*

+

Pisum sativum 28 + 0.2 12+ 0.05 (43 42 % 0.4 (150)
Aver age 2.6 11 (44) 4.1 (162)
C3-Ca | NTERMEDI ATES

Alternanthera
ficoides 2.0 + 0.1 1.2

I+

0.06 (60) 4.1 + 0.4 (205)

Al ternant hera
tenella 19 + 01 11

I+

0.05 (58) 4.2 + 0.3 (221)

Parthenium
hysterophorus 2.0+0.1 1.3+0.07 (65 3.9 = 0.4 (195)

Aver age 2.0 1.2 (61) 4.1 (207)
Ca SPECI ES

Al ternant hera
pungens 1.1 + 0.1 1.0 + 0.05 (91) 3.4+0.3 (309

Amaranthus
hypochondriacus 1.1+0.1 1.0 + 0.03 (91) 3.3+0.3 (300)

Zea mays 1.1+0.1 1.0 + 0.04 (91) 3.4 £ 0.4 (309

Aver age 11 1.0 (91) 3.4 (306)

Val ues in parentheses indicate the effect of test conpounds as

"/. control (i.e. water taken as 100%).



Table 4.3. Effect of bicarbonate on «a-HPMS (20 mM) dependent
PR-NH3 accunul ation in C3, C4 and C3-C4 internediate species.

The cal cul ations of PR-NH3 were done as per Table 4.1

Speci es Phot orespiratory ammonia inhibition
by bicarbc
Wat er Bi carbonate nate
umol mg Chl h .
C3 SPECI ES
Al ternanthera sessiles 3.1 £+ 0.3 1.6 0.1 48
Pisum sativum 3.4 + 0.2 1.8 £ 0.2 47
Aver age 3.3 1.7 48

C3- C4 | NTERMEDI ATES
Al ternanthera ficoides 2.3 £+ 0.2 1.5+0.2 35
Al ternanthera tenella 2.3+0.2 1.4 + 0.1 39

Parthenium hystero-

phorus 2.2+0.2 1.5+0.2 32

Aver age 2.3 1.5 35
C4 SPECI ES
Al ternanthera pungens 1.1+0.1 11 =01 0
Amaranthus hypochon-

driacus 1.1+0.1 1.1+0.1 0
Zea nays 1.2+0.1 1.2+0.1 0

Aver age 1.1 1.1 o




4.2). The level of PR-NH3 accumulation (nmeasured with MSO and
either a~HPMS or INH) was narkedly inhibited by 5 mM bicarbonate in
not only C3 but also C3-C4 internediate species (Tables 4.2 and
4.3). However, the nagnitude of inhibition by bicarbonate of
PR-NH3 formation was less in C3-C4 internediate species (about 40%
decrease over control) than that in C3 species (nearly 55%). The
ef fect of bicarbonate on PR-NH3 was al nost negligible (<6%

decrease) in C4 species.

Glycine enhanced ammonia accumulation in all the species
examned (Table 4.2). Such stinulation by glyclne was maxi num
(>200%) in C4 species, lowin C3 plants (about 60°/.) and intermne-

diate in C3-C4 internediates (nearly 1009%.

Photorespiratory glycolate and glyoxylate

The levels of photorespiratory glycolate increased steadily
with fllumination up to 60 min in C3 (Pisum sativum, Alternanthera
sessiles) or C3-Ca intermediates {Alternanthera ficoides). Very
little glycolate accunulated in leaf discs of A pungens, a C4
speci es. In darkness the glycolate levels remined at a low |evel

in P. sativum a C3 species (Fig. 4.3).

The increase in glycolate due to a-HPMS is considered to

determine the PR-glycolate (Table 4.4). The levels of PR-glycolate

were very high in C3 species, reduced by about 30% in C3-Ca
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Table 4.4. Determination of photorespiratory glycolate or
glyoxylate in leaf discs of Pisum sativum, a C3 plant. The
| eaf discs were incubated in either water or 5 mM bi carbonate

along with or without inhibitors («-HPMS or gl ycidate)

Medi um of incubation gl ycol at e/ gl yoxyl ate

pgmol mg Chl h™

Experiment 1 :
1. Wwater 6.9
2. a-HM5 (10 mM) 45.5
3. PR-glycolate

(Fow 2 - Row 1) 38.6
4. Bicarbonate (5 mM) 3.5

5. Bicarbonate (5 mM) +
a-HPMS (10 MV 18.7

6. PR glycolate in presence of bicarbonate
(Row 5 - Row 4) 15.2

Experiment 2 :

1. Vater 7.9
2. Qycidate (20 nV 11.8
3. PR-glyoxylate

(Row 2 - Row 1) 3.9
4. Bicarbonate (5 mM) 7.4

5. Bicarbonate (5 nmy) +
glycidate (20 mM) 9.5

6. PR glyoxylate in presence of bicarbonate
(Fw 5 - Row 4) 2.1
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intermediates, and was very low in Cs species (only about 10% of

that in C3 species, Table 4.5).

Simlarly PR-glyoxylate was determined in leaf discs by
using glycidate in (Table 4.4). The levels of glyoxylate were only
a fraction (about 10% of glycolate. PR-glyoxylate levels in
| eaves of C3-C4 internmediates were markedly reduced (nearly 30%
less than those in C3 plants). The glyoxylate content in |eaves of
C4 species was very low and was |ess than 10% of that in C3 species

(Table 4.6).

Ef fect of external bicarbonate on levels of glycolate and
glyoxylate

Simlar to PR-NH3, the levels of PR-glycolate and gl yoxyl ate
in C3 (Pisum sativum, Alternanthera sessiles) and C3-C4 internedi-
ate (A. ficoides, A. tenella and Parthenium hysterophorus) species
wer e decreased on incubation with 5 mM bicarbonate (Tables 4.5 and

4.6). However, no such inhibition was observed in C4 species.

Glycine decarboxylat ion

The activity-levels of two (mitochondrial) enzynmes invol ved
in glycine decarboxylation, namely glycine decarboxylase (GDC) and
serine hydroxymethyltransferase (SHMT), were partially reduced (75%
of the levels in C3 plants) in C3-C4 internediate species but were

very low (<30%of C3) in C4 plants (Table 4.7).
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Table 4.5. G ycolate accunulation in leaf discs of C3-, C4- and
C3-Cs intermediates. The leaf discs were incubated in either
water or 5 mM bicarbonate along with or without 10 mM a-HPMS.

PR-glycolate was calculated as indicated in Table 4.4

Photosynthetlic PR-glycolate I nhi bition by
type/ Speci es bicarbonate
Wat er Bi car bonat e
umol mg Chl h %
C3 SPECI ES
Alternanthera 33.1 12.0 64
sessiles +3.0 +1.3
Pisum sativum 38.8 15.1 61
+ 3.4 + 0.9
Aver age 36.0 13.5 63

C3-C4 | NTERMEDI ATES

Al ternant hera 23.8 14.1 41
ficoides 2.1 t1.1
Al ternant hera 26.5 14.5 45
tenella + 2.4 + 1.2
Parthenium 27.6 13.7 50
hysterophorus t2.1 t1.1
Aver age 26.0 14.1 45
C4 SPECI ES
Al ternant hera 4.0 4.0 0
pungens +0.3 +0. 4
Amaranthus hypo- 4.0 3.9 2
chondriacus +0. 4 +0. 3
Aver age 4.0 1




Table 4.6. dyoxylate accumulation in leaf discs of C3-, Ca-
and C3-G4 internediates. The leaf discs were incubated either
inwater or 5 mM bicarbonate along with or wthout 20 mM

glycidate. PR-glyxoylate was cal cul ated as indicated

in Tabl e 4. 4.
Photosynthetic PR-glyoxylate I nhibition by
type/ Speci es bicarbonate
\ét er Bi car bonat e
umol mg~ Chl h” %
C3 SPEA ES
Al t er nant hera 4.2 19 55
sessiles +0. 4 +0.1
Pisum sativum 4.8 1.9 60
+ 0.5 i 0.2
Aver age 4.5 58
C3-CG4 | NTERMEDI ATES
Al t er nant hera 31 1.7 45
ficoides +0. 2 +0.1
Al t er nant hera 3.6 18 50
tenella t 0.3 + 0.2
Parthenium 2.7 1.6 40
hysterophorus +0. 3 +0. 2
Aver age 3.1 1.7 45
G4 SPEC ES
Al t er nant hera 0.36 0.36 0
pungens +0. 04 0.03
Amaranthus
hypochon- 0.37 0.37 0
driacus +0. 03 0.04

Aver age 0.37 0.37 0




Table 4.7. Activity-levels of mitochondrial gl ycl ne
decar boxyl ase and serlne hydroxymethyl transferase in C3, Ca

and C3-C4 intermedliate species

Speci es G ycine Serine hydroxy-
decarboxylase methyltransferase

pmol mg protein h"

C3 SPECI ES
Alternanthera sessil es 3.74 + 0.21 64 + 4.6
Pisum sativum 4.13 + 0.28 71 * 6.7
Aver age 3.94 68

C3-C4 | NTERMEDI ATES

Al ternanthera tenella 2.78 = 0.19 48 t 4.4
Al ternanthera ficoides 291 + 0.21 52 + 4.6
Partheniumhysterophorus 3.05 % 0.26 55 + 4.9
Aver age 2.91 52
C4 SPECI ES
Al ternant hera pungens 0.98 = 0.05 19 £ 11
Amaranthus hypo-
chondriacus 0. 93+0. 56 18 + 1.2
Zea mays 0. 99+0. 06 24+2. 1

Aver age 0. 97 20




The rates of C02 evolution from [1- Clglycine in darkness
were low In Cs leaf discs, intermediate in C3-C4 internediate
speci es and higher in C3 species (Table 4.8). However, the rates
of glycine decarboxylation in the light by Ca species were only a
fraction (s 2%) of those in C3 species, while the rates in C3-C4
internedi ates were about 20% of those in C3 species. Evi dently,
the extent of refixation of CO2 evolved from C-glycine in the
light was very high in Ca, low in C3 but quite considerable in

C3-C4 internedi ates.

Di scussi on

Phot orespiration occurs only in the light when phospho-
glycolate, the substrate for photorespiration, is formed (Lorimer
and Andrews 1981, Ogren and Chollet 1982, Ogren 1984, Husic et al.
1987, G van et al. 1988, Sharkey 1988). Accordingly, PR-NH3 and
gl ycol ate accunul ated during illumnation of leaf discs (Fig. 4.1
and 4.3), denpnstrating the dependence of photorespiratory NH3 and
gl ycol ate on photosynthetic netabolism On the other hand accunul a-
tion of PR-ammonia and glycolate in the dark was essentially
negligible due to the absence of photorespiration. The | owered
levels of PR-NH3 accunulation in the C3-C4 internediates (Tables
4.2 and 4.3) suggest that photorespiratory netabolismis signifi-
cantly reduced in these species. Earlier reports suggested a
reduction in PR-NH3 netabolism in C3-C4 internediates of Moricandia

arvensi s and Partheniumhysterophorus (Kumar and Abrol 1989, 1990).
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Tabl e 4.8. Decarboxylation of [1- Clglycine in dark or |ight
and apparent refixation by leaf discs of C3, Cs and C3-Cs

intermediate species

Speci es d ycl ne decarboxyl ati on Appar ent
refixation
Dar k Li ght Dar k/
Li ght
umol “COZ mg™! chl h7? (%)
C3 SPEA ES
Al ternant hera
sessliles 5.88 + 0.46 293 + 0.18 2.0 50
Pisum sativum 4.97+0. 43 2.62+0. 16 19 47
Aver age 2.0 49
C3-C4 | NTERVEDI ATES
Al ternant hera
tenella 4,12 + 0.26 0.65 + 0.02 6.3 84
Al t ernant hera
ficoldes 4.41 + 0.27 0.49 £ 0.03 9.0 89
Parthenium
hysterophorus 401 + 0.19 0.55 + 0.02 7.3 86
Aver age 7.5 86
Cs SPECI ES
Alternanthera
pungens 2.78 + 0.22 0.05 + 0.01 56 98
Amaranthus
hypochondriacus 2.64+0. 25 0.04+0.01 66 99
Zea mays 2.54 + 0.18 0.04 + 0.01 64 98
Average 62 98

"/ . of photoresplratory Q2 refixed inlight.



The decrease in the formation of photorespiratory ammoni a,
glycolate and gl yoxylate on incubation of leaf discs in 5 mM
bi carbonate (Tables 4.2, 4.3, 4.5 and 4.6) reflects the Inhibitory
effect of CO2 on photorespiration. The primary reaction of photo-
respiration is the oxygenase activity of Rubisco, which is nodul a-
ted by the availability of CO2 versus 02 (Lorimer 1981, Ogren 1984,
Woodrow and Berry 1988). An increase in the CO2 concentration is
expected to increase carboxylase activity, while reducing the
oxygenation and thereby photorespiratory netabolism (Reviews: Bowes
1991, 1993, Long 1991). However exogenous bicarbonate did not
conpletely inhibit photorespiratory ammonia accunul ation, even in
C3 plants. The reason for this is not clear, but could be due
partly to photosynthetic 02 evolution in light. The reduced
sensitivity of photorespiratory netabolites to bicarbonate is an
indication of efficient CO2 recycling/concentration in the C3-Ca
i nternedi at es. Bi carbonate had no effect on the accunul ation of
photorespiratory netabolites in C4 plants (Tables 4.1, 4.2, 4.5,
and 4.6), presumably due to their highly efficient CO2 concentra-

ting mechani sm (Hatch 1987).

Phot orespiratory carbon nmetabolism in |eaves of higher
plants involves the coordinated functioning of three organelles
(viz., chloroplast, peroxisome and mitochondrion) and is closely
related to the C3 photosynthetic carbon reduction cycle
(Schnarrenberger and Fock 1976, Zelltch 1979, Ogren and Chol | et

1982, Ogren 1984, Sharkey 1988, Canvin 1990, Sechley et al. 1992).
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Therefore, the reduction in photorespiration of C3-C4 internediates
could be due to a limtation in any of the steps/reactions. Dat a
presented in Chapter 3 (of this Thesis) indicated a partial
reduction in levels of key photorespiratory enzymes in
intermediates of Alternantheraand Parthenium (Devi and Raghavendra
1993a). The present results reveal that the C3-C4 internediates
have a reduced capacity of not only production but also decarboxy-
lation of glycine (Table 4.8). This may be due in part to the
reduction in related enzymes (Table 4.7). The studies of Kumar

and Abrol (1990) and Ku et al. (1991) also indicated a reduction in
the activity-levels of GDC and SHMI in C3-C4 intermediates of

Moricandia and Flaveria, respectively.

The decarboxyl ation of glycine constitutes a mmjor source of
NH3 during photorespiration in soybean (Qiver 1981), barley (Lea
et al. 1990) and mmi ze |eaves (Berger and Fock 1983). The enhance-
ment of NH3 accurul ati on by exogenous glycine was earlier observed
in C3 (mungbean, Kunar et al. 1984) and Ca species (nmize, Berger
and Fock 1983; Amaranthus, Kumar et al. 1984). The enhancenent of
amoni a accunul ati on by glycine in not only C4 species but also in
the intermediates (Table 4.3) suggests that another reason for
reduced photorespiration in these plants is a narked linmtation in

glycine production.

The reduced apparent photorespiration in Mricandia

arvensis, a C3-C4 internediate, has been attributed to nostly the
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exclusive confinenment of GDC in bundle sheath cells (Rawsthorne et
al . 1988a, Rawsthorne 1992, Morgan et al. 1992, 1993).

Neverthel ess, there are reports of reduced turnover (synthesis and
met abol i sm) of glyclne in Parthenium hysterophorus and Moricandia

arvensis (Kumar and Abrol 1989, 1990).

To our know edge this is the first report on the estimation
of glycolate and gl yoxylate in |eaves of C3-Ca internediates and
their nodul ati on by external bicarbonate. G ycol ate and gl yoxyl ate
neasurements were occasionally made in leaves of C3 plants (Salin
and Homann 1973, Zelitch 1973, 1978, 1979, Lawyer and Zelitch 1978,
Creach and Stewart 1982) and such attenpts in Ca |eaves are very

few (Zelitch 1973).

Low | evels of photorespiratory netabolites and reduced
response to a-HPMS and glycidate reflect the reduced photorespira-
tion in C3-C4 internmediates. Variation in glycolate and gl yoxylate
accumul ation correlate with the variation in the extent of
photorespiration in these three photosynthetic types. G ycol ate
levels are reported to be high in C3 species such as tobacco but
are very low in C4 species like maize (Zelitch 1973). Reduced
Incorporation of CO2 into glycolate, conmpared to C3 species, has
been noticed in C3-C4 intermediates of Panicum milioides (Servaites
et al. 1978) and Partheni um hysterophorus (More et al. 1987a).
CQur estimates of glycolate in C3 and Ca species are sinmilar to the

earlier reports {Salin and Homann 1973, Zelitch 1973).
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The decrease in C02 evolution from exogenous glycine in the
light is interpreted to be due to the internal refixation of
rel eased CO2 by photosynthesis. Therefore, the ratio of glycine
decarboxylation in dark to light provides an apparent neasure of
the extent of recycling of photorespiratory COz (Hol brook et al.
1985, Kumar and Abrol 1990). This ratio in C3-C4 intermediates is
nearly four times greater than that in C3 species, indicating a
significant refixation of CO2 in vivo. In C4 species, the ratio is
very high (Table 4.8) due to the efficient carbon fixation

nmechani sm of Ca4 photosynthesis.

We suggest that the reduced photorespiration in C3-C4
internedi ates of Alternanthera and Partheniumis due both to a
decrease in glycine formation/decarboxylation and an increase in
the capacity for internal refixation of photorespired CO2 in the
light. Significant |evels of PEP carboxylase in |eaves of these
internedi ates (Devi and Raghavendra 1993a) may |lead to enhanced CO2
refixation and subsequent recycling through NAD-ME and Rubi sco.

The reduced sensitivity of PR netabolites to exogenous bicarbonate
is an indication of an efficient CQ recycling mechanismin these

C3-C4 internedi ates.
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Chapter 5



Chapter 5

CHARACTERISTICS OF PHOTOSYNTHESIS AND RESPIRATION

PART |

STANDARDIZATION OF MEASURING O, EXCHANGE BY LEAF DISCS

I ntroduction

In the present study we used a leaf disc oxygen el ectrode
for monitoring photosynthetic and respiratory O, exchange in |eaf
discs (20 mm area) of our experinental plants. The detail ed
description of the apparatus "Leaf Disc Electrode" and its
functioning are given el sewhere (Delieu and Wal ker 1981, Wal ker

and Osnmond 1986, Wal ker 1988, 1990).

Initially we standardi zed the use of leaf disc electrode in
order to optimze the conditions to nmeasure photosynthetic Q2
evolution rates by small |eaf discs. This was necessary as the
| eaves of some of our test plants (e.g. Al ternanthera pungens) were
too small to allow the use of a single large disc (to occupy the
entire chamber). Experinents were therefore designed to assess the
nunmber and orientation of leaf discs to be used on the capillary
mat, buffering capacity of bicarbonate buffer, necessity of

carboni c anhydrase and the effect of infiltration of l|eaf discs.
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Resul ts

The rate of 02 evolution was dependent on the arrangement of
| eaf discs on the capillary mat. Maxi mum rate of 02 evolution was
achi eved when leaf discs were arranged in two concentric circles of
6 (inner circle) and 12 (outer circle). The rate of photosynthetic
02 evolution was nore when small circular discs were used than that

by irregularly sized pieces covering the whole area (Table 5.1).

The quantity of bicarbonate buffer used for wetting the
capillary mats was also crucial. An amount of 100 pl buffer was
optimal for achieving maxi mal photosynthetic rates (Fig. 5.1). Any
variation (from 100 pl) in the anpunt of bicarbonate used for
wetting the capillary mats lead to a decrease in the rates of

photosynthetic 02 evol ution.

Normal |y bicarbonate buffer alone (NaHO03 + Na2C03; pH 8.5)
was used to wet the capillary mats during neasurenent of photosyn-
thetic 02 evolution. To check the buffering capacity we supple-
mented different concentrations of bicarbonate solutions with 25 mM
Ches buffer (pH 8.5) 1in both C3 (Pisum sativum) and Cs (Amaranthus
viridis) species. The Ches buffer had no influence on the
phot osynthetic oxygen evolution rate in a w de range of bicarbonate

concentration tested on these two plants (Table 5.2).
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Table 5.1. Rate of photosynthetic 02 evol ution (neasured at 100 mM
bi carbonate) with respect to the orientation and nunber of |eaf

discs in Pisum sativum. The |leaf discs are arranged symmetrically

incircles
Leaf arrangement 0z evol ution Quant um
Requi r enent
pmol 02 m s Quanta mol~ 02
1. Wole area (10 cnf) 25.8 + 2.5 10.8 + 1.0

(leaf pieces)

2. Leaf discs (each of 0.2 cnf)
arranged in circles:

(a). Three cirgles

(6+12+18) 29.7 + 2.6 10.0 i 1.0
(b). Twocircles

(6+12) 33.7 + 3.3 9.8 + 0.9
(c). Two circles (6+6) 3.6 £+ 3.0 10.0 £ 0.9
(d). Single circle (6) 30.1 + 3.0 10.3 + 1.0

The neans of each treatment are significantly different (P <0.01).

No. of leaf discs, in the innernmost, mddle and outer circles,
respectively.
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Fig. 5.1. Effect of volune of bicarbonate buffer (used to
nmoi sten the capillary mats) on net photosynthetlc 02 evol ution

in leaf discs of Pisum sativum (a C3 species).



Table 5.2. Effect of supplenenting bicarbonate solution with 25 mM
Ches buffer (pH 8.5) on net photosynthesis in leaf discs of Pisum

sativum (C3) and Amaranthus viridis (Ca) at various bicarbonate

concentrations
Bi car bonat e Pisum sativum Amaranthus viridis
(mM)
wat er buf f er wat er buf f er
(control) (control)
umol O2 evolved m s
0.01 9.9 10.4 (105)* 21.3 21.5 (101)
0.1 13.2 13.6 (103) 22.1 22.2 (101)
1.0 17.2 17.6 (103) 23.3 23.4 (101)
10 21.2 21.1  (99) 25.1 25.2 (100)
50 23.3 23.5 (101) 25.4 25.2 (99)
100 25.5 25.1 (98) 25.7 25.5 (99)

Val ues in parentheses indicate '/. control.



In order to check the effect of carbonic anhydrase on the
phot osynthetic Oz evolution rates, experinments were run with
di fferent concentrations of carbonic anhydrase (ranging from 3,000
to 10,000 units m ") in presence of 0.1 M bicarbonate buffer using
Pisum sativum The 02 evolution rate remained constant

irrespective of the presence of CA (Table 5.3).

The effect of CA (3,000 units m"!) on photosynthetic 02
evolution in both and C3 and C4 plants was studied also at
different concentrations of bicarbonate. The photosynthetic rates
were insensitive to the presence of CA in both Pisum sativum (a C3

speci es) and Amaranthusviridis (a C4 plant) (Table 5.4).

When leaf discs were infiltrated with water (for 5 min)
their photosynthetic rates were decreased (at all concentrations of
bi carbonate) in both C3 and Ca species (Tables 5.5 and 5.6). The
rate of respiration was unaltered as a result of infiltration of

leaf discs (Tables 5.5 and 5.6).

Di scussi on

Phot osynthetic studies were successfully made with |eaf
segnent s/ pi eces (Jones and Osnond 1973, Ishii et al. 1977, Imaizumi
et al. 1990). We used leaf discs in our experinments for photosyn-
thetic measurenents. Previous studies with leaf slices and |eaf

di scs of Loliumshowed simlar quantumyields (Wlson et al. 1969).
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Table 5.3. Effect of different concentrations of carbonic
anhydrase on photosynthesis in leaf discs of Pisum sativum,

using 0.1 M bicarbonate buffer

Addi tion of carbonic Photosynthetic 02 evol ution
anhydr ase

-2 -1
umol m ~ s
None (control) 32.1 + 2.7 (100)"
3,000 units m"? 27.2 + 2.3 ( 85)
5,000 units m"?! 28.1 + 2.1 ( 88)
8,000 units m"?t 27.9 £2.1 ( 87)
10,000 units m*"?* 28.2 + 2.5 ( 88)

Val ues i n parent heses indicate'/. control.



Table 5.4. Effect of carbonic anhydrase (CA) (3000 units m"%)
on phot osynthetic 02 evolution in C3 [ Pi sumsativun) and Cs

{ Amar ant hus vi ri di s) speci es

Bi carbonat e Pisum sativum Amaranthus viridis
(mM)

-CA +CA -CA +CA

umol Oz evolved m s

0.1 23.8 21.9 (92)*  28.2 26.8 (95
1.0 25.7 22.6 (88) 28.0 26.1 (93
10 27.3 24.8 (91) 29.7 27.0 (91
100 32.1 28.2 (88) 29.8 27.0 (91
1000 32.1 28.2 (88) 29.9 27.1 (91

Val ues i n parentheses indicate'/. control.



Table 5.5. Efect of vacuuminfiltration on net photosynthesis and

respiration in leaf discs of Pisum sativum (Q3)

Bi car bonat e

Phot osynt hesi s Respiration
(mM)
Control Infiltrated Control Infiltrated
umol Oz evol ved/consumed m s
0.01 9.9 + 0.7 52 % 0.3 (53)* 41 + 0.3 4.0 + 0.2 (98)
0.1 13.2 £+ 0.8 6.3 i 05 (48 39 + 0.3 3.7 £ 0.3 (95
1.0 17.2 + 0.9 7.2 i 0.6 (420 3.4 £0.2 3.3+ 0.3 (97)
10 21.2 + 1.3 83 £ 0.6 (39) 33 +0.2 3.2 £ 0.3 (97)
100 25.5 + 1.9 8.7 + 0.6 (34 30 +03 2.8 +02 (93
1000 25.8+2.1 5.7+0.3 (22) 2.0+0.1 1.9+0.1 (95)

Val ues i n parent heses

indicate V. control.



Table 5.6. Effect of vacuum infiltration on photosynthesis and

respiration in leaf discs of Amaranthus viridis (Ca)

Bi car bonat e Phot osynt hesi s Respi ration
(mM)

Control Infiltrated Cont rol Infiltrated

umol 02 evol ved/ consuned m s

0.01 21.3 £ 1.95 9.3 + 0.71 (44)* 3.0 £ 0.12 3.0 + 0.71 (100)
0.1 221 + 201 9.9 +0.75 (45 29t 0.13 2.8 + 0.17 ( 97)
1.0 23.3 + 2.01 10.2 1 0.93 (44) 2.8 £ 0.19 2.9 + 0.16 (104)
10 25.1 + 2.31 11.6 + 1.0l (46) 2.7 + 0.15 2.8 + 0.19 (104)
100 25.5 + 2.36 11.6 + 1.06 (48) 2.6 + 0.16 2.4 + 0.14 ( 92)
1000 25.8 + 241 12.5 + 1.03 (48) 21 + 0.14 1.9 % 0.12 ( 91)

.
Val ues in parentheses indicate % control.



In our experinments we could not use a single large |leaf disc
(10 cm area), as was originally suggested (Delieu and Wl ker
1981), because the |eaves of sone of the species (for exanple,
Al ternanthera pungens) were too small to occupy the entire area of
the |eaf chanber. The orientation of |eaf discs was very
important, since a uniformillum nation of all the leaf discs is
needed to get good 02 exchange nmeasurements (our results; DA
Wal ker, personal conmmunication). Qur studies showed that 18 | eaf
discs (each 20 mm ) arranged in two concentric circles of 6 (inner
circle) and 12 (outer circle) could acconplish maxi mum photosyn-

thetic rates (Table 5.1).

It is known that carbonic anhydrase (CA EC 4.2.1.1) \is
needed for the dissociation of bicarbonate and to provide free CO2

(Siltemeyer et al. 1993), as shown bel ow

Car boni ¢ anhydrase _ .
C02 + H20 « > HCO3 + H

The gaseous CO2 from this reaction can be used for photosynthesis.
The presence of CA is therefore expected to optim ze photosynthesis
at low or limting bicarbonate. In the present study there was no
effect of CA on photosynthesis in either C3 or C4 species, when

di fferent bicarbonate concentrations were tested (Tables 5.3 and
5.4). Simlar results were shown with |eaf tissues of wheat,

barl ey, Lemna and bean (MacDonald 1975). Therefore, we have

omtted CA in our further experinments for neasuring photosynthesis.
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Infiltration of leaf discs with water or bicarbonate buffer
decreased photosynthetic 02 evolution rates in both C3 and Ca
species (Tables 5.5 and 5.6). In tobacco leaf discs about 50% of
the photosynthetic 02 evolution was inhibited when |eaf discs were
floated on water (Ginka and Meidner 1968). This could be due to
the decreased diffusion of CO®2 into the intercellular spaces of the
leaf (Jones and Slatyer 1972). The diffusion coefficient of CO2 in
the liquid phases is 10 lower than that in the gaseous phase and
results in a severe decrease in the CO2 supply to the chloroplasts
(Jarvis 1971). The inpedinent to the diffusion of gases through
liquid phases nay be the reason for also the decrease in photosyn-
thetic rates when the volume of bicarbonate buffer used to npisten

the capillary mat was increased above 100 pl.

Respiration was not affected as a result of infiltration of
| eaf discs with water (Table 5.5 and 5.6). This can be due to the
follow ng reasons: (i) the Kx value for 02 uptake pernmits normal
respiration at low 02; (KM(02) for leaf respiration is 2.5 uM,
where as the Kx(CO2) for photosynthesis was 30 (iM; (ii) water has
di ssol ved [02] of 250 uM when it is in equilibriumwth water,
whereas the [CO2] was 9 uM; and (iii) the tissue requirenent of 02
to maintain its normal respiration is a nere 5/. or less of its
normal photosynthetic requirenment (MacDonald 1975). The inpedinment
to the diffusion of gases through liquid phases may be the reason

for also the decrease in photosynthetic rates, when the volume of

94



bi carbonate buffer used to mpisten the capillary mat was increased

above 100 ul.

In addition to these factors stomatal closure may aggravate
the difficulty of gas diffusion (as cuticle is inpervious to the
di ffusion of CO2 and O2) and result in the inhibition of photosyn-
thesis (MacDonald and Macklan 1975). Therefore infiltration seens
to be inappropriate for photosynthetic studies either with |eaf

segnments or |eaf discs.
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Chapter 5

Part 11

REDUCED SENSITIVITY TO CO, OF PHOTOINHIBITION AND RESPIRATION
IN C3-C4 INTERMEDIATES COMPARED TO C; SPECIES

I ntroduction

The Cs3-C; internediates of Alternanthera and Parthenlum
appear to have no functional C, cycle (See Chapter 3 of this
Thesis; Rajendrudu et al. 1986, Mdore et al. 1987a, Devi and
Raghavendra 1992a, 1993a). The infornation on the photosynthetic
features of these intermediates of Alternanthera and Partheniumis
quite limted (Rajendrudu et al. 1986, More et al. 1987a). The
phot osynthetic and photoresplratory characteristics of the
internmedi ates of Flaveria, Panicum, Moricandia and Neurachne are
studied in detail (Brown and Brown 1975, Holaday et al. 1984, Bauwe
1984, Hattersley et al. 1986, Bauwe et al 1987, Apel et al. 1988,
Huber et al. 1989, Brown et al. 1991, Ku et al. 1991). The
photosynthotic performance of Ca-Ca intermedlates of Flaverla
becomes nore efficient than that of C3 plants at low CO2 |evels
(Chastin and Chollet, 1989). It is not known if such high
photosynthetic efficiency at low €CO2 occurs 1in the internediates of

Al ternanthera and Parthenium



The present study evaluates the characteristics of
phot osynthesis and dark respiration in leaf discs of the C3-C4
intermedi ates of Alternanthera ficoides, A. tenella and Parthentum
hysterophorusat different CO2 concentrations. While demonstrating
that the C3-C4 internmediates are |ess photoinhibited than the C3
plants at limting CO2 (<0.3 mmol mol_l), this chapter describes
mar ked differences between C3, Cs4 and the internediate species in

their response of dark respiration to COR2.

Resul ts

Phot osynthetic rates in both C3 and C3-C4 internediate
species increased as C2 levels were raised, and the saturation was
reached at 3.6 mmol mol™' CO2 (Fig. 5.2 A, B). In C4 species
photosynthetic rates were already saturated at 0.3 nmol nol coz
(Fig. 5.2 C). Maximal rates of photosynthesis at high CO2 were

simlar for all the species.

The rate of photosynthetic O2 evolution by the leaf discs
increased along with light intensity in C3 plants (Fig. 5.3 A and

C3-C4 intermediates (Fig. 5.3 B) both at limiting (0.3 mml nmol"?)

and at saturating C02 (3.6 nmol mol"'). However, the saturation of
phot osynt hetic capacity occurred at 300 pmol m s under limti ng
COz and at 500 umol m-? s'in 3.6 mol mol CX2. A decrease in

phot osynt hesis occurred on exposure to red |ight intensities

exceedi ng 500 umol m-2 s but only at low CO2, presumably due to
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phot oi nhi bi ti on. In C4 plants photosynthesis was not saturated at
900 mmol m s" at either CO2 concentration and photoinhibition

was not noticed (Fig. 5.3 C).

Increase in CO2 concentration relieved photoinhibition, in
both C3 and C3-C4 internediate species (Figs. 5.3 A,B, 5.4). The
extent of photoinhibition and its relief by CO2 were less in the
internedi ates than those in C3 species. The differences in the
extent of photoinhibition in C3 plants and C3-C4 intermediates were
statistically significant (P <0.001) at O concentrations in the
range of 0.3 mmol mol to 3.6 mmol mol . The quantumyields of
C3-Ca intermediates (0.093 to 0.099 umol 02 nol"! quanta) were
slightly less than those of C3 species (0.093 to 0.1 umol 02 npl"!
quanta), but the differences were not statistically significant

(Fig. 5.5).

There was a small (but significant) difference in the rate
of dark respiration (Fig. 5.6) at 0.3 mmol nol"! C02 of C3, C4 and
C3-C4 internmediate species. As the C2 level was increased, dark
respiration and LCP decreased in all the three types of species.
Such inhibition of dark respiration was nearly 40%in C3, 30% in
C3-C4 intermediates and only 20% in C4 plants (Fig. 5.6). The
di fferences between these plants in the extent of inhibition by CO2
were highly significant at all CO2 concentrations above 0.3 mmol
mol"* (P <0.005). Simlarly the shift in LCP due to el evated CO2

was |largest in C3 species, internediate in C3-C4 species and |east
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in C4 plants (Fig. 5.7). The differences (in the responses of LCP
to CO2) between different photosynthetlc types also were

statistically significant (P <0.005).

The relative predom nance of PEP carboxylase in C3-C4
intermedi ates during photosynthesis at suboptimal or saturating CO2
concentrations was assessed by using DCDP (an inhibitor of PEP
carboxyl ase). At 2 mM DCDP concentration maxinmal inhibition of
phot osynthesis occurred in all the three types of species (Fig

5.8). Therefore 2 mM DCDP was used in further experinents.

I ncubation of leaf discs with 2 mM DCDP (1 h) resulted
in an inhibition of photosynthesis. The extent of such inhibition
of photosynthesis with DCDP was nore pronounced in C4 species (89%
inhibition) (Table 5.7). In C3-C4 internediates of Alternanthera
and Parthenium, the extent of inhibition of photosynthesis by DCDP
was slightly higher than that in C3 species but nmuch less than that
in C4 plants. The differences in inhibitor (DCDP) sensitivity
between the C3 plants and the C3-C4 internediates was significant
(P <0.001) only at linmiting CO2 (0.3mmol mol™") but not at
saturating CO2 (3.6 mmol nmol" ). The inhibition with
pL-glyceraldehyde was more in C3 species, low in C4 species and
Ca-like in the internediates (Table 5.8). However, the effect of
DL- gl ycer al dehyde was not statistically different between C3 and

C3-C4 species.
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Table 5.7. Effect of DCDP (2 mM) on net photosynthesis in |ow
(0.3 mmol mol ) and saturated (3.6 mmol mol-x) C02 of C3, ¢4 and

C3-Cs4 internedi ate species

Net Photosynthesis (umol 02 evolved m- s )

Low CO2 Sat ur at ed COz.
Speci es
Control DCDP I nhi bi - Contr ol DCDP | nhi bi -
tion tion
% .
C3 SPECI ES
Alternanthera 14.0 12.7 9 25.5 23.0 10
sessiles +1.1 +1. 2 +2.6 +2.1
Pisum sativum 14. 6 13.6 7 27.0 25.5 6
+ 1.3 t 1.2 + 2.5 + 2.3
C3-C4 | NTERMEDI ATES
Alternanthera 14.5 12.3 15 23.1 21.2 8
ficoides +1.4 +1.0 +2.0 +1.7
Al ternant hera 14.9 13.0 13 23.9 21. 4 11
tenella +1.4 +1.2 +2.3 +2.1
Parthenijum 13.8 12.1 12 23.1 21.2 8
hysterophorus *1.2 1.1 +2.0 2.1
C4 SPECI ES
Al ternant hera 23.8 2.6 89 27.0 4.0 85
pungens 2.2 +0.3 2.6 +0. 4
Amaranthus hypo- 22.6 2.5 89 26.5 4.6 83
chondriacus +2.3 +0. 2 +2. 4 +0.5
Amar ant hus 21.3 2.6 88 26.6 3.9 85
viridis + 2.1 + 0.3 + 2.6 + 0.4

'The differences in effect of DCDP on photosynthesis in C3-C4
intermediate species were significantly different (P <0.05) from
those of C3 species at low (0.3 mml mol" ) CX2 but not at high
(3.6 mol nol ") coe.



Table 5.8. Effect of pL-glyceraldehyde [100 mM) on net photosynthesis
in low (0.3mmol nol" ) and saturated (3.6 mmol mol""%) 02 of C3, Ca

and C3-Ca intermediate species

Net Photosynthesis (umol 02 evol ved m™2 s™*)

Low O Saturated C2
Speci es
Control Glyce- Inhibi- Control Glyce- |nhibi-
ralde- tion ralde- tion
hyde hyde
% %
C3 SPECI ES
Alternanthera 14.0 4.2 70 25.5 5.4 79
sessil es 1.1 +0.4 2.6 +0. 4
Pisum sativum 14. 6 3.8 74 27.0 6.5 76
+ 1.3 + 0.3 + 2.5 + 0.6
C3-Ca | NTERVEDI ATES
Al ternant hera 14.5 3.8 71 23.1 6.5 74
ficoides +1.4 +0. 3 +2.0 +0.6
Al t ernant hera 14.9 5.2 65 23.9 5.6 75
tenella + 1.4 + 0.5 + 2.3 + 0.6
Parthenium 13.8 4.9 63 23.1 7.9 66
hysterophorus 1.2 +0.5 2.0 +0.7
C4 SPECI ES
Al ternant hera 23.8 12.1 49 27.0 13.2 51
pungens +2.2 +0.3 +2.6 +0.4
Amaranthus hypo- 22.6 13.1 42 26.5 15.1 43
chondriacus + 2.3 + 0.2 + 2.4 + 0.5
Amar ant hus 21.3 11.9 44 26.6 14.3 46
viridis + 21 + 0.3 t 2.6 + 0.4




Di scussi on

We report for the first time a marked variation in the
extent of inhibition by carbon dioxide (3.6 mmol mol™? or above) of
dark respiration in C3-, C4- and C3-Ca internediate species. Dark
respiration was markedly inhibited by the increase in ambient CO2
in all the species. Nevert hel ess, the extent of such inhibition
was nore pronounced in C3 than in the C4 species (Fig. 5.6).

Al though the standard errors were high, the statistical analysis
indicated that differences in the inhibition of dark respiration
between not only C3 and G plants, but also those between C3 plants

and C3-C4 intermediates were statistically significant [P <0.005).

The effects of CO2 on plant respiration has not attracted as
much attention as that of photosynthesis. There is a considerable
di sagreenment in the available literature on this aspect (Reviews:
Bunce 1990, Amthor, 1991, Eamus, 1991). Elevated CO2 during growth
has been reported to either decrease (Gfford et al. 1985, Reuveni
and Gale, 1985) or increase (Hubec et al. 1985) or has no effect
(Poorter et al. 1988) on dark respiration. However, npst of these
reports deal with long-term responses and sone with tissues other

than | eaves.
Studies on short-term responses of respiration to CO2,

particularly in green tissues are extremely linmted and these also

are contradictory. Some authors have reported an inhibition by

100



high CO2 of dark respiration in leaf epidermal strips (Shaish et
al. 1989) and alfalfa |eaves (Reuveni and Gale, 1985). On the
other hand, high CO2 stimulated respiration in peanut |eaves
(Willmer et al. 1983). The studies of Palet et al. (1991) reveal ed
that the short-term exposure to CO2/bicarbonate resulted in partial
inhibition of the cytochrome pathway and elicited a transient
engagenent of the alternate pathway in Dianthus caryophyllata

cal lus and El odea canadensis |eaves. There are also reports where
the decrease in CO2 concentration increases respiration in |eaves

of Rumex crispus (Amthor et al. 1992).

The light conpensation point (LCP) is high in Caplants
conpared to that of C3 species (Berry and Downton 1982, Edwards and
Wal ker 1983, Hatch 1987). LCP is known to decrease with increase
in external CO2 concentration (Heath and Meidner 1967). The extent
of decrease in LCP (at 50 mmol mol CQ2) of internediate species
(3599 was intermediate between those of C3 (48%) and Ca (29°/.)
species (Fig. 5.7). LCP depends on both dark and photorespiration
(Heath and Mei dner, 1967). We enphasize that there are narked
variations in the characteristics of not only photorespiration but
al so dark respiration between C3 ad C3-C4 internediate species.

The decrease in LCP with an increase in external CO2 is conparable

to the decrease in photorespiration.

A consistent feature of the C3-C4 internediates is their

relatively low sensitivity to external CO2 when conpared to C3
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pl ants. The relief of photoinhibition or inhibition of dark
respiration or shift in LCP, due to high COz was less in the C3-Ca
internediates than that in the C3 species. These differences were
statistically significant (P <0.005). Further the quantumyields
of internediates were not as nuch affected by C® as in C3 species.
We suggest that the internal pool of CO in the intermediates could
be larger than that in C3 species. Qur earlier studies have

al ready denonstrated the reduced sensitivity of photorespiratory
metabolites in leaf discs to external bicarbonate (Chapter 4 of

this Thesis).

DCDP, an anal og of phosphoenoi pyruvate (Jenkins et al. 1987,
Jenkins 1989), was used to assess the degree of C4 cycle operation
in C3-C4 internediate species of Flaveria, Panicum, Moricandia and
Neurachne (Brown et al. 1991) and also various Flaveria hybrids
(Brown et al. 1992). The increased sensitivity of photosynthesis
to DCDP (Table 5.7) suggests that PEP carboxylase may play an
inportant role in either net carbon fixation or increasing the
internal CO2 pool in the internediates. However, the high quantum
yields and the pattern of light response curves of photosynthesis
in the internediates (similar to C3 species) indicate the
insignificance of Ca4 cycle operation, confirmng our earlier
suggestion based on the activity of Capathway enzynmes (Chapter 3

of this Thesis).
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G ycine decarboxylase, a mitochondrial enzyme is shown to be
| ocalized predominantly in the bundle sheath cells of internediate
speci es of Moricandia, Panicum, Mollugo and Flaveria (Hylton et al.
1988, Rawsthorne et al. 1988a, Mrgan et al. 1992, 1993, Rawsthorne
1992) . Further, the intercellular distribution of several
respiratory enzymes indicated a marked mitochondrial concentration
in bundle sheath cells of A tenella, a C3-C4 internmediate (Chapter
8 of this Thesis). The present finding of highly significant
variation in the response of dark respiration to CO2 between not
only C3 and Ca plants but also between C3 and C3-Ca internediates
is a further indication that the mitochondrial metabolism in the

C3-Ca intermediates is an inportant feature.
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Chapter 6

COMPARATIVE CHARACTERISTICS OF GLYCOLATE OXIDASE
FROM C;, C5-C4 AND C, PLANT SPECIES

I ntroduction

G ycol ate oxidase (@GO Glyccllate:oxygen oxi doreductase, EC
1.1.3.1) is a flavoprotein catalyzing the oxidation of glycolate to
gl yoxyl ate using 02 (Cl agett et al. 1949, Zelitch and Ochoa 1953,
Kerr and Groves 1975, Tolbert 1981). It is an ubiquitous enzyne,
bei ng present in algae, higher plants and animals (Frigerio and
Har bury 1958, Dickinson and Massey 1963, Tol bert et al. 1968,

St abenau and Saftel 1982, Huang et al. 1983). The enzyne is
located in peroxisomes of higher plants and plays an inportant role
in photorespiration (Tolbert et al. 1969, Zelitch 1979, Tol bert

1981, Ogren 1984, Canvin 1990, Sechley et al. 1992).

The enzyme can al so oxidize rL-lactate to pyruvate with the
production of H202 (Tolbert et al. 1949, Tolbert and Burris 1950,
Nol | and Burris 1954), but glycolate is the most preferred

substrate.

G ycol ate oxidase was purified from |leaves of nmostly C3

plants (Tolbert et al. 1949, Kerr and Groves 1975, Lindquist and
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Branden 1979, Behrends et al. 1982, Nishimura et al. 1983, Davies
and Asker 1983, Enes and Erismann 1984), algae (Stabenauand Saftel
1982, Gross and Beevers 1989, Betsche et al. 1992, Iwamoto and
Ikawa 1992), and nongreen cotyl edons of cucunber seedlings (Kindl
1982). The enzyne was crystallized from spinach (Frigerio and

Har bury 1958, Lindquist and Branden 1979, 1980, 1985) and punpkin
cotyl edons (Nishimuraet al. 1983). However, the enzyme has so far
not been purified from any of the C3-Csa intermediate and Ca

speci es.

The exact mechani sm by whi ch photorespiration is reduced in
the C3-Ca intermedi ates of Alternantheraficoides, A tenella, and
Partheniumhysterophorus is yet to be established. Qur earlier
results suggested that the activity-levels of key photorespiratory
enzynmes (Chapter 3 of this Thesis) and the levels of photorespira-
tory metabolite pools (Chapter 4 of this Thesis) were partially
reduced in these internmediate species. GO is one of the inportant
photorespiratory enzymes which is reduced. It is possible that the
reduced activity of this enzyme 1s a consequence of change in the
ki netic/regulatory properties of enzyme. The differences in the
kinetic and regul atory properties of GO from C3 and Ca species are
not known and a conparative study of these properties from the
three different photosynthetic types will be useful in understand-

ing the nechani sm of reduced photorespiration in the internedi ates.
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The present study describes our efforts to purify glycolate
oxi dase from | eaves of a C3-Ca internediate species (Parthenium
hyst erophorus) and conpare the properties of enzynme with those of
C3 (Pisum sativum) and Caspecies (Amaranthus hypochondriacus). An
attenpt is made to assess if there are any differences in the
characteristics of this inportant photorespiratory enzyme anpbng

plant species belonging to three different photosynthetic types.

Resul ts

G ycol ate oxidase was partially purified from the three
species (Pisum sativum Parthenium hysterophorus and Amaranthus
hypochondriacus) (Tables 6.1 to 6.3). Precipitation by ammoni um
sul fate and fractionation on Seral ose were highly effective in
purifying the enzyme. The specific activity of the partially
purified enzynme from Pisum sativum and Partheni um hysterophorus was
26.7 and 25.0 units mg protein, respectively, whereas it was only
3.3 units ng protein in Amaranthus hypochondriacus (Tables 6.1

to 6. 3).

The absorption spectra of purified enzyme from the three
species were simlar with a major peak at 278 nm, and two m nor
peaks at 340 and 440 nm (Fig. 6.1 A, B,C). These peaks at 340 and
440 nm are believed to correspond to the flavin noiety of the
enzyme. The E280/E450 for the enzyne varied from6.7 (Parthenium)

through 7.0 (Pisum sativunm) to 7.4 (Amaranthus) (Table 6.4).
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Table 6.1. Purification of glycolate oxidase from Pisumsativum

(C3 species)
Purification Tot al Tot al Specific Purification
Step protein activity activity fold
ng thits Unmg™? Fol d
protein

1. Qude extract 155.7 14.01 0.09
2. Acetic acid

(pH 5.3) 78.9 12.53 0.16 2
3. 25% (NH4)2S04

super nat ant 17.1 6.11 0.36 4
4. 45% (NH4)2S04

pel | et 1.14 1.16 1.40 16
5. 0.2% (WV) Protamine

sul phat e 1.01 1.52 1.51 17
6. Seral ose 6B 0.15 0.77 5.31 59

7. 65% (NHa)2S04
pel | et 0.05 0.64 13. 06 145

8. Sephadex G200 0.01 0.24 26. 67 296




Table 6.2. Purification of glycol ate oxidase from Parthenium

hyst er ophorus (G3-CG internedi ate speci es)

Purification Tot al Tot al Specific Purification
Step protein activity activity fold
mg Units U mg_l Fol d
protein
1. Qude extract 68. 3 6. 06 0.09

2. Acetic acid

(pH 5. 3) 34.1 5.87 0.17 2
3. 25% (NH4)2S04

super nat ant 6.9 4.29 0. 62 7
4. 45% (NHa)2S0a

pel | et 0.4 1.42 3.55 40
5. 02/. (wWv) Protamine

sul phat e 0.36 1.36 3.78 43
6. Seral ose 6B 0.51 0.54 10. 59 119

7. 65% (NHa)2S0a
pel | et 0.014 0.24 17.14 193

8. Sephadex G200 0.004 0.10 25.00 281




Table 6.3. Purification of glycol ate oxi dase from Amaranthus

hypochondriacus (C4 speci es)

Purification Tot al Tot al Specific Purification
Step protein activity activity fold
mg Uits U ng't Fol d
protein
1. Qude extract 40.3 0.48 0.01
2. Acetic acid
(pH 5.3) 20.1 0.42 0.02 2
3. 25% (NHa)2S0a
super nat ant 1.17 0.21 0.18 15
4. 45% (NH4)2504
pel | et 0.13 0.05 0.39 33
5. 0.2%(wv) Protamine
sul phate 0.12 0.05 0.42 35
6. Seral ose 6B 0.014 0.03 1.72 149
7. 65% (NHa)2S04
pel | et 0.01 0.02 2.22 185
8. Sephadex G200 0.003 0.01 3.33 278
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Fig. 6.1. Spectra of purified glycolate oxidase from | eaves of
Pi sumsativum (C3 species). Partheni umhysterophorus (C3-Ca

intermediate) and Amar ant hus hypochondriacus (Capl ant).



Tabl e 6.4. Conparative characteristics of glycolate oxidase
from Pisum sativum (C3), Parthenium hysterophorus (C3-C4

internmedi ate) and Amaranthus hypochondriacus (Ca)

Char act er Enzyne source
Pisum Parthenium Amaranthus
sativum hysterophorus hypochon—
driacus
1. Vmax
(umol mg™* protein h™') 1413 1301 125
+ 101 +89 +12
2. KM (glycolate) mM 0.27 0.21 0. 07
3. Ki (a-HPMS) nM 0.8 16 5.5
4. E280/Ea50 7.0 6.7 7.4
5. Inhibition due to
3 mM a-HPMB (v) 78 75 59
6. Qptimum pH 8.3 8.3 7.5
7. Activity with substrate (10 mM)
(umol mg protein h )
Qycol ate 1402 | 1134 158
(100) (100) (100)
dyoxyl ate 451 250 6.0
(32) (22) (4
B-hydroxypyruvate 55 45 0.0
(4) (4 (0)
L-lactate 885 645 78
(63) (57) (49)

Val ues in parentheses indicate % control.



The kinetic and regulatory properties of GO from | eaves of
C3 species were quite different from those of C4 plant (Table 6.4).
The KM (glycolate) of the enzyme from Pisumsativum was nearly four
fold higher than that of the enzyme from A hypochondriacus. On
the other hand, the K («-HPMS) was very higher for the enzyme from
A, hypochondriacusthan the one from pea. The enzyme from pea and
Partheniumhyst erophorus was severely inhibited by a-HPMS (78 and
75% respectively), conpared to the noderate inhibition of enzyme
from A hypochondr iacus (59% inhibition). The properties of GO
from Partheni um hysterophorus (C3-Cs internmediate) were sinmlar to

those of pea (C3) enzyne (Table 6.4).

The optimum pH of the enzyme from Caspecies was different
from that of C3 ones. VWile the enzyme from Pisum sativum and
Part heni um hyst erophorus had an optimum pH of 8.3, the enzyme from
A.  hypochondr i acus showed an optinmum of 7.5 (Fig. 6.2 A,B,C and

Table 6. 4).

The ability of GO to oxidize other substrates such as
L~lactate, glyoxylate and hydroxypyruvate varied between C3 and C4
speci es. However, the enzyne from Partheni um hysterophorus was
simlar to that from Pisum sativum in its ability to oxidize
different substrates (Table 6.4). The enzyme from C3 and C3-Ca
speci es showed nmaxinmum stinulation by FMN at 60-70 #M, above which

the activity was inhibited. However, the enzyme from Amaranthus
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Fig. 6.2. The effect of assay pH on the activity of purifi
glycolate oxidase activity in C3 (Pisum sativum), C3-Ca
Intermediate (Parthenium hysterophorus) and Cs (Amaranthus

hypochondr facus) plants.
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hypochondriacus was not saturated with external FMN concentration

of even 100 uM (Fig. 6.3 A,B,C).

Di scussi on

To our know edge this is the first report on the partial
purification and characterization of the enzyne from not only a
C3-Cs internediate but also Ca species. The kinetic and regul atory
properties of GO from C3 plant were sinmlar to those from C3-Ca
species (Table 6.4), but the enzyme from A hypochondr iacuswas

quite distinct (Table 6.4).

The Vmax of the enzynme from A hypochondriacuswas only
one-fifth of that of Pisumor Parthenium. Simlarly, the
Knu(glycolate) and Ki(HPMS) also varied for the enzyme from these
three species (Table 6.4). The observed Kx(glycolate) for pea (267
uM) correlated well with the previous reports for pea (262 uM;
Corbett and Wight 1971, 250 uM; Kerr and Groves 1975, 220 uM;

Betsche et al. 1992) and spinach (380 pM; Zelitch and Ochoa 1953).

The E280/Easo for glycol ate oxi dase was reported to be
between 6.0 and 6.3 (Davies and Asker 1983, Nishimura et al. 1983).
In the present study, it varied between 6.7 and 7.4 (Table 6.4).
The Ez2so/Esso ratio indicates the presence of the prosthetic group

(FMN) and the relative purity of the enzyne.
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mononucleotide (HMN) on the activity of glycolate oxidase
purified from Ca (Pisum sativum), C3C4 intermediate

(Parthenium hysterophorus)and Ca (Amaranthus hypochondriacus)

species.



The optimal pH for glycol ate oxidase in C3 and Ca plants was
different. However, the observed optinal pH of GO for pea and
Parthenium (8.3) were simlar to the previous reports for the
enzyme frompea (8.3, Betsche et al. 1992), lettuce (8.5, Davies
and Asker 1983), Spathogl ossum pacificum (8.3, Iwamoto and Ikawa
1992), punpkin cotyl edons (8.0, Nishimura et al. 1983), Lemnamni nor
(8.3, Bnes and Erismann 1984) and wheat (8.3, Baker and Tol bert

1965) .

G is a highly basic (pl 8.0) flavoprotein (Kerr and Groves
1975, Behrends et al. 1982, Enes and Eri smann 1982, 1984, Davies
and Askar 1983) and uses a wide range of a-hydroxyacids as
substrates with glycolate being the nost preferred form (Zelitch
and Cchoa 1953, Betsche et al. 1992, Davies and Asker 1983,
St abenau and Saftel 1982, Gross and Beevers 1989, Enes and Erisnann
1984). The present study also confirnms that glycolate is the nost

preferred substrate than other a-hydroxyacids (Table 6.4).

Generally GO is associated with flavin prosthetic group,
however, the presence of a non-flavin glycolate oxidase in
etiol ated wheat |eaves and green tobacco |eaves in addition to the
flavoprotein was reported (Kuczmac and Tol bert 1962, Baker and
Tol bert 1965, 1967). FMN is the prosthetic group of spinach GO as
indi cated by several Ilines of evidence (Zelitch and Ochoa 1953).
The absorption peaks of FMN are at 266, 375, and 445 nm which is

typical of flavoproteins (Blanchard et al. 1945, Horecker 1950).
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The spectral properties of GO from C3, C3-C4 internediate
and C4 species (Fig. 6.1 A,B,C) indicated the presence of a flavin
prosthetic group since two inportant peaks at 345 and 440 nm were
observed for all the three enzynes. This al so denpnstrates that
the flavin cofactor was not conpletely lost during the isolation of
the the enzyne. The spectra of GO from these species is highly
simlar to that of Lemna minor (Enes and Erismann 1984), spinach
(Zelitch and Ochoa 1953), cucunber cotyl edons (Behrends et al.

1982) and punpkin cotyl edons (Nishimuraet al. 1983).

The activity of GO from wheat enzyne was only slightly
stinmul ated by the addition of FMN (Baker and Tol bert 1969). In the
present study, the activity of GO was stinulated by FMN up to 70 uM
FMN, both in C3 and Cs plants, whereas in Ca plant the stinulation
required 100 uM FMN (Fig. 3 A, B,C). I'n punpkin cotyl edons the
addi tion of either FMN (prosthetic group) or NaN3 (catal ase
inhibitor) did not alter the specific activity of the purified
enzyme indicating that FMN was not depleted conpletely during
purification and that catalase was not a contaminant in the final

enzyme preparation (Nishinura et al. 1983).

GO is regul ated by several factors. It is 1induced by |ight
which is independent of chlorophyll formation (Tolbert and Burris
1950, Behrends et al. 1982) or glycolate (Tolbert and Cohan 1953).
Its activity is also reported to be regulated by blue light (Schmid

1969), phytochrome (Roth-Bejeranoand Lips 1978), phenolic acids
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(De Jong 1973, Galzin and Monties 1979) and the formof nitrate

supply (Vaklinova and Mbskova 1973, Enes and Erismann 1982).

Sul fhydryl inhibitors indicate that GO requires -SH groups
for enzyme activity (Noll and Burris 1954). Potent inhibitors of
GO are: a-hydrosulphonates, isonicotinyl hydrazide, and 2-hydroxy-
3-butynoate (Zelitch 1971, 1973, 1979, Salin and Homann 1973,
Doravari and Canvin 1980, Huang et al. 1983, Baumann and Przybil ski
1990). Iodoacetate, lodoacetamide, phenylmercuric nitrate and
p-chloro- mercuribenzoate are known to inhibit the crude enzyme
activity from barley and purified spinach enzyme (Barron 1951, Noll

and Burris 1954, Frigerio and Harbury 1958).

There were clear differences in the Vmax, Kx(glycolate},
K1 (HPMS), pH and substrate specificities of GO from the C3 and Ca
pl ants, whicn suggest a marked alteration in the kinetic properties
of the enzyne in Ca plants. The kinetic and regulatory properties
of GO from the C3-C4 internediate Partheniumhysterophorus suggest
that the enzyme is simlar to that of a typical C3 plant, Pisum
sativum, since there were no conspicuous differences between the

properties of GO from C3 plant and C3-Ca internediate.

These observations suggest that the reduced photorespiration
in Parthenium hysterophorus is not the result of an alteration in
nol ecul ar or kinetics properties of GO. On the other hand the

enzyme from Ca species (Amaranthus hypochondriacus) is quite
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distinct fromthat in C3 species. Further experinments are needed
to confirm this phenonenon. There is already enough evidence to
indicate distinct isoforms of C4 cycle enzymes in C4 species (e.g.
Her mans and Westhoff 1992, Nel son and Langdal e 1992). But this is
the first report of a simlar instance in case of a key

phot orespiratory enzyne.
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Chapter 7

COMPARATIVE CHARACTERISTICS OF PEP CARBOXYLASE FROM LEAVES
AND LIGHT ACTIVATION OF ENZYME IN MAIZE MESOPHYLL PROTOPLASTS

I ntroduction

Phosphoenoi pyruvat e carboxyl ase (PEPC Orthophosphate:
oxal oacet at e carboxyl ase (phosphorylating), EC 4.1.1.31) catal yzes
the B-carboxylation of PEP to yield OAA and P (Reviews: O’Leary
1982, 1983, Andreo et al. 1987, Devi et al 1992a, Rajagopal an et
al. 1993b). PEPCis a key enzyne involved in primary @2 fixation
by Cs and CAMplants (Andreo et al. 1987). The enzyne is al so
present in C3 plants and al gae (O’Leary 1982, Latzko and Kel |y
1983, Rajagopalan et al. 1993b). Apart from photosynthetic carbon
assimilation, other functions of PEPC include replenishnent of
tricarboxylic acid cycle intermedi ates, generation of NAD(P)H
refixation of respired COz, nitrogen assinilation, amino acid
synthesi s and nai ntenance of pHelectroneutrality (Review Latzko
and Kelly 1983). PEPC is a cytosolic enzyne and occurs in |eaves
as well as non-photosynthetic organs. In C4 plants, PEPC is
localized prinarily in mesophyll cytosol (Perrot-Rechenmannet al.

1982, 1984).

The kinetic and regul atory properties of PEPC undergo mnarked

changes during light/dark transitions, particularly in C4 and CAM
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pl ants (Huber and Sugiyama 1986, Doncaster and Leegood 1987, Nimmo
et a.1. 1987, Jiao and Chollet 1988, 1991, Nimmmp 1993). The enzyme
extracted from prellluminated Ca leaf tissue exhibits two to three
fold nore activity than the dark form when assayed under suboptimal
(but physiol ogi cal) assay conditions. In parallel with these
light-induced changes in catalytic activity, PEPC extracted from
Illuminated | eaves exhibits less sensitivity to malate inhibition
than that fromdarkened ones (Karabourniotis et al. 1983, 1985,
Huber and Sugiyana 1986, Doncaster and Leegood 1987, Jiao and

Chol l et 1988). The effect of light on PEPC is hardly discernible

in leaves of C3 plants (Chastin and Chollet 1989).

Significant variations in the kinetic/regulatory properties
(including light activation pattern) were reported between the
PEPC of C3 and Caplants (Holaday and Bl ack 1981, Bauwe and Choll et
1986, Chastin and Chollet 1989). We therefore exam ned the
properties of PEPC in order to establish whether the enzyme from
C3-C4 internediates had kinetic and regulatory properties different
from those of the enzymes from C3 and Ca species. These studies
could help us 1in understanding the possible evolutionary tendencies

of PEPC, along with variation in photosynthesis/photorespiration.

Attenpts were made to examine the light activation pattern
of PEPC at three levels of organization: |eaf discs, |eaf
homogenates and mesophyll protoplasts. The response to light of

PEPC was maxi mum in |eaf discs of particularly Cs plants. The
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extent of such light activation in leaf discs of C3-C4 species
was quite limted as in C3 species. Therefore, the kinetic and
regul atory properties of dark-form PEPC were studied in C3, C4 and

C3-C4 internedi ate species.

During our experiments wth maize mesophyll protoplasts,
very interesting observations were nade on |ight activation of

PEPC. It is for the first time such (even limted) Iight

activation of PEPC could be denpbnstrated in isolated Ca mesophyll

protopl asts. Being a novel finding, these results are also

incorporated into this thesis (although not directly related to

C3-C4 intermedi ates). The studies with maize mesophyll
denonstrate that pH could be an inportant factor in nodul ating

light activation of PEPC in C4 mesophyll cells.

Resul ts

When the predarkened |eaf discs of mmize were illum nated,
the activity of PEPC increased. Light activation of PEPC occurred
in al so nmesophyl| protoplasts and |eaf honpgenates of maize.
However, the light/dark ratio was nore in leaf discs than that in

| eaf honpgenates or mesophyl| protoplasts (Fig. 7.1).

The kinetic and regulatory properties of PEPC isolated from
illumnated or darkened sanples were different in the three systens
(mesophyl | protoplasts, |eaf honpgenates and |eaf discs) (Table

7.1). Both the Vmax and the affinity for PEP of the enzyme
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Fig. 7.1. The activation of PEP carboxylase in leaf discs or |eaf
extracts or nesophyll protoplasts of Zea mays in relation to the
duaration of illumnation. Maximal activation of PEPC required 15
(mesophyl | protoplasts) to 25 mn (leaf discs) of illumination.
PEPC extracted from preilluminated |eaf discs showed naxi mum
activation than that fromeither illunnated |leaf extracts or

mesophyl | protopl asts.



Table 7. 1.

car boxyl ase from mai ze mesophyll protoplasts or

or leaf discs

The characteristics of dark- and light-forns of PEP

| eaf homogenates

Par anet er Mesophyll

protopl asts

Leaf homogenate Leaf discs

Dar k Li ght Dar k Li ght Dar k Li ght
Kinetic properties
Vmax (pumol mg Chl h )
195 213 356 568 348 1151
+21+22 27 +45 + 26 + 108
KucpEP)  (mM) 2.1 15 1.4 11 1.4 0.8
Sensitivity to effectors
PEPC activity
pmol mg Chl h
No effector 155 185 344 559 325 975
(control) + 18 _+ 20 +27 +47 +28 +81
(100)  (100) (100) (100) (100) (100)
2.5 mM malate 26 159 69 218 69 449
+ 7 % 14 +6 +17 +5 +41
( 17)* ( 86) ( 20) ( 39) ( 21) ( 46)
2.5 mM G-6-P 267 187 678 810 683 1248
+ 24 +8 +58 +97 +58 +74
(172)*  (101) (197) (145) (210) (128)
The figures in the parentheses indicate the activity of the

enzyne as the percent of respective control.



increased as a result of illumination. The catalytic activity and
the extent of activation of PEPC were high with |eaf discs. Dar k
form of PEPC was nobre sensitive to L-malate inhibition than the
light activated enzyne. Such decrease in the sensitivity of PEPC
to malate inhibition (due to illumnation) was nore pronounced in
mesophyll protoplasts than that in |eaf homogenates or |eaf discs.
The light form of PEPC was not stinulated by G-6-P in nmesophyll
protopl asts. The enzyme activity fromillum nated |eaf honpgenates
and |eaf discs was stinulated by G6-P (25-45% over control) (Table
7.1). Subsequent studies on light activation of PEPC were nade in

leaf discs of C3, C4 and C3-C4 internediate species.

The extent of activation by light of PEPC found to be
maxi mum in Zea mays (Ca4) and low in both Pisum sativum (C3) and
Alternanthera ficoides (C3-C4 internmediate) (Table 7.2). Li ght had
no effect on the nalate inhibition or G6-P activation on the PEPC
extracted from the C3 or C3-C4 internediate species. The Km(PEP)
was high but Km{(HCO3 ) was low for the enzyme prepared from Zea
mays |eaf discs conpared to that of Pisum sativum and Alternanthera
ficoides. The dark form of maize PEPC was nore sensitive to malate
(79% inhibition) than the enzyme from Pisum sativum (46%) or
Alternanthera ficoides (52%). Similarly, stinulation by G6-P of
PEPC was nore for the maize enzyme conpared to that of C3 or C3-C4

internedi ate species (Table 7.2).
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Table 7.2. Properties of PEP carboxylase in leaf discs of C3,

Cs, and G3-C4 internedi ate species

PEPC activity Pisum Al ternant hera Zea
sativum ficoides mys
() (C3-Ca) (c4)

Vmax (pmol mg Chl h )

Dar k 39 + 2 48+4 388 + 32
Li ght 50 + 4 67 £ 5 998 + 76
Li ght/ Dark 1.3 1.4 2.6
Dark form PEPC
Km(HCO3 ) mM 0.68 0.74 0.41
Km(PEP) mM 0.23 0.25 0.78
5 mM malate 21 + 1 23 + 2 81+7
(54)* (48) (21)
5mM G6-P 52+5. 68 + 6 733 + 62
(133) (142) (189)

Val ues in parentheses indicate activity as % dark-control
(taken as 100%) .



Mai ze mesophyll protoplasts were rel eased when |eaf pieces
were subjected to digestion with a mixture of cellulase and
macerozyme. These could be obtained in a relatively short tine
(<1 h). The protoplast preparation was quite pure w thout any

contam nation of bundle sheath cells (Fig. 7.2).

Li ght activation of PEPC could be denpnstrated when mmize
mesophyl | protoplasts were suspended and illumnated in |ow
buffered (2 mM Hepes) medium (Fig. 7.3 A). If the protoplasts were
kept in high buffered (20 mM Hepes) nedium there was no
significant difference in enzyme activity from protoplasts kept in

light or dark (Fig. 7.3 B).

To simulate the effect of pH, maize nesophyll protoplasts
were resuspended in Hepes-buffer (pH 7.5) and were preincubated in
Hepes-buffered nedi a whose pH ranged from 7.2 to 8.2 and assayed at
pH 7.8. Upon incubation for 10 min in darkness meximal activation
of PEPC was obtained at a preincubation pH of 7.8, while the

activity decreased markedly at pH of 7.2 or 8.2 (Fig. 7.4).

The effect of classical inhibitors of photosynthetic
el ectron transport (DCMJ), ATP synthesis (phlorizin) or
phosphorylation (CCCP) on the light activation of PEPC from maize
mesophyl | protoplasts was exam ned. The test conpounds were

present during the preincubation of protoplasts in situ. Li ght

117



Fig. 7.2. Photom crograph of maize mesophyll protoplasts. The

hori zontal bar represents 200 um.
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Fig.7aThe effect of buffer-strength on the light activation of PEP
carboxylase. Mesophyll protoplasts isolated from maize leaves were
suspended in either low (2 mM) (A) or high (20 mM) buffer (B), pH
7.2, and then exposed to light or kept in darkness. Aliquots were ex-
amined for enzyme activity at pH 7.8.
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ranged from 7.2 to 8.2. Aliquots of protoplasts were taken after
10 min Of incubation in darkness and assayed for PEP carboxylase
activity at pH 7.8.



activation of PEPC was severely restricted by the presence of CCCP

or phlorizin in the incubation medium but not by DCMU (Table 7.3).

Di scussi on

There is considerable disagreement anong the literature on
the identity of PEPC from C3-C4 internediates. Bauwe and Chollet
(1986) reported the existence of three different isozymes of PEPC
in Flaveria species. Al though the PEPC extracted from F. floridana
(C3-Cs4 Intermedliate) was sinmilar electrophoretically to that of
F. cronquistif (C3 species), the enzyme fromF. floridana showed a
two fold increase in activity upon illumination over the |evels of
dark adapted |eaves (characteristic of the enzyme in C4 plants)
(Adams et al. 1986). Li ght activation of PEPC could not be
observed in | eaves of C3-Cs intermedlates of F. linear is and
F. chloraefolia (Chastin and Chollet 1989). Although there was a
two to three fold increase in the activity (over C3 plants), the
kinetic properties of PEPC in the internediates of Panicumwere
simlar to those from C3 species (Holaday and Bl ack 1981). The
ki netic properties of PEPC from C3-C4 intermediates of Flaveria
pubescens, F. linear is (Nakamotoet al. 1983), F. floridana and
F. chloraefolia (Bauwe and Chollet 1986) were intermediate to those

of C3 and C4 plants.

The activity of PEPC from C4 plants is regulated markedly by

met abol ites such as malate (negative effector) and G 6-P (positive
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Table 7.3. Efect of DOMJ, phlorlzln or OCCP on light activation of

PEP carboxyl ase in situ.

The test conpounds were included in the

prel ncubation medi um (2 mM Hepes, pH7.2), while protoplasts were

kept 1in darkness or light at 30 £ 1°C. After 10 min,

was exanmined for PEP carboxyl ase activity

an al i quot

Test conpound
during prel ncubation

PEPC activity

Li ght/ Dar k
Ratlo

Li ght Dar k

None (Control)
+ DCMU (10 uM)
+ phlorlzin (1 mM)

+ CCCP (1 uM)

umol mg Chl h
363 + 18 290 *29
357 £30 285 * 27
259 + 21 273 + 28

248 27 256 = 19

1.3

1.3

1.0

1.0



effector) (Huber and Suglyama 1986, Doncaster and Leegood 1987).
Further, PEPC from |leaves of C4 plants 1s stinulated by light nuch
nore nmarkedly than that of C3-type. The light/dark ratios of PEPC
were high in C4 plants (Zea mays) and low in C3 plants (around 30/4
in Pisum sativum). Similarly, other characteristics of PEPC, such
as Km(HCO3™), Km(PEP), Inhibition by malate and activation by

G 6-P, varied between C3 and C4 species. In the C3-C4 intermediate
Alternanthera ficoldes, activity levels of PEPC are high (Chapter 3
of this Thesis) conpared to C3 species. Yet the light activation
pattern and the kinetic properties (Table 7.1) of enzyme from this
C3-Cs intermediate were similar to the C3-isoformof the enzyne.
This suggests that PEPC present in the C3-Ca internmediates (at
least in Alternanthera ficoides) may be a C3 form Separ ate
experiments fromour |aboratory on pattern of light activation and
dark deactivation of PEPC in several C3 and C4 plants confirm such

suggestion (Rajagopalanet al. 1993a).

This is the first report on the light activation of PEPC in
mesophyll protoplasts and |eaf honmogenates of Zea mays (Fig. 7.1
and Table 7.2). However, maxinmum activation of PEPC by Iight
occurred only in preilluminated |eaf discs. This can be attributed
to the need for a proper integrity and coordination of two
photosynthetlc cell types (nesophyll and bundle sheath) during the
light activation of PEPC (Chollet et aJ. 1990, Jiao and Chollet
1991, Bakrimet g1, 1993). It has been reported that netabolites

such as PGA from bundl e sheath cells can be a signal for the
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activation of PEPC by light in mesophyll cells (Jiao and Chollet

1992, Bakrimet al. 1993).

Mai ze nesophyl| protoplasts forma good source of PEPC
(Petropoul ou et al. 1990). Li ght activation of PEPC has so far not
been reported in mesophyll protoplasts from | eaves of Ca plants,
unlike the stimulation of PPDK or NADP-MDH (Nakamoto and Edwar ds
1986). The detection of the activation of PEPC by light in
protoplasts only in a low buffered medium but not in high buffered
medium (Fig. 7.3), suggested an inportant role of pH and/or ionic
strength during the activation of PEPC (Devi and Raghavendra 1992b).
Studies with fluorescent dyes indicated that upon illunination,
there is a marked alkalizatlon of the cytoplasm in |leaf nmesophyll
cells of several C3 plants (Yin et al. 1990a,b). There is also a
hi gh degree of light induced alkalization in nesophyll cells of Ca
pl ants (Raghavendra et al. 1993, Yin et al. 1993). Since PEPC is
located in the cytoplasm such alkalization can lead to activation
of the enzyne. The increase in enzyme activity upon preincubation
of protoplasts in darkness at pH 7.8, but not at 7.2 (Fig. 7.4),

supports the proposed role of pH.

The extent and kinetics of light actlvatlon/dark
deactlvatl on of PEPC in protoplasts in situ differ slightly from
those observed with leaves in vivo (Doncaster and Leegood 1987,
Nimmo et al. 1987, Jiao and Chollet 1988). The lack of the DCMU

effect on the light activation of PEPC observed in our experinents
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(Table 7.3) and the insensitivity of the light form of the enzyne
to G6-P also are at variance with earlier reports nmade with | eaves
i1luminated in vivo (Samaras et al. 1988, Reviews: Chollet et al.
1990, Jiao and Chollet 1991). However in at |east one study the
inhibition of light activation of PEPC by DCMU was only partial,
when the enzyme was assayed at |ow substrate |evels (Karabourniotis

et al. 1983).

Al t hough these results denpnstrate that PEP carboxyl ase from
C3-Ca internediates closely resenbles the C3-form the enzyme may
still play an inportant role, though not through typical Ca pathway
e.g. as in Panicummilioides (Edwards et al 1982). CQur studies
(Chapter 5 of this Thesis) using DCDP, an inhibitor of PEPC,
indicted that PEP carboxylase mght be significant during the in
vivo refixation of photorespired COz2 in leaf discs of internediate

speci es.
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Chapter 8

ACTIVITY-LEVELS OF PHOTOSYNTHETIC, PHOTORESPIRATORY AND
RESPIRATORY ENZYMES IN MESOPHYLL PROTOPLASTS AND BUNDLE
SHEATH CELLS OF ALTERNANTHERA TENELLA

I ntroduction

The inter- and intracellular location of photosynthetic and
phot orespiratory metabolisns is different in C3 and Ca plants
(Edwards and \al ker 1983, Reed and Choll et 1985, Hatch 1987). In
C3 plants both photosynthetic and photorespiratory metabolisnms
operate in a single type (mesophyll) of cells (Robinson and V@l ker
1981). In contrast, photorespiratory glycol ate netabol i smand
Calvin cycle occur in the bundle sheath cells, while the prinary
carbon assimlation through Cacycle is localized in the nesophyll
cells of 4 plants (Reviews: Edwards and Huber 1981, Edwards and
l ker 1983, Hatch 1987, 1992a,b, Raghavendra and Das 1993).
Further, the location of Ci-acld decarboxylation in the inner
bundl e sheath cells of Ca plants builds up a very high COz2
concentration near Rubisco, leading to a remarkabl e reduction in
photorespiratory Q2 netabolismin these plants (Edwards and Vél ker

1983, Hatch 1987, 1992a,b).
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A differential |localization of photosynthetic and
photorespiratory enzymes, if occurs, can be a significant factor
responsible for reduced photorespiration in the C3-C4 species. The
photosynthetic properties associated with reduced photorespiration
wer e dependent on the extent of Kranz anatony i.e. differentiation
of bundle sheath and mesophyll cells, at least in some of the
intermedi ate species |ike Mricandia arvensis (Holbrook and Choll et
1986) . It has recently been shown that glycine decarboxyl ase, the
mitochondrial enzyme which releases CO2 during photorespiration, is
confined to the bundle sheath cells in C3-C4 internediate species
from the genera of Panicum, Flaveria, Mollugo, and Moricandia
(Hylton et al. 1988, Moore et al. 1988, Rawsthorne et al. 1988a).
Such confinenent of decarboxylation capacity of the leaf to the
bundl e sheath cells along with physical proximty of mitochondria
and chloroplasts in these cells is proposed to form the basis for
the efficient, light-dependent recapture of photorespired CO2 in
| eaves of Moricandiaarvensis (Hunt et al. 1987, Rawsthorne et al.

1988a) .

The aim of the present set of experiments is to study inter-
cellular conpartnentation (if any) of photosynthetic, photorespi-
ratory and respiratory enzynes in the C3-Ca internediate species
Alternanthera tenel |l a. As a primary step, we isolated nesophyll
protoplasts and bundl e sheath cells from A. tenella and determ ned
in these tissues the maximum activities of enzynmes involved in

phot osynt hetic/ photorespiratory/respiratory netabolism
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Qur attenpts to isolate mesophyll and bundle sheath tissues
from leaves of Alternanthera ficoides and Partheniumhysterophorus

were not successful.

Results

Di gestion of |eaf pieces of A tenella with cellulase/
pectinase yielded mesophyl!| protoplasts and bundl e sheath strands.
These could be separated by suitable nylon filters, due to
variation in the size of these two types of tissues. The yield of
bundl e sheath cells was less than that of mesophyl| protoplasts

possi bly because the Kranz anatomy was only partial in A tenella.

M croscopi c observations indicated very little contam nation
of mesophyl| protoplasts with bundle sheath protoplasts/strands and
vice versa (Fig. 81 Ato D). Two different types of nmesophyll
protoplasts (20-30 /am) with slight difference in their sizes were
observed, apparently corresponding to spongy and pallisade tissues.
The bundle sheath cells were quite larger (>40 pm) than the
mesophyl | protoplasts. The contam nation of bundle sheath strands
with mesophyl| protoplasts was very small (<10%). A single bundle

sheath strand is shown in Fig. 81 D

The absorption spectra of both nesophyl| protoplasts and

bundl e sheath cells showed two nmjor peaks corresponding to 640 nm
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Fig. 8.1. Photom crographs of mesophyll protoplasts (A Q and

bundl e sheath strands (B,D) isolated fromAlternanthera tenella
(C3-Csa internediate). The photom crographs were taken at either
low (A B) or high (CD magnification. The bars represent 200 p

(AB) and 50 um {(C,D), respectively.






and 440 nm (Fig. 8.2). There were no conspi cuous differences in

the quality of these spectra.

The rates of respiratory 02 uptake in mesophyll protoplasts
were simlar to the bundle sheath cells. However the rates of
phot osynthetic 02 evolution by nesophyll protoplasts were slightly
hi gher (by 30%) than those of bundle sheath cells. On the other
hand, the Chl a/b ratio was slightly higher in bundle sheath cell

preparation conpared to the mesophyll protoplasts (Table 8.1).

The activity-levels of some of the C4 photosynthetic enzynes
li ke PEP carboxyl ase and NAD-malic enzyme were sinmilar in both
nesophyl | protoplasts and bundl e sheath cells. However, the
activities of other photosynthetic enzymes |ike NADP-/NAD-nmal ate
dehydrogenases and NADP-malic enzyme were slightly lower in bundle
sheath cells than those in the mesophyll protoplasts (Table 8.2).
Further, the reduction in activities of NAD-MDH and NADP-malic
enzyme in bundle sheath cells conpared to those in nesophyll

protopl asts was significant (P <0.005).

The activities of key photorespiratory enzymes (GO NADH-HPR
and P-glycolate phosphatase) were simlar in both mesophyll and
bundl e sheath cells. However, the activity-levels of catalase and
PGA phosphatase were slightly higher in bundle sheath cells than in
mesophyl| protoplasts (Table 8.3). The ratio of PGA-/P-glycolate

phosphat ase was higher in the nesophyll protoplast fraction than in
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strands (B) isolated fromleaves of Alternanthera tenella.




Table 8.1. Properties of mesophyll protoplasts and bundl e sheath

cells from Alternanthera tenella

Properties Mesophyll
protopl asts

Bundl e sheath
cells

Size (pm) 25 + 5°

Phot osynt hesi s - "
(umol 02 evolved mg = Chl h ') 120 +11

Respiration

(umol O2 consuned mg™' Chl h™") 17 + 1
Phot osynt hesi s/ Respi ration 7.1
Chl a/b ratio" 2.98
Protein/Chi" 4.17

48 + 3

93

+
[ee]

3.31

Two different sizes (average dianmeters of about

protopl asts are observed.

20 and 30 um) of

.The values of Chl a/b and protein/Chi for intact |eaf were 3.10

and 4.00 respectively.



Table 8.2. Activity-levels of photosynthetic enzymes in whol e
| eaf, mesophyll protoplasts and bundl e sheath strands of

Alternanthera tenella

Enzyne Whol e | eaf Mesophyll Bundl e sheath
protopl asts cells

umol mg Chl h

PEP car boxyl ase 73+6 79+6 69+5
NAD-malic

dehydr ogenase 2173 + 223 2241 + 193 1858 * 116
NADP-malic

dehydr ogenase 85 + 6 95+8 66+7
NAD-mal i ¢ enzyme 119 = 10 132+9 111 £ 10
NADP-malic enzyme* 53 £ 4 85 + 7 35 £ 3

The nean activities in mesophyll and bundl e sheath fractions are
significantly different (P <0.005).



Table 8.3. Activity-levels of

photorespiratory enzymes in whole

| eaf, mesophyll protoplasts and bundle sheath strands of

Alternanthera tenella

Enzyne Vol e | eaf Mesophyll Bundl e sheath

protopl asts cells
umol mg Chl h

G ycol ate oxidase 101 + 9.3 111 +10 96 + 8.4

NADH- hydr oxypyr u-

vat e reductase 469 + 38 486 4 41 451 t 39

Phosphoglycolate

phosphat ase 744 + 59 799 + 64 741 t 49

PGA phosphat ase 490 + 33 469 + 37 543 + 41

-

Catalase 189 + 17 169 + 12 194 + 16

G ycine decar-

boxyl ase 37+4 10 £ 2 72+6

Serine hydroxymethyl-

transferase 35 £ 3 11 £ 1 67+7

"Activity in mmol mg ChI'h °

-1



the bundl e sheath cells. In contrast, the levels of glycine
decar boxyl ase and serine hydroxymethyltransferase were 6-7 fold
hi gher on Chl basis (6-10 fold on protein basis) in bundle sheath

cells than those in mesophyll (Table 8.3).

The activity-levels of some citric acid cycle enzynes
(citrate synthase, isocitrate dehydrogenase, succinate dehydroge-
nase and fumarase) and cytochrome c oxi dase were 45-190% hi gher in
bundl e sheath cell preparation than in the mesophyll protoplasts on

chl orophyl | basis (45-210"/. on protein basis) (Table 8.4).

Di scussi on

Al the known C3~Ca internediates are characterized by a
partial or near-conplete Kranz |eaf anatony (Holaday and Choll et
1984, Rajendrudu et al. 1986, Edwards and Ku 1987, Brown and
Hattersley 1989, Rawsthorne 1992). I'n nost of the internediates,
the bundl e sheath cells are not as distinct as in Ca species (Brown
and Hattersley 1989). Studies of Rajendrudu et al. (1986) and our
own observations (Chapter 3 of this Thesis) indicated partial Kranz
leaf anatony in Alternanthera tenella. Therefore, an attenpt is
made to study the distribution of photosynthetic, photorespiratory
and respiratory enzymes in mesophyll protoplasts and bundle sheath

cells, by measuring their maximum catalytic activities.

Bundl e sheath protoplasts can be readily distinguished from

mesophyl | protoplasts by their large size and the characteristi-
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Tabl e 8. 4.

mesophyll protoplasts and bundle sheath strands of

Activity-levels of

respiratory enzynes in whole |eaf

Alternanthera

tenella
mg Protein
Enzyne Leaf Mesophyl | Bundl e Wol e Mesophyll Bundle
pr ot o- sheat h | eaf proto- sheat h
pl asts cells pl asts cells
umol h
Ctrate 289 217 378 69 51 100
synt hase +22+17 +36 +6 +4 +8
Isocitrate 46 37 55 12 9 13
dehydr ogenase +4 +3 +5 +1 +1 +1
Succinate 154 129 184 36 32 47
dehydrogenase +13 +11 +16 +4 +3 5
Fumarase 59 31 89 15 8 25
+5 +4 +8 +1 +1 +2
Cytochrome ¢ 152 120 213 38 28 54
oxl dase +12+11 +24 4 +3 +5




cally asymmetric orientation of chloroplasts within the protoplasts
(Fig. 81 Ato D). Simlar observations have earlier been made

wi th mesophyll and bundl e sheath protopl asts of Moricandia arvensis
(Holaday et al. 1981, Wnter et al. 1982, Holbrook and Chol | et
1986). There is considerabl e disagreement in the literature on Chl
a/b ratios in bundl e sheath cells of C3-Csa internediates. The Chl
a/b ratio in bundl e sheath has been reported to be either |ow
(Panicum milioides; Kuet al. 1976), or high (Mollugo nudicaulis;
Chel | appan and Gnanam 1980) or simlar to mesophyll cells {Flaveria
ramosissima; Mbore et al. 1988). |In the present study, Chl atob
ratio was slightly higher in bundle sheath cells conpared to

nesophyl | protoplasts (Table 8.1).

The spectral characteristics of these two cells were
simlar, with two najor peaks at around 640 and 440 nm (Fig. 8.2).
Further, the spectra resenbled the absorption spectrum of naize

nmesophyl | protoplasts (Devi et al. 1992b).

The rate of photosynthetic @ evolution was high in
mesophyl | protopl asts conpared to the bundl e sheath cells in A
tenella, which indicates that the light reactions are nore active
in nesophyll cells. Respiratory 02 uptake was simlar in either

cells (Table 8.1).

Simlar activities of PEPC , NAD ME and rel ated enzynes in

nesophyl | and bundl e sheath cells (Table 8.2) suggests that the
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predom nant photosynthetic netabolismis via Calvin cycle in both
the cells and the operation of typical Ca cycle is unlikely in this
species. As per the literature, the pattern of distribution of
phot osynthetic enzymes between mesophyll and bundl e sheath
fractions varied anong different intermediates. In Flaveria

ramosi ssima and Mollugo nudicaulis, the activity of PEPC was high
in mesophyll fractions whereas bundl e sheath fraction contained

hi gh NADP- ME activity (Chellappan and Gnanam 1980, Moore et al
1988). The levels of NAD-MDH in bundl e sheath cells were al nost
twice of those in nmesophyll protoplasts, while NADP-MDH activities
were simlar in both the cells in case of P. milioides (Kuet al,
1976). The observed differences in the distribution of key
photosynthetic enzynes anong different internediate species reflect
the varying degree of Ca cycle devel opment in these species.

F. ramosissimais likely to be,more advanced C3-C4 internediate
than A. tenella. The enzynme distribution in nmesophyll and bundle
sheath cells of A tenella observed in this report (Tables 8.2 and
8.3) is simlar to the situation in Panicummlioides (Ku et al.

1976) .

The |evels of peroxisomal enzynmes (GO NADH-HPR, catal ase)
and related ones (P-glycolate phosphatase) were similar in
mesophyl | and bundl e sheath preparations of A tenella (Table 8.3),
in agreement with the pattern reported in P. mlioides (Ku et al.
1976), Moricandiaarvensis (Rawsthorne et al. 1988b) and Flaveria

ranosi ssima (More et al. 1988). The predom nant |ocation of two
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phot orespiratory enzymes (glycine decarboxylase and serine hydroxy-
methyltransferase) in bundle sheath cells (Table 8.3) suggests that
the process of glycine decarboxylation is nostly located in the
bundl e sheath cells of A tenella. This may be an inportant factor
leading to a reduction of photorespiration in this species. Simlar
situation is reported in tw intermediates, namely H arvensis

(Rawsthorne et al. 1988b) and F. ramosissima(More et al. 1988).

Unli ke the photosynthetic or photorespiratory enzymes, a
mar ked | ocalization of mitochondrial (respiratory) enzynmes could be
seen in the bundle sheath cells of A. tenella (Table 8.4). /(Two
to three fold higher activities of cytochrome c oxi dase and
fumarase were reported in the bundle sheath cells of P. milioides
(Kuet al. 1976) and M. arvensis (Rawsthorne et al. (1988b),
respectively. The high levels of respiratory enzynes may be due to
the enrichnment of mtochondria in bundle sheath conpared to the
mesophyll cells (Brown and Hattersley 1989). The result of such
concentration of mtochondrial enzynmes involved in glycine
decar boxyl ation/respiration is that the C02 released in bundle
sheath mitochondria either from photorespiration or dark
respiration should pass over the adjacent chloroplasts (and
mesophyl | cells) while diffusing out of the leaf. This increases
considerably the possibility of refixation of photorespired CO2 in
C3-C4 intermediates (Edwards and Ku 1987, Brown and Hattersley

1989, Rawsthorne 1992).
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Any compartmentation of the photorespiratory pathway in the
| eaves of A tenellarequires also an efficient transport of
met abol i tes between mesophyll and bundl e sheath cells. Accordi ng
to Rawsthorne (1992) the carbon skel eton of serine (either serine
itself or one of its products) returns to the mesophyll cells from
the bundl e sheath cells after the decarboxylation of glycine in
order to keep the carbon for the operation of Calvin cycle in the
mesophyl | cells. The nmetabolites could nove between the two cell
types down the concentration gradients (Rawsthorne 1992, Rawsthorne
et al. 1988a) as they do in Csa species (Hatch 1987). This proposal
is supported by the high levels of glycine and serine pools (four
fold greater on a per-unit-leaf- area basis) observed in the inter-
medi at e species Moricandia arvensis (Rawsthorne and Hylton 1991).
Short interveinal distances and high frequency of plasmodesmata in
C3-C4 internediates unlike in C3 species (Kanai and Kashiwagi 1975,
Morgan and Brown 1979, Monson et al. 1984, Brown et al. 1983b,
Rawst horne 1992) could facilitate an efficient transfer of these

metabolites.

The present study on the distribution of various enzynes in
mesophyl | protoplasts and bundle sheath cells of Alternanthera
tenella suggests that there is a preferential localization of at
| east mtochondrial metabolismin bundle sheath cells. The
conpartnmentatlon of photorespiratory glycine netabolism enzynes
(gl ycine decarboxyl ase and serine hydroxymethyltransferase) in the

bundl e sheath cells helps in the reduction of photorespiration in
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this species. Further experinments are needed to understand the
exact inplication of mitochondrial concentration in bundle sheath

cells in achieving low photorespiration in C3-C4 internediates.
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Chapter 9

SUMMARY AND CONCLUDING REMARKS

The reduced photorespiration in C3-C4 internediates has so
far been attributed to either (i) operation of a partial or near
complete Ca cycle, or (ii) efficient refixation of photorespired
CO2 (Edwards and Ku 1987, Monson and Moore 1989, Rawsthorne 1992,
Raghavendra and Das 1993). The present work attenpted to assess
the factors responsible for the reduction of photorespiration in
three C3-C4 internediate plant species, nanely Alternanthera

ficoides, Alternanthera tenella and Parthenium hysterophorus.

The results of this study denpnstrated that the photorespi-
ratory netabolism was decreased in the internediates. There was a
partial reduction (about 25%, conpared to the C3 species) in the
maxi mum catalytic activities of key photorespiratory enzymes (e.g.
gl ycol ate oxi dase, hydroxypyruvate reductase, catal ase and
glycerate kinase) in the C3-C4 internediates. A partial reduction
in some of the photorespiratory enzymes was noticed earlier in
other C3-C4 internediate species (Ku et al. 1976, 1991, Sayre and
Kennedy 1977, Sayre et al. 1979, Moore et al. 1988, Rawsthorne et
al. 1988b, Kumar and Abrol 1990). Yet, the present work is the
first conprehensive report on activities of several photorespira-

ratory and photosynthetic enzymes in C3-Ca internediate species.

132



There was a partial reduction (about 25-30% also in the
| evel s of photorespiratory netabolites (ammonia, glycolate and
glyoxylate) in these C3-C4 internediates. The extent of such
reduction in nmetabolites was correlated well with the reduction in
activity-levels of photorespiratory enzynes. Reduced |evels of
phot orespiratory ammonia accunul ation were reported in C3-C4
intermedi ates of Moricandia arvensis and Parthenium hysterophorus
(Kumar and Abrol 1989, 1990). Reduced incorporation of MCinto
gl ycol ate was observed in Panicummilioides (Servaites et al. 1978)
and in Partheni um hysterophorus (More et al. 1987a). However,
this is the first report on glyoxylate (besides glycolate) pools in

| eaves of C3-C4 internediates.

Despite the presence of a partial Kranz-anatomy, there was
no indication of even a partial C& pathway operation in the present
intermedi ates based on the observations on enzyne conpl ement,
phot osynthetic 02 evolution and characteristics of PEPC. The |ow
ratios of PEPC/RuBPC and PEPC/ RuBPO and PGA-/P-glycol ate
phosphatase, low levels of PPDK, |ow quantum requirenments and
saturation of photosynthesis at light intensities <400 pmol m s
(all characteristics simlar to C3) pointed at the insignificance
or non-operation of C4 pathway in these internediates. Thus, the
present study confirms that devel opnment of partial Kranz-leaf
anatomy and Ca cycle are not always correl ated. Simlar results
were shown earlier for C3-C4 internediate species of Seurachne
minor (More and Edwards 1989) and Eleocharis pusilla (Bruhl et al.

1987) .
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Al t hough, the overall pattern of photosynthetic 02 evol ution
in C3-Ca internediates was simlar to that in C3 species, the
response of their photosynthesis to external CO2 was significantly
| ess than that of C3 ones. The extent of photoinhibition, |ight
conpensation point, and values of quantumyield did not change in
internmediates as nuch as in C3 plants due to the rise in anbient
C®R2. Simlarly, the accunmulation of photorespiratory metabolites
in C3-C4 internediates was not as severely lowered as in C3 ones by
5 mM bicarbonate in the external nedium Al these results
indicate the possibility of a larger internal CO2 pool in |eaves of
the C3-C4 internediate species than that in C3 species. An
Increase in internal inorganic carbon pool was suggested in sone of

the C3-C4 intermedi ates of Flaveria (More et al. 1987b).

Al though the activity-levels of photorespiratory enzymes
were reduced, there was no evidence of any major alteration in the
form of two key enzymes involved in the photorespiration or Ca
phot osynt hesi s. The kinetic and regulatory properties of glycolate
oxi dase (an inportant photorespiratory enzyne) from the C3-C4
intermediate species {(Partheniumhysterophorus) were simlar to
that from C3 species (Pisumsativum). The light activation pattern
and kinetic/regulatory properties of PEPC in C3-C4 internediate

Alternanthera ficoides were simlar to the C3 form of PEPC.

In the present study, the levels of photorespiratory
mitochondrial enzymes (glycine decarboxylase and serine hydroxy-

methyltransferase} were nuch nore in bundle sheath than those in
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mesophyll cells of A. tenella. The photorespiratory glycine

met abol i sm (gl ycine decarboxyl ati on) was predominantly |ocalized in
bundl e sheath cells of C3-C4 internediates of Flaveria, Moricandia
and Panicum (Hylton et al. 1988). This indicates that the locali-
zation of glycine metabolism in bundle sheath cells can be an
Important factor in achieving inproved refixation of photorespired
CX®2 in this species. In addition to the photorespiratory enzynes,
the activity-levels of several TCA cycle enzymes also were high in
bundl e sheath cells enphasizing the enhanced mitochondrial

net abolism in bundle sheath cells.

Preferential |ocalization of glycine decarboxylase in bundle
sheath cells leads to the production of photorespiratory CO2 deep
within the leaf and reduces the possibility of CO2 exit. The
photorespired CO2 will be refixed by Rubisco or PEPC either in
bundl e sheath cells or nesophyll cells before it escapes from the
| eaf . Studies of the activity-levels of PEPC and inhibition
pattern of photosynthesis with DCDP suggests that PEPC nmy play an
inportant role in such refixation of photorespired CO2 in the

internedi ates.

An inportant enphasis of the present investigation is the
mtochondrial specialization in bundle sheath of C3-Ca species.
Most of the Ca-Csa internmediates, as per the literature have a
tendency to |ocalize glycine decarboxylase and serine hydroxy-
methyltransferase in bundle sheath cells (Rawsthorne 1992).

U trastructural observations reveal that there is a concentration
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of large mitochondria in bundle sheath cells, arranged al ong the
cell walls adjacent to vascular tissue overlain by chloroplasts in
intermedi ates like Panicummilioides (Brown and Hattersley 1989).
The importance of mitochondrial netabolism is also indicated by the
relative insensitivity of dark respiration to external COz in C4
plants and Ca-Ca internmediates, conpared to the marked inhibition
in C3 plants. We therefore feel that an altered mtochondrial

nmet abol i sm may be an inportant feature of C3-Ca internediates and

C4 speci es.

Thus a partial reduction in the photorespiratory metabolism
itself may be an inportant factor in the reduction of photorespira-
ration in these intermediates. Refixation of photorespired CO2 as
suggested for other Moricandia, Panicum Flaveria (Hunt et al.
1987, Hylton et al. 1988, Rawsthorne et al. 1988a,b, Morgan et al.
1992, 1993, Rawsthorne 1992) internediates can further help to
reduce photorespiration in the internmediates of Alternantheraand

Parthenium.

A consistent feature of internediates is their insensitivity
to external CO2, as indicated by the response of their photorespi-
ratory metabolites or photoinhibition or dark respiration to
anbient CO2. W interpret these observations to suggest the
exi stence of a large pool of internal C®2 in C3-C4 internediates
conpared to C3 plants. Such high internal CO2 (which may be due to
also an efficient CO2 fixation mechanism can lead to a further

reduction in photorespiratory enzymes/netabolism
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These conclusions are summarized and incorporated into a
hypot hetical nodel (Fig. 9.1) to explain the possible nechanism of
reduced photorespiration in internediates of Alternanthera and
Parthenium. This nmodel could be a third alternative to the already
proposed two possibilities, namely the operation of partial or near
conpl ete C4 pathway and the efficient refixation of photorespired

C02.
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Partial or near perfect More mitochondria in

Kranz anatomy . bundle sheath than those
A Y
\ in mesophyll
» ?
N o
h Y
A Y
A Y
N
Reduced [evels of 4 HIGH INTERNAL| Predominant location
photorespiratory «-- Co, POOL <= of glycine decarboxyla-
enzymes tion /dark respiration

in bundle sheath

Reduced pools of Efficient co,
photorespiratory == refixation
metabolites

REDUCTON IN
PHOTORESPIRATION

Fig. 9.1. A possible nodel of reduced photorespiration in C3-Cs inter-
mediates of Alternanthera and Parthenium. The occurrence of "partial
Kranz anatony" and mitochondrial enrichment in bundle sheath result in
a marked confinenent of glycine decarboxylation and dark respiration to
these cells. As a result, the photorespiratory/dark respiratory O
efflux is restricted to the tissues deep within the |eaf, keeping up a
hi gh pool of internal CO2. The efficient refixation/internal cycling of
Q2 hel ps further in the naintenance of high O pools. The parti al
reduction in activity-levels of key photorespiratory enzynmes and
reduced pool s of metabolites formthe additional factors responsible
for the reduction in photorespiration in these species. Additional
experinents are necessary to assess if high internal OX2 pool results
in reduced activity-levels of photorespiratory enzymes or if a partial
Kranz anatony can directly facilitate the build-up of a high G2 pool s
within the |eaf.
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Summary

The efect of light on phosphoenoipyruvate (I'EP) carboxylase (EC 4.1.1.31) activity in maize (Zea
mays L. cv. Ganga 5) mesophyll protoplasts was examined. When protoplasts were illuminated in a low-
buffered (2mM) medium, there was a 20-35% increase in the activity of PEP carboxylase over that in
darkness. There was no light activation, however, if the protoplasts were kept in a high-buffered (20 mM)
medium. Maximum activation occurred after 10—15min of illumination and the activation was lost
within R inin after transfer to darkness. The light activation of PliP> carboxylase was completaly sup-
pressed by phlorizin or CCCP, but not by DCMU. The characterigtics of the light activated form of PEP
carboxylase 1n protoplasts (i sits) differed dightly from those observed with leaves (in vivo). We suggest
that light-induced alkalization of the cytosol and ATP formation are involved in the activation of PEP
carboxylase, possibly through phosphorylation of the enzyme.

Key words: C photosynthesis, light activation, mesophyll protoplasts, I'EP carboxylase, cytosolic pH, Zea
mays.

Abbreviations: BSA - Bovine serum abumin; CCCP - Carbonyl cyanide m-chlorophenylhydrazone;
Chl - Chlorophyll! DCMU - 3(3',4"-Dichloropheny!-1,1-dimethylurea; HEPES = N-2-I lydroxy-
ethyl piperazine-N'-2-ethanesulphonic acid, MDH - Malate dehydrogenase; MES = 4-Morpholi-

noethane sulphonic acid; PEP = Phosphoenoipyruvate; PPDK = Pyruvate, phosphate dikinase.

Introduction

Phosphoenoipyruvate (PEP) carboxylase is a key enzyme
involved in primary CO; fixation by Ci and CAM plants
(Andreo et al., 1987). The enzyme is adso present in C,
plants, algae and bacteria (O'Leary, 1982). Apart from
photosynthetic carbon assimilation, other functions of PEP
carboxylase include replenishment of tricarboxylic acid
cycle intermediates, generation of NADPH, refixation of re-
spired CQ,, nitrogen assimilation, amino acid synthesis and
maintenance of pH/electroncutrality (Latzko and Kelly,
1983). PEP carboxylase is a cytosolic enzyme and occurs in
leaves as well as non-photosynthetic organs. In Caspecies,
PEP carboxylase is located primarily in mesophyll cells (Ed-
wards and Walker, 1983).

There have been severd studies on the regulation of PEP
carboxylase. In C, plants, the enzyme is regulated by factors

1992 by Gustav Fischer Verlag, Stutigart

such as light, temperature and pH. The activity of the en-
zyme is modulated by metabolites, particularly glucose-6-
phosphate and glycine, and 1s subject to feedback inhibition
by organic acids like L-malate or aspartate. Compounds that
ae known to inhibit the enzyme include analogues of
pyruvate or PEP such as bromopyruvate, phospholactate or
phosphomalate (Gonzalez and Andreo, 1989), glyphosine
(Podesta et al., 1987), and 3,3-dichloro-2-dihydroxyphosphi-
noylmethyl-2-propenoate (Jenkins et al., 1987). A strong
interaction exists between light, temperature and pH in regu-
lation of PEP carboxylase, as shown in the case of Amu-
ranthus paniculatus and Zea mays (Selinioti et al., 1986; Kara-
bourniotis et a., 1985 Grammatikopoulos and Manetas,
1990).

Photosynthetic enzymes like ribulose-5-P kinase, NADP-
malate dehydrogenase (MDH), NADP-triose phosphate de-
hydrogenase and fructose-l,6-bisphosphatase are regulated



412 M. Tikimara Div o wd Al s Raciavennka

by light through clectron trangport and the feriedoxin-thio-
redoxin system (Buchanan, 1980). Similarly, light modulates
some of the enzymes involved in C, photosynthesis. Upon
illumination, the activities of pyruvate, phosphate dikinase
(PPDK) and NADP-MDIH are dimulated severa told in
leaves or mesophyll protoplasts of C, plants {(Nakamoto and
Edwards, 1986). During greening, there is a marked increase
in the activity of not only PPDK and NADDP-MDH, hut aso
PEP carboxylase (Hauge and Sims, 1980). Such enhancement
in PEP carboxylase is due to an increase in the de novo syn-
thesis of the enzyme.

| he interest 1n light regulation of PP carboxylase was re-
vived with recent reports on the modulation by light of PEP
carboxylase activity and malate sensitivity in leaves of maize
(Karabourniotis et al., 1985; Doncaster and |.eegood, 1987;
Chollet e a., 1990), Annovantbus (Sclinioti e ., 1986) and
Sedum pracaluom (Manetas, 1982). However, the role of light
in the activation of PHI* carboxylase remained ambiguous,
since the promotive effect of light could not be demonstrated
if the enzyme was extracted and assayed a pH 8.0. Similarly,
light activation of PEP carboxylase has so far not been re-
ported in mesophyll protoplasts from leaves ot Cplants, un-
like the stimulation of PPDK or NADP-MDH (Nakamoto
and Edwards, 1986).

in the present report, mesophyll protoplasts from leaves
of maize were used to reexamine the effect of light on PEP
carboxylase activity. Activation of the enzyme occurred
only when protoplasts were suspended in alow-buffered me-
dium, indicating that the high buffering capacity normally
used during experimentation prevented the detection of light
activation of PEP carboxylase. We dso present some
evidence to indicate that cytosolic pH could be involved in
light activation of PEP carboxylase. While this article was
under preparation, a report appeared suggesting the useful-
ness of maize mesophyll protoplasts as a source of PEP
carboxylase (Petropoulou et ., 1990).

Materials and Methods

Plant material

Plants of maize {Zea mays L. cv. Ganga 5) were raised in soil sup-
plemented with farm-yard manure in 15-cm diameter plastic tubs.
Plants were grown outdoors under a photoperiod of approximately
12h and mean temperatures of 30°C day/20°C night. Fully ex-
panded second and third leaves were taken from 8- to 10-day-old
plants between 800 am. to 9.00 am. (2 to 3h after exposure to
light).

Isolation and incubation of mesophyll protoplasts

The leaves were cut 1nte» 1-mm thick pieces and kept 1n the diges-
tion medium in a petri dish containing 2% (w/v) Celtulase «Ono-
zuka R-10», 0.2% (w/v) Maccrozyme, 0.2% (w/v) BSA, 10mM
MES-KOH, pH 5.5, 0.5 M sorbitol, 1 mM CaCl;, 1 mM MgClz and
0.2mM KH,PO, for 1h at 30°C. The digestion medium was
sucked off with the help of a Pasteur pipette. A few ml. of fresh re-
suspension medium, consisting of either 2mM or 20 mM HEPES-
KOH, pH 7.2, 05 M sorbitol, 1 mM CaCly, | mM MgClz and 1 mM
KH,PQ),, were added to the petri dish to submerge the lesf pieces.
The pctri dishes were lapped gently to release the mesophyll proto-

plasts. The medium containing released prutoplasis was passed sue-
cessively through 500-, 85- and 60-ttm nylon filler cloths. The final
filtrate was centrifuged at 100 for 5min and the pellet was sus-
pended in the resuspension medium. Further details are described
elsewhere (Tirumala Devi € a., 1991).

Protoplasts were washed and resuspended in o low (2 mM) or
high (20mM) HEPES-buffered resuspension medium  (described
above) in such + way so as to have the equivalent of 200 ug C:h!
ml. . The suspension was kept in darkness for at least 1 h at 0°C
and then either maintained in darkness at 30 °C or illuminated with
tungsten lamps (Philips Comptalux 75 W) to provide an intensity of
100Gumolm s ' A water filter was placed between the light
source and the protoplast suspension to minimize healing. At the
required time, a 50-uL. aliquot of protoplasts, equivalent to 10 ug
chlorophyll, was added to the reaction mixture to assay the enzyme.

Assay of PEP carboxylas(FC 4.1.1.31)

The activity ol PEP carboxylase was followed spectrophotomet-
rically in a coupled system using NAD-MDH. The reaction mixture
contained 20mM Tricine-KOH, pH 7.8 5mM MgCl;, 1OmM
NaHCO;, 2 units NAD-MDH, 0.2mM NADU and 2.5mM PEP
in afinal volumeof 1.0ml . The oxidation of NADH was measured
a WOnm and 30°C in a Hitachi (Model 150-20) spectropho-
tometer. The protoplasts were completely broken upon addition to
the hypotonic reaction medium. During preliminay trials, the addi-
tion of Triton X-100 (0.05% or 1 9%, v/v) did not increase activity.
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Fig. 1: Light activation o PEP carboxylase in maize mesophyll pro-
toplasts, ‘The protoplasts were kept in darkness or under illumina-
tion in low (2 mM) buffer at pH 7.2 and 30 °C.. An aliquot of proto-
plasts was taken and assayed for en7ymc activity. The activity of
PEP carboxylase increased during illumination. When light was
switched off at 22 min, the activity fdl to the dark level (closed
triangle). There was only a dlight decrease in the activity of the ¢n
zyme a 30 min in protoplasts kept under light (open circles).



Triton X was therefore not used in subsequent experiments, Simi-
larly, the presence or absence of 5mM DTT aso had no effect on
enzyme activity.

Test compounds were included either in the reaction mixture or
during protoplast incubation as indicated in Results. The data pre-
sented in this report arc the averages (+ SIJ) of at least three experi-
ments.

Chemicals

Cellulase «Onozuka R-10» and Macerozyme R-10 were from Ya
kult Honsha Co. Ltd., Nishinomiya, Japan; Phlorizin, DCMU,
CCCP and MDH were from Sigma Chemical Co., USA. All other
chemicals were of analytical grade from Glaxo Laboratories or Sisco
Research Labs, Bombay, India. Nylon filter cloths were from Dadia
Textiles, Bombay.

Results

The activity of PEP carboxylase in maize mesophyll pro-
toplasts was stimulated by illumination (Fig. 1). After
10-15 min of illumination, the activity of PEP carboxylase
was about 35% more than that in the protoplasts kept in
darkness. There was a slight decrease in the activity after
15 min of illumination. There was not much change in PEP
carboxylase activity when protoplasts were kept in darkness.
When the illuminated protoplasts were returned to darkness,
the activity of PEP carboxylase fel within 8 min to the level
observed in darkness.
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Fig.2: The effect of buffer-strength on the light activation of PEP
carboxylase. Mesophyll protoplasts isolated from maize leaves were
suspended in either low (2 mM) (A) or high (20 mM) buffer (B), pH
7.2, and then exposed to light or kept in darkness. Aliquots were ex-
amined for enzyme activity at pH 7.8.
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Table 1: The characteristics of PLP carboxylase in maize mesophyll
protoplasts kept in either dark or light for 10 min at 30 °C, An ali-
quot of protoplasts after preincubation (low buffer, 2 mM) at pH
7.2 was added to the reaction medium (pH 7.8). Malatc or G-6-P was
included in the reaction medium used for the assay of PEP carbox-
ylase. The figures in parentheses represent the activity of the en-
zyme as the percent of respective control.

Parameter Preincubation

- B Light Darkness

Actviry pimol mg Chl ' h-!

Kinetic properties

Vi 213222 195421

K (PEP) mM 1.5 2.1

Sensitivity to effectors

Control 185420 155418
(100) (100)

2.5 mM malate 1594 14 5% 7
(86) (16)

2.5 mM G-6-P 1874 8 267124

(101)

(172)

Table 2: Effect of DCMU, phlorizin or CCCP on light activation of
P'LP carboxylase in str. The test compounds were included in the
lower-buffer (2 mM) preincubation medium, pH 7.2, while proto-
plasts were kept in darkness or light at 30 °C. After 10 min, an
aliquot was examined for PEP carboxylase activity,

Test compound Activity Ratio of

during preincubation (umol mg Chl~"h~") activity
Light Light/Dark

None (Control) 36318 1.25

+ DCMU (10 pM) 357130 1.25

+ phlorizin (1 mM) 259421 0,95

+ COCP (1 pM) 248127 0.97

The light activation of PEP carboxylase was found only
when the protoplasts were suspended and illuminated in
low-buffered (2mM) medium (Fig. 2 A). If the protoplasts
were kept in high-buffered (20 mM) medium, there was no
significant difference in enzyme activity from protoplasts
kept in light or darkness (Fig. 2 B). Among different com-
binations of incubation and assay pHs (7.0 to 85), incuba-
tion in pH 7.2 and assay a pH 7.8 were optimal for the light
response of PEP carboxylase.

The properties of PEP carboxylase from illuminated pro-
toplasts were different from those in protoplasts kept under
darkness (Table 1). The affinity of PEP carboxylase for PEP
was higher in light than that in the darkness, whereas the
V. Was only slightly atered. The enzyme extracted from
illuminated protoplasts was less sensitive to L-malate (14%
inhibition by 2.5 mM L-malate) or glucose-6-phosphate (no
activation by 25 mM G-6-P) than that from protoplasts kept
in darkness (84% inhibition by malate; 72% activation by
G-6-P).

The effect of classica inhibitors of photosynthetic electron
transport (DCMU), AP synthase (phlorizin) or phospho-
rylation (CCCP) were examined. These test compounds
were present during preincubation of protoplasts in s:t«. The
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Fig. 3: Theeffect of pH during preincubation on the activity of PEP
carboxylase in darkened maze mesophyll protoplasts. The proto-
plasts, resugpended in low buffer medium (2 mM), pH 7.5, were
mixed and resuspended in 20mM HEPES-KOH buffers, whose pH
ranged from 7.2 to 8.2. Aliquots of protoplasts were taken after
10 mm of incubation in darkness and assayed for PEP carboxylase
activity a pH 7.8.

light activation of PEP carboxylase was severely restricted
by CCCP or phlorizin, but not by DCMU (Table 2).

In an experiment designed t< simulate the effect ol P”.
protoplasts resuspended at pH 7.5 were preincubated in
HEPES-buffered media whose pH ranged from 7.2 to 82
and then assayed at pH 7.8. Upon incubation for 10 min in
darkness, maximal activity of PEP carboxylase was achieved
at a preincubation pH of 7.8, while the activity decreased
markedly at pH 7.2 or 82 (Fig. 3).

Discussion

This is the first report on light-modulation of PEP
carboxylase in mesophyll protoplasts from leaves. The acti-
vation of PEP carboxylase by light in leaves of C4 plants is
known, but could be detected only when the enzyme was ex-
tracted and assayed at suboptimal pH. The extent of activa
tion of PEP carboxylase by light was modified by other
factors such as pH or temperature. Our in situ results con-
firm that light activates maize PEP carboxylase activity in
vivo (Fig. 1). Thus, illumination promotes not only de novo
synthesis of C, PEP carboxylase (Goatly et al., 1975; Hauge
and Sims, 1980), but also the activity of the enzyme in Cs

leaves (e Karabourniotis ¢t al., 1985; Chollet et al., 1990)
and protoplasts (present report).

The detection ol activation ol the enzyme by light in pro-
toplasts only in a low-buffered medium, but not in high-buf-
fered medium (I, 2), suggested an important role of pil
and/or ionic strength during activation ol 1 * 1 -1 « carboxylase,
Studies with fluorescent probes indicated that upon illu-
mination, there is a marked alkalization of the cytoplasm in
lesf mesophyll cells of several C, plants (Yin et al., 1990 a, b).
There is also a high degree of light induced alkalization in
mesophyll cells of Cs4 plants (RAGHAVENDRA, A. S, Z.-H.
YIN, and U. HEeBER, unpublished observations). Since PEP
carboxylase is located in the cytoplasm, such akalization
can lead to activation of PEP carboxylase. The increase in
enzyme activity upon preincubation in darkness at pH
7.8, but not at 7.2 (Fig. 3), supports the proposed role of

1here have been several reports indicating changes in the
kinetic and allosteric properties of PEP carboxylase in leaves
upon illumination (Karabourniotis ¢t al., 1983; Doncaster
and Lecgood, 1987; Nimmo et al., 1987; Jiao and Chollet,
1988, 1989; Chollet et al,, 1990). The light-activated form has
.1 greater affinity for PI'I’ and is less sensitive to nutate inhi-
bition than the dark adapted form ol I’EP carboxylase. Our
results confirm that upon illumination, while the activity of
PEP carboxylase is stimulated, the sensitivity of the enzyme
to cffectors (such as malate or G-6-P) is severely reduced
(Table 1). In illuminated leaves, PEP carbuxylase would
therefore be able to tolerate an increase in malate concentra-
tion.

The extent and kinetics of light activation/dark inactiva-
tion of PEP mrbnxyl.\\‘c in protoplasts in situ (observed in
present study) differ slightly from those observed with leaves
in vivo (e.g. Doncaster and Leegood, 1987; Nimmo et d.,
1987 Jiao and Chollet, 1988). The lack ol the 1)CMU effect
on light activation ol P’EP carboxylase in our experiments
(1 situ) and the insensitivity ol the light form of enzyme to
G-6-" dso are at variance with earlier reports made with
leaves illuminated m vive (Samaras et al, {988; Review:
Chollet et al., 1990). However, in at least one study, the in-
hibition of light activation of PEP carboxylase by DCMU
was only partial, when the enzyme was assayed at low sub-
strate levels (Karabourniotis et al., 1983). It is possible that
during isolation the photosynthetic system in protoplasts
gets partially affected. Isolated mesophyll protoplasts from
(. plants neither assimilate carbon nor take up external me-
tabolites such as PEP but can evolve oxygen tn the presence
of benzoquinone (cf. Edwards and Walker, 1983).

A likely mechanism that is involved in the light-dark regu-
lation of PEP carboxylase activity from €4 and CAM plants
is the seryl-phosphorylation of the enzyme (Jiao and Chol-
let, 1988, 1989; Chollet et al., 1990; Brulfert et al., 1986;
Nimmo et a. 1986). The suppression of light activation of
PEP carboxylase in maize mesophyll protoplasts by CCCP
or phlorizin (but not by DCMU) suggests that phosphoryla-
tion is essential to bring about the activation by light. I'he
PEP carboxylase in mesophyll protoplasts resembles PN)K
in this respect and differs from NADDP-MDEL, which is light
activated due to the electron transport based ferredoxin-thio
redoxin system (Nakamoto and Edwards, 1986). Further, the



protonophore CCCP could also dissipate the proton gra-
dient across the membrane and disturb the pi of the micro-
environment. Therefore, our suggestion that the activity of
PEP carboxylase could be regulated through changes in cyto-
solic pH remains a distinct possibility.

While demonstrating the role of light in rapid modulation
of PEP carboxylasc in mesophyll protoplasts of maize, we
suggest that light may be acting through regulation of cyto-
solic pH and/or phosphorylation of the enzyme. It is pos-
sble that the protein kinase involved in phosphorylation of
PEP carboxylase responds to pH.
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Minl Review

Structure, Regulation and Biosynthesis of
Phosphoenolpyruvate Carboxylase from C, Plants

M Tirumala Devi, A V Rajagopalan and A S Raghavendra*
School of Life Sciences, University of Hyderabad, Hyderabad-500 134, India

This review attempts to summarize the large body of Information on the structure, regulation and biosynthesis of the
enzyme phosphoenolpyruvate carboxylase in €, plants which has accumulated partlcularly smce the appearance of
the last review in 1987. Among the major discoveries are the involvement of protein phosph dephosphoryla-
tlon cascade In the light activation of the enzyme, extraction and characteristics of PEPC-| proteln serine kinase, dy-
namic changes In oligomeric state of the enzyme in response to pH or temperature, isolation of multiple cDNAs en-
coding ditferent forms of PEPC and cloning and expression of maize/sorghum PEPC in transgenic tobacco or
transformed E. coll cells. Further experiments using advanced techniques of biochemistry and molecular biology would
help In understanding the molecular mechanism of reaction, regulation of enzyme activity, gene expression and evo-

lutionary pattern of ¢, PEPC.

Phosphoenol pyruvate carboxylase {PEPC,
Orthophosphate oxaloacetate carboxylase
(phosphorylating), EC 4.1.1.31} catalysing practically
the irreversible |l-carboxylation of PEP, is an ubiqui-
tous enzyme and is widely distributed in many plants
and microorganisms. This is a key enzyme, accom-
plishing the primary carboxylation of PEP, in plants
with C, or CAM pathway of CO., fixation. In view of
the importance of the enzyme, PEPC was the focus
of several reviews (1-6), and a special issue of an
entire journal (Physiologie Vegetate, Vol. 21, No. 5,
1983). The regulatory properties of this enzyme have
been discussed in reviews dealing with C, metabolism
(7-9), Calvin cycle (10) or CAM (11).

The last comprehensive review on higher plant
PEPC appeared in 1987 (4). Since then, a number of
reports have appeared, particularly on the regulation
of the enzyme by light and temperature, its gene
and mRNA structures and other regulatory properties.
This review concerns mainly with the properties of
the C, enzyme. At places, the characteristics of
PEPC from C, or C,-C, intermediates or CAM
species are also discussed to emphasize the nature
of PEPC from plants with the C4 pathway of photo-
synthesis.

* Corresponding author

Abbreviations : CAM — Crassulacean acid metabolism,
OAA — Oxaloacetate, PEPC PK — Phosphoonol pyruvate
carboxylase protein kinase, Rubisco — Ribulose-1, 5-
bisphosphate carboxylase/oxygonase.

Occurrence

The kinetic and regulatory properties of the enzyme
vary considerably with the source, viz. organ/plant.
Although present in most of the plants, the activities
of PEPC ih C, plants are very high and are several
fold higher than those in C, ones (2, 4). While the
enzyme ftom C, and CAM plants catalyzes the primary
carboxylation step, many auxiliary functions are attrib-
uted to the enzyme from C, plants (2, 4, 10).

Besides the C, specific PEPC, other isozyme-forms
of the enzyme occur in C, plants or etiolated C,
leaves. These forms can be distinguished by chroma-
tographic, immunological and kinetic properties (2, 4).
The enzyme is also reported from non-photosynthetic
tissues (12), fresh water/marine aquatic plants (13), the
legume root nodules (14), and prokaryotic cyanobac-
teria (15).

The enzyme is extra-chloroplastic and located in the
cytosol of mesophyll cells in C, and CAM plants (16).
The enzyme from C, plants is distributed in cytosol as
well as in chloroplasts (10, 16). The enzyme is puri-
fied from several sources (2) and its properties are
extensively studied (4).

Significance of the enzyme

The most important function of PEPC is the primary
CO, fixation in both C, and CAM plants. The action
of this enzyme along with others of C, pathway
achieves the concentration of CO, (several fold higher
than the atmospheric levels) in bundle sheath cells,
the site of Rubisco. The high concentration of CO,
reduces the oxygenase activity of Rubisco, and thus
minimizes the photorespiratoy CO, loss. PEPC is well
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suited for this role of CO, concentrating mechanism
In C, plants. With a low Km for HCO, — of about 7
uM, it is sufficiently active even at the very low CO,
concentration found in the mesophyll, the site of PEPC
(7, 9). Thus in C, photosynthesis and as well as in
CAM, PEPC plays the major role of primary assimila-
tion and concentration of CO,.

PEPC is more active in several C,-C, intermediate
species of Flaveria than the C, ones, but the exact
role of this enzyme in these intermediates is still
uncertain. The studies on characteristics of PEPC from
C,-C, intermediates are rather limited (17-19) and
further studies may help us to understand the mecha-
nism of C, pathway evolution. It is proposed that at
least in some C,-C, intermediates, active PEPC and
partial operation of the C, cycle is responsible for the
refixation of the photorespired CO, and reduction of
photorespiration (17, 19).

Several secondary functions are proposed to be
carried out by PEPC from C, plant species. Among
them are : (i) replenishment of TCA cycle intermedi-
ates, (i) providing malate for decarboxylation and
generation of NADPH, (iii) refixation of respired CO,,
(iv) "malate fermentation”, (v) nitrogen and amino acid
metabolism, and (vi) maintenance of cytosolic pH and
electroneutrality (10).

Structure of PEPC

The active form of PEPC is a homotetramer with a
molecular mass of about 400 kD (2, 4). However, the
enzyme can exist in different oligomeric forms depend-
ing on pH (20), ionic strength (21) and temperature
(22). The enzyme dissociates into dimers (at pH 7.0)
or dimers and monomers (at pH 8.0) in the presence
of NaCl (23). The presence of REP and Mg?* or
glucose-6-phosphate (21) prevents the dissociation of
the enzyme. Presence ol glycerol (24) or high protein
concentration (25) shifts the equilibrium to the larger
and active tetrameric form but glycerol does not
protect the enzyme against salt induced dimerization
(24).

The dimer form ol the enzyme is partially active
(23), whereas the monomeric form is totally inactive
(26). The Km for PEP increases during the dissocia-
tion of PEPC. Conditions which promote enzyme
dissociation (pH 7.0, NaCl, absence of dithiol
reductants and temperature) induce the sigmoidat
kinetics for PEP binding (24, 27, 28). At optimum
pH (8.0), the enzyme exists in tetrameric form and
the response of activity to increasing PEP concentra-
tions is hyperbolic (24, 27). Studies with fluore-
scent probes showed that each of the enzyme's
subunit contains at least one site for substrate
binding (29).

The primary structure of PEPC from leaves of a few
C, plants has been studied in detail (30, 31). The
maize enzyme is composed of 935 amino acid

residues compared to 883 amino acid residues of
E. coli enzyme (30). The deduced N-terminal sequence
for maize and E. coli enzymes are NH,-Met-Ala-Ser-
Thr-Lys-Ala-Pro-Gly-Pro-Gly-Glu-Lys-His-Ser(P)-and
NH,-Met-Asn-Glu-Gin-Tyr-Ser-Ala-Leu-Arg-, respectively
(30-32).

There is a 43% sequence homology of maize
PEPC with that of E. coli (30). On the other hand, up
to 60% of the residues are identical among the PEPC
of three C, (Flaveria trinervia, Zea mays and Sorghum
bicolory and the CAM and C, isoforms of the faculta-
tive CAM plant Mesembryanthemum crystallinum (33).
At least four types of amino acid residues (cysteine,
arginine, lysine and histidine), essential for the cata-
Iytic activity of the enzyme, have been identified to be
present in the active site. Maize PEPC protein con-
sists of 32 cysteine residues, but none of them seems
to be conserved (31). The reduction of two disullide
bonds per tetramer seems to be involved in the acti-
vation of PEPC by DTT and other thiol compounds
(34, 35).

Chemical modification using phenylglyoxal (36) or
pyridoxal 5'-phosphate (37) of maize PEPC showed
that two arginine and four lysine residues were essen-
tial tor activity and that these groups were protected
by the presence of the substrate, PEP. Kinetic stud-
ies (3) and experiments with diethyl pyrocarbonate (38)
have shown that two histidine residues are important
for the PEP and/or Mg?* binding to the maize enzyme.
The data on the essentiality of the lour amino acids,
namely arginine, histidine, lysine and cysteine, for
catalytic activity matches well with the information
available on the amino acid sequences of PEPC from
different C, species (e.g. fief. 33). The location of
most important amino acids, important for either regu-
lation or actual reaction, in typical C4 species is indi-
cated in Table 1.

Six conserved cysteine residues wore detected in
the enzyme from F. trinervia, which could be involved
in subunit/subunit interactions (33). Three lysine and
seventeen arginine residues are conserved in the
amino acid sequences of the PEPC from diflerent
sources (31). Four histidine residues are conserved in
the PEPC from E. coli, maize, and Anabaena
variabilis, one of them in the region between residues
603 and 616 of the maize enzyme (39).

The regions surrounding the lysine-600 residue of
F. trinervia (residues 594-603 and 632-645) are highly
conservod among all eukaryotic and prokaryotic PEPC
analyzed so far (31-32). The available evidence sug-
gests that this part of the enzyme may be involved
in PEP binding and catalytic activity. Residues of
valine-725 and serine-773 (of the F. trinervia enzyme)
are specific for both mono- and dicotyledonous C,
PEPCs, whereas these are absent in PEPC from CAM
and C, plants. The significance ol this finding is
unclear (33).



Table 1. Some important amino acid residues and their
location in PEPC from three C, plant species

Location as the number from N-torminal

Amino acid Zoa mays  Sorghum Flaveria
bicolor trinervia

Serine* 15 8 11

Cysteine 196 185 191

307 297 303

334 az24 330

419 409 413

424 414 418

426 416 420

687 676 681

Lysine 606 585 600

Valina 731 716 725

Sarine 780 766 773
PEP binding* and BO0-609 589-508 594-603
catalytic site® 638-651 627640 632-645

Ralorance 70 B8 33
*Phosphotylated in light
*-Gly-Tyr-Ser-Asp-Sar-Gly-Lys-Asp-Ala-Gly-
*-Phe-His-Gly-Arg-Gly-Gly-Thr-Val-Gly-Arg-Gly-Gly-Gly-Pro-

Metabolic Regulation

Many internal and external factors modulate the ac-
tivity of the enzyme (40). This is one of the most
important enzyme of C‘ photosynthesis and is sub-
jected to classic post-transiational regulation by light
(6, 41). Further the activity of PEPC is remarkably
regulated by pH, temperature or metabolites. Only the
most important and recent aspects of these regulations
are discussed here. The readers are referred to ear-
lier reviews (2, 4, 6) for other details.

() Light— Like many of the C, or C‘ photosynthetic
enzymes, the kinetic and regulatory properties of C‘
PEPC are modulated considerably by illumination. The
enzyme extracted from preilluminated C, leaf tissue
exhibits two to three fold more activity than the dark
form when assayed under suboptimal but physiologi-
cal pH and substrate concentration. Besides an in-
crease in V , there is a decrease in sensitivity of
PEPC to malate and an increase in Km for PEP in
the light form (28, 40, 42, 43). As the amount of PEPC
remains constant during these short-term dark/light
transitions, it is definite that post-translational modifi-
cation ol the enzyme is responsible for increased
activity (43). Recently, photoactivation of PEPC has
been demonstrated in maize mesophyll protoplasts
(44) as well as in reconstituted system with an artifi-
cial photosensitive dye (45).

Two mechanisms of post-translational reversible co-
valent modification of the enzyme are proposed to ex-
plain the photoactivation of C‘ PEPC. The first one is
oxidation-reduction of -SH groups (28, 35) and the

PEP carboxylase Horn C, Plants

second one is phosphorylation/dephosphorylation of
seryl residues (46-50). The first mechanism plays an
important role in the modulation of some photosyn-
thetic enzymes, but has not been proven in case of
PEPC.

There are several evidences confirming the involve-
ment of phosphorylation/dephosphorylation cascade in
the regulation of PEPC on illumination (6, 51-53). The
studies of Jiao and Chollet (49) proved that the re-
versible seryl phosphorylation of the maize leaf PEPC
is a major molecular mechanism by which the revers-
ible light-induced changes in the kinetic and regula-
tory properties of the C, enzyme are brought about.
The in vitro phosphorylation site in the dark-form
PEPC is located at Ser-15 in maize (32, 54) and Ser-
8 in sorghum (6, 52). The phosphorylation site is only
two residues away from a basic amino acid (Lys-12)
in the primary sequence, a feature similar to that of
various protein serineAhreonine kinase substrates (51).
The structural motif Lys/Arg-X-X-Ser- of the
phosphorylation site is shared by the C‘ and CAM
isoforms but is lacking in the C, enzyme. The spe-
cific phosphorylation site is accessible to both homolo-
gous and heterologous protein kinases (51).

Leaves of sorghum and maize contain an active
PEPC-protein serine kinase (PEPC-PK, Ref. 50, 51),
which is activated by light and inactivated by dark in
vivo (5). Partially purified PEPC-PK from maize leaf
is not affected by putative light modulated cytoplas-
mic effectors like Ca?*/calmodulin, fructose-2, 6-
bisphosphate, PPi, and thioredoxin n (49). Cyclo-
heximide, the eukaryotic cytosolic protein synthesis
inhibitor, blocked the light activation of PEPC, suggest-
ing that a continuous synthesis of PEPC-PK was
necessary for light activation/seryl phosphorylation of
PEPC from C, plants (52). It was also shown that type
2A protein phosphatase was active in the light. Thus
a net turnover of PEPC-PK or a putative modifying
protein in the light is necessary and the insufficient
synthesis of PEPC-PK leads to a net dephosphoryla-
tion and a decrease in activity of PEPC (52).

In CAM plants, a large diurnal variation exists in
the activity of PEPC. PEPC activity extractable during
the day was only a fraction of that extracted in night
(55). Diurnal changes in malate sensitivity and quar-
ternary structure of CAM PEPC may be due to
phosphorylation (night-fo. n)/dephasphorylation (day-
form) of both seryl and threonyl groups in the protein
(6, 46, 56).

(I pH—The activity of PEPC is regulated by cytosolic
pH. At a pH of around 8.0, the enzyme is very ac-
tive producing malic acid in the system. When the pH
becomes acidic due to the excessive production of
malic acid, the enzyme becomes inactive, thus keep-
ing the system in balance. At higher pH (7.0 to 8.0),
there is an increase in the affinity of the enzyme for
PEP and Mg?* (4). The inhibition of PEPC by malate
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decreased with increase in pH and concentrations of
PEP and Mg?. Malate inhibition was competitive at
higher pH (pH 8.0), whereas it was non-competitive
at lower pH (pH 7.0) (57).

() Temperature—Temperatureis one of the impor-
tant factors regulating the activity of PEPC in C, and
CAM plants. At low temperature (e.g. 2°C), the activ-
ity is stable when assayed at suboptimal pH (5.8-6.8).
Cold inactivation, particularly at alkaline pH (above
7.0), was observed in Cynodon dactylon, Atriplex
halimus, and Zea mays (58). The C, enzyme loses
activity gradually at 4°C (22).

One of the possible effects of temperature on
PEPC activity is dissociation (in case of CAM) or ag-
gregation (in case of C,) of the enzyme (22). At 17°C,
the CAM enzyme shows the maximum affinity for PEP.
This is the normal temperature encountered by CAM
plants during their nocturnal CO, fixation. Glucose-6-
phosphate minimizes the effect of temperature on
the overall in vitro activity of the enzyme (59). The
Km (MgPEP) and Vmax for PEPC isolated from maize
(C,) and Crassula argentea (CAM) are altered with a
change in temperature. In case of CAM enzyme, Vmax
as well as Km for PEP increases with increasing
temperature from 10-35°C with no inflection being
apparent over this range, whereas the maize enzyme
shows a discontinuity in the slope of Arhenius plot
at 25°C. With increasing temperature, conformational
or aggregational change may occur in the C‘
enzyme. The Km for PEP of C‘ enzyme decreases
with increase in temperature (22). As C, plants
generally fix CO, under high temperature conditions,
this may be an important factor in the regulation of
the enzyme.

(lv) Metabolites/fenzyme inhibitors—The enzyme
exhibits a feedback regulation and is inhibited by the
products of the carboxylation reaction in vivo. L-ma-
late, the primary product of carboxylation, and aspar-
tate are normally non-competitive inhibitors of C,
PEPC, while OAA inhibits the enzyme in a competi-
tive manner (40, 43). Malonate (60) and SO, (61) are
among some effective inhibitors of C‘ enzyme reported
earlier. Phosphonic acid substrate analogues are po-
tent inhibitors of C, PEPC (62). One of these com-
pounds is DCDP [3, 3-dichloro-2(dihydroxyphosphi-
noylmethyl) propenoate) (63). Several analogues of
PEP or pyruvate are also capable of inhibiting the
enzyme (5).

Glucose-6-phosphate is an allosteric activator of the
C, enzyme and acts by decreasing the Km for PEP
(27). Glycine activates the C4 enzyme from monocots
but not dicots (64) for reasons, yet unknown. The
activity is also increased by other phosphorylated
compounds such as 3-phospoglycerate, fructose-1, 6-
bisphosphate (65), carbamyl phosphate and acetyl
phosphate (66). Inorganic phosphate, one of the prod-
uct of carboxylation also stimulates the PEPC activity

at low PEP levels (67). Thiol compounds (34, 35) and
nitrate (68) enhances PEPC activity. The recant
information on the effect of inhibitors or allosteric ac-
tivators on PEPC is included in Tables 2 and 3, re-
spectively.

Table 2. Inhibition of C, PEPC by different metabolites/chemi-
cals as indicated by the increasing order of inhibition con-
stants (K,)

Inhibitor K Source  Referance
ot PEPC

1-Hydroxy cyclopropane 7 UM Zea mays 5

carboxylic acid phosphate

Phosphoenol-3-bromo 7 UM Zea mays 5

pyruvate

Z-Methylphosphoenol- 17 uM  Zea mays 5

pyruvate

Malate 20 uM  Zea mays 40

3. 3-Dichloro 2 80 pM  Zea mays S 63

(dihydroxy phosphinoy- Panicum sp

Imethyl) propecnate

L-Phospholactate 100 pM  Zea mays 5

E-methyl phosphoenol- 110 uM  Zea mays 5

pyruvate

Phosphoglycolate 200 pM  Zen mays 5

Dimethyl phospho- 380 uM  Zea mays 5

enolpyruvate

Phosphoenolpyruvate 400 pM  Zoa mays 5

phosphonatos

Aspartate 900 pM Zoa mays S 2
Sorghum

Oxalacetate 1.0 mM  Zea mays S 2
Solaria rtalica

E-3-Cyanophosphoenof 1.4 mM  Zea mays 5

pyruvate

Phosphoenolthio- 2.0 mM  Zoa mays 5

pyruvate

Phosphonoacetate 20 mM Zea mays 5

Malonate 25 mM Solaria #alica 60

DL-2-phosphomalate 27 mM  Zea mays 5

Malcate 35 mM Zea mays 90

Inorganic phosphate 50 mM Zoa mays 40

Sulphite 50 mM  Zea mays 61

Glyphosine (N, N-bis- 50 mM Zea mays 91

(phosphomethyl glycine)

Phosphonopropionate 100 mM  Zea mays 5

Molecular biology ol PEPC

In recent years, molecular biological techniques have
been used to elucidate the structure and regulation of
the PEPC gene and its mRNA. An attempt has been
made in this section.to summarize the recent ad-
vances in our knowledge of the molecular biology of
PEPC.



Table 3. Activation of C, PEPC by different metabolites/
chemicals as indicated by the increasing order of activation
constants (KA)

Metabolite K, Source Reference
(mM)  of PEPC
Fructose-2, 6-bisphosphate 0.1  Zea mays 40
Inorganic phosphate 04  Amaranthus 67
viridis,
Glucose 6 phosphate 1.0 Zea mays 40
Dihydroxy acetone 20 Zea mays 40
phosphate
Fructose-6-phosphate 20 Zea mays 40
Glycine 50 Zea mays 64
Alanine 50 Znn mays 40
Serine 50 Zoa mays 40
Cysteine 50 Zea mays 40
Thiol compounds/ 500 Zea mays 34
Dithiothreitol

() Isozymes—Several isozymic forms of PEPC have
been identilied in different organs of C, and C, plants.
The various forms are encoded by different genes (54.
69-71). Two isoforms of PEPC have been character-
ized from sorghum; the E-PEPC form, which occurs
in the etiolated leaves and shows characteristics of C3
form, and G-PEPC form which is present in the green
leaves and shows the typical kinetic and regulatory
properties of C, form (69). The G-PEPC is the light
activated. No interconversion occurs between G-PEPC
and E-PEPC indicating that these two forms are en-
coded by two different mRNAs (71). In maize, the leaf
specific form (C‘ PEPC) is encoded by a single gene
where as in F. trinervia even the leaf specific isoform
is encoded by multiple gene family (54, 71).

(ll) Structure of PEPC gene— The PEPC gene in
maize is 5.3 kb long and consists of 10 exons and 9
introns (54). The size of exons varies from 85 to 999
bp, while that of introns range from 97 to 872 bp (72).
The PEPC gene in maize contains several short re-
petitive sequences at the 5' -flanking side which is also
characteristic feature for the light regulated gene
encoding small-subunit of Rubisco. Some of the 5' -
flanking sequences of maize gene are similar to other
light-regulated genes from maize and wheat. In the 5'
-flanking sequence of PEPC gene, no typical TATA or
CAAT box sequences, which are characteristic features
of eukaryotic genes, were found (32, 54).

The exon/intron junction region follows the GT/AG
dinucleotide rule, and the regions adjacent to the
junction also show high similarity with other eukaryotic
genes. The poly (A) adenylation signal (AATAAT) is
exactly similar to the conserved sequences proposed
lor plants. Maize PEPC gene contains CCTTATCCT
sequence, at positions -651 to -659, which may play
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a role in the control of the gene expression by light
(72).

The cDNAs for PEPC of F. trinervia (33, 71), sor-
ghum (73), and maize (32, 74) were prepared and
studied in detail. The isolation of multiple cDNAs in
F. trinervia supports the idea that the C, isoform of
PEPC is encoded by a separate sub-family of genes
in this species (33).

The cDNA of PEPC from sorghum consists of 3161
nucleotides. M has an open reading frame which
encodes a polypeptide of about 952 amino acid resi-
dues with a molecular weight of about 108 kD. The
coding region of sorghum cDNA shows about 90%
sequence homology with that of maize whereas the
3' -noncoding region shows 74% sequence homology.
lzui ot al (31) reported that the regions correspond-
ing to the residues 401-826 in maize cDNA exhibited
a 41% sequence homology with the A. nidulans and
upto 51% with that of the E. colione. From the cDNA
analysis it was found that most of the conserved
sequences are concentrated in the C-terminal half of
the maize enzyme suggesting that this region may
comprise part of the catalytic site. The domains formed
by the N-terminal halves are involved in the allosteric
regulation of the enzyme (31).

The structure and regulatory features of the PEPC
mRNA was studied in F. trinervia. Z. mays and S.
bicolor (69) or F. trinervia (71). The mRNA of F.
trinervia PEPC contains a long open reading frame of
2898 bp, consisting of 50 bases of 5' non-translated
sequence, a 222 bp 3' -noncoding region and a 9
nucleotide poly (A) tail (33). The translatable part of
the open reading frame in maize results in a polypep-
tida of 966 amino acid residues with a molecular
weight of about 110 kD (75).

() Regulation of gene expression—The expression
ot gene encoding the C, PEPC isoform from
F. trinervia is restricted only to tissues exhibiting C‘
pathway (71). This situation is in contrast to that in
maize, where the expression of the gene occurs in
leaf, inner leaf sheath, tassels and husks (54).
Immunochemical studies with monoclonal antibodies
(69, 70) led to the conclusion that at least two RNA
species encoding PEPC isozyme occur in green leaves
of maize and the increase in activity of PEPC during
greening was accompanied by both accumulation of
the G-PEPC form and a higher translatability of the
corresponding mMRNA. The specific mRNA was isolated
and the accumulation of it during the greening was
shown (69, 70, 76).

There is a further control of PEPC gene expression
by light at the transcriptional level. The studies on sor-
ghum PEPC showed that phytochrome is responsible
for the accumulation of both PEPC mRNA and G-
PEPC protein (69, 70, 77). These results suggest that
phytochrome controls the enzyme induction during the
greening of leaves.
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(lv) Genetic engineering related to PEPC— The
gene(s) encoding C, PEPC was cloned and expressed
successfully in both prokaryotes and higher plants.
Cretin et al (73) were able to clone PEPC-deficient
strains of E. coli with sorghum PEPC. The enzyme
expressed in transformed £ coli cells was active and
could be phosphorylated in vitro by sorghum PEPC-
PK. Transgenic tobacco plants, carrying sorghum (78)
or maize (79) PEPC gene, were produced. The ex-
pression and characteristics of PEPC in the trans-
formed plants were studied along with their photosyn-
thetic characteristics. The levels of PEPC in transgenic
tobacco plants were two-fold higher than that in nor-
mal plants, but these levels were less than those in
maize (79). Two different isoforms of PEPC, were
identified in transgenic tobacco plants with maize
PEPC gene, based on the etfect of glucose-6-phos-
phate on the affinity ot the enzyme for the substrate,
PEP. One form was like the tobacco enzyme with low
Km e, (0f about 25 uM), whereas the second form
was like that of maize enzyme with high Km PEP) (of
about 2.2 mM). In transgenic tobacco plants the ma-
late content was higher than the normal control plants
indicating the higher activity of PEPC and their ina-
bility to decarboxylate malate (79).

In transgenic tobacco plants, with maize PEPC
gene, the size of the transcript was 4.2 kb, which is
700 bp larger than the mRNA transcript from the same
gene in maize (79). But in case of sorghum, transcript
size was same both in the parent plant and the
transgenic plant. The increase in the transcript size in
transgenic plants with maize gene may be due to an
inaccurate transcription initiation (79).

The successful cloning and expression of C, PEPC
in other organisms provides several exciting opportu-
nities. Site directed mutagenesis of cDNA for C,-PEPC
is being used to elucidate the importance of amino
acid residues in the catalytic/regulatory properties
of the enzyme and role in phosphorylation/
dephosphorylation of the PEPC-protein (80, 81).

Concluding Remarks

PEPC is one of thn Important target anzymaos for
breeding by genetic manipulation, since an increment
of PEPC together with other C, pathway enzymes can
bring about a marked enhancement in photosynthetic
carbon fixation ability of the plants.

The salient features of PEPC and its regulation by
light and metabolites are summarized in Fig. 1. In
recent years, a lot of attention is paid towards the
structural features of the enzyme, its regulation and
gene expression. Significant gaps still remain in our
knowledge regarding the details of the catalytic mecha-
nism, the three dimensional structure of the enzyme
and the primary/secondary messengers during light
activation of the enzyme. Reasons for the ability of
glycine to activate PEPC from only C, monocots but

not C, dicots are not understood and future studies
in this aspect may help in understanding the evolu-
tion of C, monocots and dicots.

Further experiments are needed to understand the
mechanism of the modulation of the enzyme by light
or temperature and genetic basis of its seloctive gane
expression only in mesophylt colls ol C, plants. Site
directed mutagenesis would be an useful tool to con-
stitute and express PEPC in transgenic plants or
transformed E. coli cells, and assess the specific role
of important amino acid residues in structure and
function of the enzyme. The application of such ad-
vanced molecular biological techniques could lead to
exciting new information about the structure, regula-
tion and evolution of PEPC. The progress in our
knowledge of PEPC would provide a means of improv-
ing the efficiency of not only C, photosynthesis but
also agricultural productivity.
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Fig. 1. Rogulation ot PEP carboxylase (PCPC) hy light 1ho
phosphorylated form ot PEPC is much morn activo than tha
dephosphorylated torm  Light promotos the activation ol
PEPC-protein kinaso which accomplishes phosphorylation ot
PEPC. The dephosphorylation of PEPC in dark is catalyzed
by a type 2A protein phosphatase lllumination promotes the
biosynthesis of PEPC or PEPC PK, which can bo inhibited
by cycloheximide (CHI) The enzyme is subjected to also
classic feedback regulation throuah inhibition by its products
malate (MAL), aspartato (ASP), OAA or Pi. Tho intutwion by
these metabolites is indicated by (—) and tho stimulation by
(+), The thickened arrows represent strong action
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A simple method is described for rapid isolation of mesophyll and guard cell protoplasts from
leaves of pea (Pisum sativumiand maize (Zea mays). The time required for the release of proto-
plasts is less than an hour as compared to earlier methods The isolated protoplasts are intact and
metabolically very active, as indicated by their respiratory oxygen uptake and photosynthetic oxygen
evolution The important factors during the preparation of protoplasts are short time of digestion.
composition of medium, filtration through nylon nets. centrifugation at low speed and handling pro-
toplasts with utmost care. The ease of growing pea or maize and the technique of rapid isolation
make these protoplasts an ideal system for studying various metabolic activities.

Isolated protoplasts permit the study of various
metabolic processes. An ided technique for pro-
toplast preparation aims at achieving rapid isola-
tion with a maximum yield and high metabolic
integrity of protoplasts. In this paper, an easy and
rapid method is reported for the isolation of large
batches of protoplasts from the epidermis as well
as mesophyll of pea (using same leaves) and ma
ize leaves by enzymatic digestion with cellulase
and macerozyme.

Materials and Methods

Chemicals - Céellulase Onozuka R-10 and mac-
erozyme R-10 were from Yakult Honsha Co Ltd.
Medicine Dept. Enzyme Division. 1-1-19 Higashi-
Shinbashi, Minatoku, Tokyo 105, Japan. Evans
blue and neutra red were from Loba Chemic,
Bombay. Coomassie brilliant blue-G was from
Bio-rad and other chemicals were from Sisco Re-
search Laboratories, Bombay.

Plant marterial~ Pea {Pisum sarivum cv. Arkel)
and maize (Zea mavs c¢v. Ganga 5) were raised on
il supplemented with farm-yard manure in
plagtic tubs (30 cm diam.). Plants were grown
either in the field or in the laboratory under a
photoperiod of approximately 12 hr and mean
temperature of 30°C day/20°C night. Plants were
watered daily. Fully expanded third and fourth
leaves were picked from 8 to 10 day-old plants,
between 0800 and 0900 hrs.

Preparation of mesophyll cell protoplasts
{(MCP)- Thelower epidermis of pea leaves was
removed and the lesf was cut into 0.5 cm pieces.

«Correspondent author.

Ledf pieces were floated on a preplasmolysis buf-
fer (10 mAf MES-KOH pH 6, 270 mAf mannitol
and 1 mM CaCl.) for 30 min. These were then
transferred to a petridish containing digestion me-
dium of cellulase “Onozuka R-10" (2% w/v),
macerozyme (0.2% wi/v), BSA (0.25% wi/v). 10
mM MES-KOH. pH 55, 500 mAf mannitol, 1
mM CaCl,, 0.25 mM EDTA. 10 mM sodium as-
corbate. After incubation for 40 min at 30°C, the
digestion medium was gently removed with the
help of a Pasteur pipette. The washing medium
(10 mM MES-KOH. pH 6, 500 mM mannitol and
1 mM CaCl.) was added and the petridish was
tapped and shaken gently. The medium contain-
ing mesophyll protoplasts was filtered successively
through 300, 80 and 60 um nylon filter cloths
{Saryu Textiles. 614 Cotton Exchange Bldg. Kal-
badevi Road, Bombay-400 002, India) and the
filtrate centrifuged a 50 g for 10 min. The pellet
was resuspended in washing medium and proto-
plasts were collected by centrifugation again at 50
g for 5 min. The pellet was finaly resuspended in
the reaction medium (10 mM HEPES-KOH. pH
7.5, 500 mA mannitol. 1 mM CaCl, and 1 mM
MgCl.).

Leaves of maize were cut into 0.5-1 mm thick
pieces and floated in the preplasmolysis buffer for
30 min. Leaf pieces were incubated in a petridish
containing digestion medium, under illumination
at 30°C. After an hour, the digestion medium was
removed with a Pasteur pipette. Fresh washing
medium was added and the petridish was agitated
gently to liberate protoplasts into the medium.
The medium was passed successively through nyl-
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on filter cloth (Saryu Textiles, Bombay, India) of
pore size 500 and 85 p.m. The filtrate was centri-
fuged at 50 g lor 5 mill. The pellet was resu-
spended in washing medium, centrifuged and su-
spended in the reaction medium.

1 he  preplasmolysis/digestion/washing/reaction
media used with maize leaves/protoplasts were si-
milar to those used with pca except that sorbitol
replaced mannitol and in addition also contained
I mAM MgCl, and 0.2 m A/KIHLPO,,.

Preparation of guard  cell protoplasts
(GCP)~Lower cpidenmis was peeled ofl 110111
leaves of pea and tpidermal stiips were kept in
preplasmolysis buffer for 45 min. The strips were
transferred into pctridishes containing digestion
medium of cchulase ‘Onozuka’ R-100 (3% w/v),
maccrozyme R-10 (0,3% w/v). the remaining
components were the same as those in the diges-
tion medium used for isolation of pca mesophyll
protoplasts, Fhe petridishes were subjected to an
orbital shaking for initial 10715 min at 60 1pn.
Alter intubation lor 45 min, the digestion mcdi-
um containing guard cell protoplasts was removed
with a Pasteur pipetie. More protoplasts wese re-
leased by shaking the digested stiips in petridishes
with excess of washing medium for 5 min. The
pellet of protoplasts was suspended in washing
medium. lhe pooled protoplast suspension in
washing medium was passed successively through
100 and 30 fun nylon mesh (Nylon nets below 30
gam — Nybolt, Swiss Silk Bolting Cloth Mfg Co
Ltd, Postfach, CH-8027 Zurich 2, Switzerland).
The filtrate containing guard cell protoplasts was
cemtrifuged at 50 g for 5 min and finally resu-
spended in a small volume of reaction medium
(10 mAM HEPES-KOH ptl 7, 500 mM manitol, 1
mAf CaCl,, 10 mM KCland 0.5 mA MgCl,).

Preplasmolysis/washing media were the same as
those employed with pea mesophyll protoplasts.

Protoplast - characteristics~'Thenumber  of pro-
toplasts in the preparation was counted using a
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hacmocytometer. The size of the protoplasts was
measured with a precalibrated occular micrometet
using a research microscope (Wolfe, Japan). The
viability and intactness of protoplasts were
checked using neutral ted and Evans blue.

Chlorophyll was determined after extraction in-
to 80% (w/v) acctone'. Protein was estimaied® by
dye binding, using Coomassic brilliant  blue
G-250.

Oxygen uptakelevolution~"The uptake or evolu-
tion of oxygen by protoplasts was monitored at
30V using a Clark type oxygen clecttode (Model
DW2, Hansateeh Ltd, UK). Calibration of oxygen
content in the electrode chamber was made with
air saturated water'. Further details of measuring
photosynthesis or respiration arc described else-
where*.

Results

Mesophyll and guard cell pioloplasts were re-
leased when the leaf snips wuie subjected to di-
gestion with a mixture ot cellulase and muwccro-
zyme for <1 hr (Fig. 1). Further increase in di-
gestion time beyond 40-45 min increased the
yield of pioloplasts, but decreased the metabolic
quality of protoplasts as indicated by their respi-
ratory and photosynthetic oxygen  exchange
(Table 1). Protoplasts were metabolically very ac-
tive when digestion medium contained USA, I:D-
TA and ascorbate. Omission of any of these com-
pounds reduced the metabolic activity of isolated
pea mesophyll protoplasts (data not shown).

The mesophyll and guard cell pioloplasts pre-
pared from pca or maize leaves, possessed high
metabolic activity as indicated by photosynlhetic
(), evolution and respiratory ), uptake. Propert-
ies and metabolic activities of protoplasts are giv-
enin Table 2.

The absorption spectra of both pea and maize
mesophyll protoplasts exhibited two major peaks,
one in the bjuc legion atound 440 nmm and the
other in the red region ncar 680 nm, with shoul-

Table 1 - Eftect of duration <( digestion onthe yield and metabolic activity of pea mesophyll protoplasts

Duration of Protoplast yield

Metabolic activity
(umol Oy mg Chl ' hr ')

digestion per g leaves
(min) —
Chlorophyll Nurmbes Respiration Photosymhesis
(pg) (1 x 10 (O, uptake) ((), evolution)
2( ny 1.7 V.4 L1
30 140 20 224 86
40 154 22 204 137
60 168 24 154 12R
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dets at 475 and 650 urn (data niot shown). The
absorption specttum of the guard ccll protoplasts
exhibited very high absorption in viofet/ultra-
violet region, besides the peaks in blue and red
regions.,

1 he pea incsophyll protoplasts consumed <>, in
darkness and evolved (), on illuminntion. Such
photosynthctic (), evolution wis stimulated v the
presence ol hicatharnite, (J)AA or PGA in the me-
dium (data not shown). Maximum photosynthetic
(), evolution wis in the presence of 2 miAf bicur-
bonate, Rates ol ), consumption by guard cell
protoplasts ol pea were very high. However, their
activity ol oxypen evolution in light was similar 10
that ol M( I's. Mai/e mesophyll protoplasts could
evolve signilicant amounts ol oxygen in presence
of henzoguinone (Table 2).

Discussion

In the present study, mcesophyll protoplasts
from pea leaves wcic liberated within a short
span of 20 min (Table 1) compated to many
hours earlier (Table .1).

Isolation and use of guard ccll protoplasts is a
relatively new phenomenon®. Again, the isolation
of guard ccll protoplasts usually required very
long periods, ranging from a few hours to cven a
day (Table 4). In this report, guard cell proto-
plasts were isolated from the abaxial cpidermis ol
pea leaves within 45 min of digestion. An addi-
tional advantage of the approach is the prepari-
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Table 3

Mlant material

Rye, wheat,
barley, avena

Muizre
Whemt
Sprnach
Maize
Arabudopses
Hiidwina
Wheat
Vit
il crm

Soybean

Flvena
LT YRR T LT

Frestenn sativien 2

FAORITTIEY

List ol seleeted repx

Digestive
Cneymes

A% Cellulase
1% Macerosynie
2% Cellulase

2% Celluluse
03%, Pectinase
X Cellubise
(5% Maceroryme
2% Cellulise
2% Maceroryme
I
1

o Cellulysin
T Maveiine
2.5%: Cellulase
1L5% Macerise

1'% Celhulise
L05% Pectilyase
2% Cellulase
01 Pectolyase
28 Cellulase
0.3 Macerazyme

Cellulise

.2 Macerozyme
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Metrizamide-sorbitol 15

pradiem
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dextran step prdicnt

iltranon and Presemt
repoit

e cell protoplases rom leaves
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tohac i

U gett fueh,
Al cop

Vet fubu
Vi ne fuibur
Viciir foal

Connnelun
COMINN

Commelina
OIS

View fuba

Pisunt sarivin

Drigestive
Cnaymes

4% Cellulysin

A% Cellulysin
A Cellulysin
4% Cellulase

A% Cellulise

1% Macerozyme
1% € ellulysin
A0S % Pectolyase
1% Cellulysin
0015 Pectolyase
2% Rohament TC
10.5% Rohament P!
3% Cellulise

0. 3% Macerozyme

15 on the isolation of mesophyll protoplises from leaves
(Reports me listed s per the chronological order of appes

Duranon of - Pusilication el
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centrifug
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cemrifugation
4 22
A Percoll gradien 23
centrifugation
L5 Filtrution and 24
centrifugation
45 min Filtration and Present
centrifugation reporn

—
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lion of both mesophyll atd guard cell protoplasts
from the same Jeaves, facilitating an appropriate
comparison of these two types of protoplasts.
Conventionally, protoplasts are puriticd by centri-
fugation on density gradient media formed of
compounds like dextran, PEG, percoll or suciose.
Whereas presently a simple filtration through nyl-
on nets is employed followed by washing with ex-
cessive medium and quick centrifugation.

Addition of USA, calcium. EDTA and ascotb-
ate to the digestion medium improved the yield as
well us the quality of mesophyll protoplasts. Day
et al® reported that CaCl, and HSA were essen-
tial for rapid and linear rates of (), evolution and
omission of HSA, MgCl,, and KII,P0), together
was deleterious to the protoplast quality. Calcium
prevents clumping of protoplasts and further inhi-
bits photosynthesis by chloroplasts, which arc re-
leased due to protoplast ruptuic'. The inclusion
of 10 mAM EDTA as a chelator in the isolation
medium is an absolute requirement for the re-
covery of active protoplasts from leaves of Arabhi-
dopsis’. Ascorbatc is a protective agent and its in-
clusion in the digestion medium prevents damage
to the intact protoplasts'.

Protein and chlorophyll contents of mesophyll
protoplasts of pea and mai7c were similar. Hut
the guard ccli protoplasts had very low levels of
protein and chlorophyll (Table 2). The mesophyll
protoplasts had nearly six times more protein and
60-70 times more chlorophyll than that guard cell
protoplasts. The low chlorophyll levels of guard
ccll protoplasts is known".

The absorption spectra of mesophyll proto-
plasts of both pea and maize were similar with a
major peak in blue region and another peak in
the red region. However, the guard ccli proto-
plasts were different and absorbed heavily in the
UV rcgion, besides the two peaks in blue and red
regions. The UV absorbing components of guard
ccll protoplasts are not yet identified.

1 he uptake of oxygen in darkness and t he oxy-
gen evolution in light by mesophyll and guard cell
protoplasts indicated the operation of respiration
and photosynthesis, respectively. These observ-
ations demonstiate that the isolated mesophylt
and guard cell protoplasts arc mctabolically very
active. Guard ccll protoplasts showed high rates
of respiration, but their rates of photosynthesis
were similar to mesophyll protoplasts. The inabi-
lity of mesophyll protoplasts of maize to exhibit

INDIAN JE X 'O, MAY 1992

€O, dependent oxygen evolution is known. Maize
nicsophyll protoplasts exhibited low rales of oxy-
gen evolution with substrates such as 3-phosphog-
lycerate, oxaliacetate or pyruvate, even at higher
concentrations. Hut they could evolve significant
amounts ol oxygen either with benzaquinone or
alter disruption of the protoplasts".
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ABSTRACT

The maximum catalytic aictivities of several photorespiratory and photosynthetic enzymes were determined in leef extracts of three
» Caintermediates ( Alternanthera ficoides. A. tenella and Parthenium  hysterophorus) and were Compared lo those of C,
(A.sessiles, Pisum salmon) and Cy (/(. pungens. Zea maysand Amaranthus — hypochondriacus)  pecies. The activity levels of key
photorespiratory enzymes, glycnlzllc oxidasc, catatase, NADH-hydroxypyruvate reductase and glycerate kinase were less (28 lo
35% reduced) in intermediates t han those of typica C, species. Similarly. the activities of photorespiratory aminotransferases in
the Cy €, intermediates were also partialy reduced (23 lo 37% reduction). The activities of phosphocnelpyruvate curboxylase
(PEPC), pyruvate, orthophosphate dikinase and NAD-malic enzyme were higher (2 to 7 times) in leaf extracts of the
intermediates than those of C'y species. Hut the ratios of PEPC/rubisco in the Cy C, intermediates were more like Cy than C,
species. We draw attention lo the partial reduction in enzyme activity of photoresplratory metabolism, which could be an
important factor for restriction of photorespiration in the C,-C, intermediate species, in addition lo enzyme comparimentation

and/or operation of a ‘C,-like” cycle.

Key words: (', C4 intermediates, Cy4 pathway, enzyme profile glycolate metabolism, photorespiration, photosynthesis.

INTRODUCTION

Photorespiration plays an important role in the carbon
and nitrogen metabolism of the leal (Lea ¢r al.. 1990).
The level of the ('O, compensation point (/') is taken as
an indication of the extent of photorespiralion in leaves.
The intermediate values of the CO, compensation point
(5-39ymm' dm %), indicate that the process of photores-
piration is partly reduced in the C, (g intermediate
species. Currently. 24 species belonging to 8 genera of
6 families have been identified as naturally occurring
C,--C4intermediates (Rawsthorne, 1992).

C,-C, intermediate species offer a good model to study
the mechanism of photorespiration and evolution of the
C, photosynthetic pathway (Raghavendra, 1980, Edwards
and Ku, 1987: Monson and Moore. 1989. Raghavendra
and Das. 1993; Rawsthorne, 1992). These intermediates
presumably represent a transitory stage between C, and
(‘4 species during (he course of evolution, C, 4 inter-
mediates seem to have arisen during the process of
evolution of C4 plants from C, specics. since C; photosyn-

" To whom correspondence should be addressed.
©Oxford University Press 1993

thesis is believed to be (he phylogenctic precursor of the
', pathway (Moore, 1982).

Among the €, (', intermediate plants reported recently
are the species of Altcrnanthera(Rajendrudu ¢r al., 1986)
and Parthenium (Hegde and Patil, 1981; Moore et al.,
1987).  Although  photosynthetic  metabolism  in
Parthenium hiysterophorus has been studied (Moore ¢f of..
1987), information on the photosynthetic and pholores-
piralory features of Alicrnanthera tenella and A. ficoides
is very limited.

The major objective of the present work was to examine
the mechanism of reduced pholorespiration in C3-C4
intermediate species OfAlternanthera and Parlhenium. We
have initially attempted lo determine the complement of
photosynthetic and photorespiratory enzymes in leaves.
Our results indicate a partial, but significant, reduction
in the maximum catalytic activities ol key photorespiral-
ory enzymes, such as glycolale oxidase, NADH-hydroxy-
pyruvate reductase and glycerate kinasc in the C,.Cy
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intermediates, We suggest that the reduction in enzymic
capacity may be an important factor, in addition to a C,-
like cycle and/or compartmentation of glycine decarb-
oxylase during the reduction of photorespiration observed
in these intermediates.

MATERIALS AND METHODS
Plant material

Plants of Amaranthus hypochondriacus  (cv. AG-67), Pisum sati-
yum (cv. Arkel) and Zea mays (cv. Ganga 5) were raised from
sced. Alternanthera ficoides, A pungens, A, sessiles, A, tenella
andParthenium hysierophorus werecollected from the Univer sity
campus and were multiplied by transplantation of cuttings/seed-
lings. The seedlings/plants were grown on soil, supplemented
with farmyard manure, in 30 cm diameter plastic tubs. The tubs
were kept in the fidd under a natural photoperiod of approxi-
mately 12 h and average temperature of 30°C day/20 C night.
Plants were watered daily. Fully-expanded 3rd and 4th leaves
were picked from 3- to 4-weck-old plants between 8 00 am. and
900 am. and were used for experiments.

Extraction and assay of enzyvmes

Leaves were cut into pieces ol ¢ 10 to 20 nun® and quickly
homogenized at 4' C in amortar and pestle using the appropriate
extraction buffer. The extract was filtered through four layers
of cheese cloth and clarified by centrifugation & 15000 ¢. unless
otherwise specified. An adiquot of the filtered extract was kept
prior to centrifugation for chlorophyll determination (Arnon,
1949). The enzyme assays were carried out within 30 mun of
extraction.

The extraction and assay of the photosynthetic and photores-
piratory enzymes wcre based on the published procedures, with
minor changes, as follows.

RuBP carboxylase (RUBPC, EC 4.0.1.39) (Rajendvrudu d ol
1986); PEP carboxylise (PEPC. EC 4.1.1.31) (Iglcsas and
Andrco, 1989): Extraction medium consisted of 50 mol m
HEPES KOH (pH72). 10mol m ' MgCl,, 2mol m *
K,HPO,. 1 mol m * EDTA, 20% glyccrol and [0 mol m -
mercaptocthanol; assay medium (I cm®) consisted of 20 mol
m * Tricine KOH (pH 7:%). Smol m * MgCl,, 1omol m *}
NaHCO,, 2 units of NAD-MDH. 02mol m * NADU and
50 mm?® of 50 mol m~? PEP was added prior to initiation of
the reaction; pyruvate, orthophosphate dikinase (PPDK, EC
2.79.1) (Aoyagi and Bassham, 1983y, NAD-malic enzyme
(NAD-ME, EC 1.1.1.39) (Hatch et «/.. 1982); carbonic anhyd-
rase (CA, EC 4.2.1.1) (Hatch and Burnell. 1990).

RuBP oxygenase (RUBPO, EC 4.1.1.39) (Lorimer et ol
1977y, Extraction medium consised of 50mol m
HEPES KOH (pH 8.5), 20 mol m ' MgCl,, 5mol m *DTT
and 1% (w/v) PVP;, assay medium consisted of 50 mol m
HEPES KOH (pll 85), 1 mol m *M™MnC1, and a find concen-
tration of 0-5 mol m * RuBP: preactivation of enzyme a room
temperature for 10 min, in 10 mol m * NaHCO, and 10 mol
m~*MgCl, 3-PGA phosphatase (EC 3.1.3.20) and P-glycolate
phosphatase (EC 3.1.3.18) (Osmond and Harris, 1971): glycolate
oxidase (GO, EC 1.1.3.1) (Moore et al., 1988): Extraction
medium consisted of 100 mol m * HEPES KOH (pH 83),
2mol m *MgCl,.2mol m * MnCl,. | molm™*EDTA. 2mol
m~DTE, 1% (w/v) PVP and 005% (v/v) Triton X I(X> assay
medium consisted of 50 mol m * HEPES KOH (pH 83),
25mol m ~? MgCl,. 3mol m * phenylhydrazine and 5 mol
m * glycolate. A lag of 3 min was taken. Catalase (EC 1.11.1.6)
(Tolberl e al., 1969), NADH-hydroxypyruvate reductase
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(NADIEHPR, EC 1.1.1.29) (Kleezkowski and Randall, 19xx);
Extraction medium consisted of 50 mol m ' HEPES KOI!
(p!l 7.5 Smol m ' MgCl,, | mol m * KOTA, 3mol m *
DIE and 1% (w/v) PVP; assay medium consisted of 50 mol
m MES KO (pl16.5), 0:2mol m *NADI and | molm '
hydroxypyruvade. Glycerate kinase (EC 2.7.1.21) (llsuda and
Edwards, 1980); plutamate glyoxylate aminotransierase (EC
2.6.1.4) (Kisaki and Tolbert, 1969), using Dowex-1 (acetate) to
remove unrcacted C-plyoxylate; Serine glyoxylate amino-
transferase (EC 2.6.1 45) (Smith, 1973), using Dowex-50 (Il ')
to remove unrcacted '*C-scrine.

All enzymes were assayed a 30 C. except carbonic anhydrase
(4 (', but recaculated for 30 (). Spectrophotometric assays
were conducted in a Shimadzu UV-Vis Spectrophotometer
(Modd UV-160A). Radioactivity was monitored using a liquid
scintillation counter (Model Beckman LS 1800).

The maximum catalytic activities were determined by optimiz-
ing conditions during assay for individua enzymes in esch
species. Further experiments were performed to ensure that low
levels of the photorespiratory enzymes were not due to any
endogenous inhibitory substances. For this, enzyme activities
were determined in extracts prepared by co-homogenizing the
leaves of the intermediate species with pea or mixing the lcal
extracts. The data presented here are the averages (1 sc.) ol
three to sx independent measurements made on difterent days

C hemicals

The buffers used were from cither Sisco Research Labs or
Spectrochem (Bombay, India). Substrates, cofactors and ion
exchange media were from  Sigma  Chemica  Co..
(USA)/Bochringer (Germany), All other chemicals were ot
analytical grade from BDII, Sisco Research Labs or § Merck.
Bombay, India

RESULTS

The activity levels of several photosynthictic and photores-
piratory enzymes were assayed in the three (", C inter-
mediate species of Alternanthera and  Parthenium and
were compared with Cy (A. sessiles) and Cy (A, pungens)
species ot Alternanthera. The enzyme complement ol
Pisum sativum (C,), Zea maps (C4) and Amaranthus
hypochondriacus (C4) were included as further references,

The activity levels of GO, catalase. NADH-HPR and
glycerate kinase in leaves of the intermediates were 28 to
35% less than those in (', species (Fig. |). The activities
of photorespiratory enzymes in C, plants were only a
small fraction ( < {8%) of those in (', leaves.

The reduction of photorespiratory enzymes was not
dramatic. but the reduced levels were consistently
recorded, during replicated enzymes assayed on different
days. The reduction was not due to any endogenous
inhibitors since either mixing of leaf extracts (data not
shown) or co-homogenation of leaves of pea and 'y C s
intermediates did not show any inhibition of expected
activity (Table 1).

The activity level of RuBPO was low in Partheniuni,
but this may be due partly to an endogenous inhibitor as
co-extraction with Piswm salivum tissue recovered only
60% of the expected activity (data not shown).

The activities of (', photosynthetic enzymes were sev-
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FiG. 1. The averaged activities of four photorespiratory cnzymes,
glycolate oxidate catilase, NADH-hydroxypyruvate reduclasc and glyc
erate kinase in C,, C, or C, C, inlermediate plants, The species
examined weter  Alernanthera sessiles and  Pisum sativam (C),
Alternanthera fueoides, A tenclland Partheninm hystevophorus (C, C,
intermedintes) and Alernanthera pungens, Amgranthis. hypochondriaens
and Zeamavs (C ) The values presented in the figure are the range of
aclivilict for cach photosynthetic type. Activity levels of catalase are
expressed in mmotmg ' Chi h !

Tanrel
extracts of pea ami 'y C'y intermediate species

Photorespiratory Enzymesin €'y (4 Intermediates 7%

crul-l'old higher in 'y species compared to those in C,
species. For example. PPDK was very active in C, species,
but was barely detectable in C, species. The activity levels
of key €4 photosynthetic enzymes (PEPC, PPDK  and
NAD-MI") were 2- to 7-fold higher in the C, (' inlet-
mediate species than those in C, but were not as pro-
nounced as in ¢4 species. On the other hand, the leve of
CA in @l the plant species was similar (lig. 2).

The activity levels of photorespiratory aminotransfer-
ascs, namely glutamate glyoxylate aminotransferase and
serine glyoxylate aminotransfcrase, were less (23 1o 37%)
in intermediates than those in Cy species. The activity
levels of aspartate- and alaninc-aminotransferases were
slightly increased (60 to 13(1%, over C, species) in C,
intermediate species of Alternanthera and  Parthenium
(Fig. 3). However, the ratios ol PEPC/RuBPC and
PEPC/RuUBPO indicated that the intermediates were sim-
ilar to C, species (lig. 4).

The chlorophyll content of leaves was similar among
al the plant species studied, but the Chl ;b ratio increased
progressively from C, to (', (', intermediates and (',
species. The C, species had the lowest Chl <> ratio of
275, while the C, species had the highest (3-46). The
C, C, intermediate species had the intermediate value of
300 (Fig. 5).

DISCUSSION

This is the first report of the profile of several enzymes
involved in photorespiratory carbon/amino acid metabol-
ism in three C, Cg4 intermediate species of Alternanlhera
and Parthenium. which have been identified as (', C,
intermediates based on their low /' values and partial
Kranz anatomy (Rajendrudu et of.. 1986; Moore et «l.,
1987). At least lour cnzymes of the photorespiratory
metabolism, namely, glycolate oxidase, catalasc, NADH-
hydroxypyruvate reductase, and glycerate kinase, were
significantly reduced (28 to 35%) in the leaves of these
intermediates (Fig. 1). A limitation in photorespiratory

Glyeolate oxidase and NADH-hydroxypyrivate reductase activities in co-homogenized leaf

The values in parentheses indicate the % of recovery in the co-homogenized extract. The values are averages of

four independent meusurements.

Species combination

Expected

Pisuny sutivimn b

Alternantheraenetla 13
Pisurn sativien +
Alternanthera ficoides 108

Piswn sativim
Puarthenivn hysterophorus 18

Glycolate oxidase

NADH-hydroxypyruvate reductase

Measured
Expected Measured
(umolmg * Chl h )
106 (94) [{12) 8§75 (95)
KM (96) 608 566(93)
[ARNCX] 0635 610 (96)
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FiG. 2. Averaged activities of lour photosynthetic enzymes. carbonic
anhydrase, PEP carboxylase, pyruvate phosphate dikinasc and NAD-
malic enzyme in leaves of C,, C; or €, C, intermediate species For
the species included refer to legend of | ig. 1 | or NAD-malic enzyme
activity-levels of C, specics. the average of A.pungens  and Amaranthus
hypochondriacus are taken (since Zea mays is a NADP-ME species).
The values in the figure indicate the range of activity for each phatosyn-
thetic type. The activity levels of carbonic anhydrase arc expressed in
mmolmg ' Chlh !

turnover of glycine was associated with C, -C, interme-
diacy in Moricandia arvensis (Kumar and Abrol, 1990).
Also in our intermediates, the enzymes of photorespirat-
ory glycine metabolism were partly reduced (23 to 37%
lessthan those in C, species) (Fig. 3). Our results therefore
suggest that there is a partial reduction in photorespirat-
ory enzymic capecity of C, ¢, internicdide species.

Another indication of photorespiratory capacity is the
activity ratio of PGA-/phosphoglycolalc phosphatase
(Randall et al., 1971). This ratio is about 2 4 in C,
plants, but is less than one in C, species indicating that
the metabolisn of phosphoglycerate is far more active
than that of phosphoglycolate in leaves of C4 plants. The
ratios of phosphoglycerate to phosphoglycolate phosphat-
ase (Fig. 4) in C, C, intermediates suggest a decreased
potential of metabolizing phosphoglycolate.

Our data may not be able to explain readily the gas
exchange phenotype of intermediates and their ability to
grow in normal air. Mutants deficient in photorcspiratory
enzymes (Oliver and Kim, 1990; Lea and Blackwell, 1990;

Photorespiratorytnzymes in (', (', Intermediates
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1. 3. Average activitics of four amimotransferases glutamate glvoxyl-
ate aminotransferase, serine glyoxylate aminotransferase,  aspartate
aminotransferase and alianine aminotransferase. See legend of Fig. | lor
the Cy. Cyor Cy Cy intermediate species studied  The values in the
ligurc represent the range of activity lor each photosynthetic type

Somerville, 1986) can not grow in air, but survive in
elevated CO,. Therefore, the reduction in photorespirat-
ory metabolism is normally detrimental to plants. The
reasons for the ability of the intermediates of
Alternanthera and Parthenium to survive in air arc nol
clear at present.

Our observation that the leaves of ¢y (' intermediates
had slightly higher activities of a least three Oy enzymes:
PEPC, PPDK and NAD-ME than (', species (lig. 2). is
at variance with those of Rajendrudu e al. (1986) and
Moore ¢r al. (19%7), who reported low activities of 4
enzymes in Alternanthera and Parthenium, respectively
These enzyme activities could vary due to several factors
including growth conditions, but we arc sure of the high
levels of C4 cycle enzymes in these intermediates in view
of our sufficiently replicated assays. However, we doub!
the operation of a typica C, pathway in our inter-
mediates, since the ratios of PEPC/RuBPC in leaves ol
A tenella, A, ficoides and P. hysterophorusare close 10
those of C, species (lig.4). Similarly, the leaves ol
P. hysterophorus did not incorporate much of '“C into
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FiG. 4. Yhe average ratios of PEPC/RUBPC and PEPC/RuBPO,

RuBPC/RUBPO and PGA-:phosphoglycotate phosphatase in leaves of
the Cy. Cgor C, Cy aintermediate plant species. The species included
areindicated in the legend of 1ig. 1. The values of RUBPO in Parthenium
hysterapharus were not considered. The values presented in the figure
represent the range lor each photosynthetic type.

C, acids during short-term labelling experiments (Moore
d al., 1987).

In C, plants, the /" vaue does not change even a low
light intensity, while a marked increase in /' under low
light intensities is expected in C3 C, intermediate species
having a light-dependent €O, rdixation mechanism
(Monson @ «f., 1984). However, the decrease in /' of
Alternanthera  intermediates under low light (Rajendrudu
e al.. 1986) was not as drastic as that of Cy C, inter-
mediates of Panicum (Brown and Morgan, 1980).

The amount ol clilorophyll was smilar in dl the species,
whereas the Chl a/h ratio increased progressvely from
C, to C, C, intermediates and C, gpecies (Fig. 5). In C,
plants, the light-harvesting chlorophyll of PS | contains
mostly Cht ¢ and the light-harvesting chlorophyll of PS
Il is thought to contain similar amounts of Chi « and h
(Ku € ai, ty91). The higher ratios of Chl u/h reflects the
higher energy requirements of C, plants.

The reduction in photorespiration in C, C, inter-
mediates is proposed to be due cither to an efident
rclixation of photorespired CO,. supported by ether

Photorespivatordiizymesm (, Cy itermediares 781
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Fi1G. 5. The chlorophyll Contenl and Chl a/b ratios for the three photo-
synthetic types as described in the legend of Fig. I. f'he values presented
in the figure represent the range for each photosynthetic type.

anatomical features or the operation of a limited (or near
complete) C, cycle (Edwardsand Ku, 1987: Raghavendra
and Das. 1993). Basd on this criterion, the C,-C,
intermediates were dassfied into two categories: the firgt
one with an operational C, cyde (eg. Flaveria hrownii)

or those without a C, pathway (c.g. Moricandia arvensis).

However, Rawsthornc (1992} proposed that t he confine-
ment of glycine decarboxylase to mitochondria in the
bundle sheath cdls forms the physiologica base of all
C3-C4 intermediates including those of Morkandia and
Flaveria. We suggest a partia reduction in enzymic capa
city could be an additional factor for lhe reduction in the
photorepiratory pathway at least in the intermediates of
Alternanthera and Parilwnhim.

A patia ‘Kranz" anatomy occurs in dl lhe present
(¢, C, intermediates (Rgjcndrudu et ol.. 1986; Moore
e al. 1987). Our attempts to separate mesophyll and
bundle sheath tissues s0 far have been unsuccessful. In
Morkandia arvensis. the reduced photorespiration isdue
to the predominant localization of glycinc decarboxylase
in bundle sheath cells, leading to an efident recycling of
photorespiratory €O, (Rawsthornc ¢z «/.. 1988). Further
work is necessary to determine the intercdlular distribu-
tion of photorespiratory enzymes in the intermediate
species of Alternanthera and Parthenium.  Nevertheless,
we wish to draw attention to the significant reduction in
photorespiratory enzymic capacity. aong with a small
increase in PEP carboxylase/NAD-ME sydem in the
intermediatesof Alrernanthera andPartheniun.
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Abstract

The pattern of photorespiratory ammonia (PR-NH,) formation and its modulation by exogenous
bicarbonate or glycine were investigated in C,-C, intermediates of Aliernanthera (A. ficoides and A
tenella) and Parthenium hysterophorus in comparison to those of C, or C, species. The average rates of
PR-NH, accumulation in leaves of the intermediates were dightly less than (about 25% reduced) those
in C, species. and were further low in C, plants (40¢¢ of that in C,). The levels of I'R-NH , in lcaf discs
decreased markedly when exogenous bicarbonate was present in the incubation medium. The inhibitory
effect of bicarbonate on PR-NH, accumulation was pronounced in C, plants. very low in C, species
and was moderate in the C,-C4 intermediates. Glycine, an intermediate of photorespiratory metabo-
lism, raised the levels of PR-NIH, in leaves of nat only (', but aso C,-C, intermediates, bringing the
rates close to those of C, species. The rae of mitochondrial glycine decarboxylation in darkness in
C,~C, intermediates was partially reduced (about 80¢: of that in C, species). corresponding to the
activity-levels of glycine decarboxylasc and scrine hvdroxymethyltransferase in leaves. The inter-
mediates had a remarkable capacity Of reassimilating photorespiratory CO, in vivo. as indicated by the
apparent refixation of about 83¢¢ of the CO, released from exogenous glycine in the light. We suggest
that the reduced photorespiration in the C,-C, intermediare species of Aliernanthera and Parthenium is
duc to both a limitation in the extent of glycine production/decarboxvlation and an clficient refixation/
recycling of interna CO,.

Abbreviations: GDC - glycine decarboxylase: GS - glutamine synthetase: GOG AT - glutamate-ox-
oplutarate aminiotransferase; a-HPMS - a-hydroxy-2-pyridinemethianesullonic acid; INTT - jsonieotinyl
hydrazidc; MSO - L-methionine sulfoximing; PR- NH, - photorespiratory—ammonia; SHMT - serine
hydroxymethndtranderase

Introduction ration, ammonia is formed due to decarboxyl-
aion of glycine in mitochondria (Oliver et al.
Leaves of C, plants exhibit high rates of photo 1990). Photorespiratory ammonia (PR-NH,)

respiration whereas ¢, plants show little or no plays a significant role in the nitrogen mctabo-
apparent photorespiratory activity (Ogren 1984, lism of C, plants (Keys et a. 1978, Singh et a.
Sharkey 1988, Canvin 1990). During photorespi- 1985, Lea et d. 1990).

Please indicate author's corrections in blue, sctting errors in red.



PR-Nil, is rcassimilated in vivo mainly via
the GS-GOGAT pathway (Keys et d. 1978).
MSO is an irreversible inhibitor of GS, the
enzyme that catalyzes the primary incorporation
of NH, into amino acids. Addition of MSO
results in NH, accumulation in leaves of higher
plants (Platt and Rand 1982, Berger and Fock
1983, Martin e al 1983, tkeda e al. 1984,
Rhodes ¢t a. 1986) However, the extent of NI,
accumulation in the presence of MSO is two to
threefold higher in C, than in C, leaves (Martin
et al. 1983). Phosphinothricin (glufosinate),
another irreversible inhibitor of GS, aso caused
the accumulation of ammonia in several C, and
C, plants (Lacucsta et al. 1989, Wendler et al.
1990, 1992, Shelp et al. 1992).

A CO. compensation point in the range of
5-39ult ' indicated that photorespiratory me-
tabolism was partidly reduced in C,-C, inter-
mediate species (Ogrcn and Chollet 1982, Ed-
wards and Ku 1987, Rawsthorne 1992,
Raghavendra and Das 1993, Raghavendra and
Devi 1993). Direct estimates of photorespiratory
metabolism 1in C,~C, intermediates are very few
(cf. Holbrook et a. 1985, Ku et a. 1991), since
most of the studies have been on photosynthctic
carbon metabolism.

This paper summarizes our study of PR-am-
monia in C,-C, intermediate spccies We ex-
amined the extent of PR-NH, accumulation in
C,-C, intermediates of Alternanthera (A
ficoides. A.  tenella)y and  Parthenium — hy-
sterophorus and compared these results with
those from C, (A. sessiles, Pisum saiivum) and
C, (A. pungens. Amaranlhus hvpochondriacus.
Zea mays) species. Our findings indicate that
photorespiratory ammonia metabolism is partial-
ly reduced in the €*,~C intermediates of Alter-
nanthera and Partheniun. We aso report the
marked modulation < R NI, in leal discs by
bicarbonate or glycine.

Matt-rials and methods

Plant material

Plants of Amaranlhus hypochundriacus (cv. AG-
67), Pisum sativum (cv. Arkel) and Zea mays

(cv. Ganga 5) were raised from sced. Alternan-
thera ficoides, A. pungens, A. sessiles, A. lenella

and Parthenium hystierophorus were propagated
by transplantation of cuttings. The seedlings/
plants were grown in soil supplemented with
farmyard manure in 30 cm diameter plastic tubs.
The plants were grown outdoor, under o natural
phot ope riod, of about 12 h and mean tempera-
tures of 30°C/20°C day/night. Fully expanded
third and fourth leaves were harvested from 3-
to 4-week-old plants between 8HI and 9(MMI am.
for the experiments.

Extraction and estimation of arwmonia. lecaf
discs of ca 20 mm’ were prepared from freshly
collected leaves under water. Twenty leaf discs
(ca. 80myg) were placed in petridishes containing
5ml of water or MSO (2.5 mM), IN1l (35mM).
a-HPMS (20 mM), glycine (15 mM) or other test
combinations. The discs were illuminated
(1000 uEE m *s ) for 2hat 30+ 1 "C.

At the end of the illumination period, the lcat
discs were washed quickly with water, blotted
dry and extracted in 2% (w/v) boric acid (Kumar
et a. 1984). The extract was centriluged at
12000 ¢ for 20min a 4°C. Ammonia was esti-
mated in the supernatant fluid by phenol-hypo-
chlorite (Solorzano 1969). The blue complex
formed in the presence of sodium nitroprussde
was measured a& MO nm in a spectrophotometer
(Shimadzu UV-vis 160 A).

Photorespiratory asmimenia

L.caf discs accumulate ammonia upon illumina
won. particularly in the presence of MSO, an
inhibitor of GGS However, a variety of sources
contribute to ammonia accumulation in the pres-
ence of MSO (Singh et al. 1985). Photorespirat-
ory inhibitors hke INH (inhibits (i1)C') and ¢
HPMS (inhibits plycolate oxidase) are used to
distinguish the extent of non-photorespitatory
ammonia accumulation (Kumar and Abrol 1989,
1990). The difference in the NH, levels ol
samples with M SO and those with (INIl1 + MSO)
or (o [1I'MS < MSO0) represents the PR NI,
(see Table 1)

Glycine decarboxylation

Leaf discs of 20 mm? were punched from freshly
collected leaves under water. Randomly selected
lcaf discs were blotted dry and floated with the
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Table 1. Accumulation of PR-ammonia in leaf dises of €, €
(_2 SmM) and INH (35 mM) or n-HPMS (20 mM)

Species Water
C, Species '
Alternanthera sessiles 2 80
Pisum sativam 110
C,=C, Intermediates

Alternanthera tenella 2.
Alternanthera fivondes 1 YK
Parthenium hysicraphoras 1.95

C, Species

Alternanthera pungens 1) 98

Amaranthus hypochondrincus
Zea mays

[IR] ]
1.03

" NH, levels in presence or absence of INI1, ie [MSO - (NSO + 1NII))

M50

INH a-HPMS"

pmol NH, mg Chl "h '

644 264020 112+ 0.28
7.21 2962 0.18 140 0.20
61l 2184020 23022
612 231+ 021 il TR .
5.87 227%0.21 2 16 =23
2.K5 1.O8 = 0.07 1142012
2.1 102 =010 112 0,10
2.94 + (LI 1.22+0.11

LIz

o and C-Cantermediate species, determined in presence ul MSO

PR-ammonin determined with

" NH, levels in presence or absence of a-HI'MS, i.c. [MSO - (MSO + 11I'MS)|

adaxial surface upwards in fla injection vids
containing center wells (5 discs, equivaent to
30-90 ug Chi in each vid). The vids contained
25ml of a buffered medium (0.3 M sorbitol,
0.3M Mes-KOH pH 55, 1 mM KH,PO, and
1mM MgCl,). The centre wels contained filter
paper wicks wetted with hyaminc hydroxide. The
vials were scalcd with rubber septa and [1-

Clglycine was injected at zcro time to give a
find concentration of S0mM (0.5mCi). The
reaction was terminated after 1 h of illumination
(100 wE m'* s ) or darkness a 25°C by
injecting 3N HCl (Holbrook et al. 1985). After
30 to 6 min, the filter paper wicks in the center
wells were removed and '‘C-radioactivity de-
termined usng a liquid <cintillation counter
(Beckman Modd LS 1800).

Enzyme assays

A crude mitochondrial fraction was prepared
from leaves as described by Bergman et al
(1980). Small lesf pieces (ca 10-20 mm®) were
ground vigoroudy (to break bundle sheath
strands) in a mortar and pestle a 4 “C using 4 vol
of prechilled extraction buffer (25 mM Hepes-
KOH, pH7.8, 0.3 M sucrose, 1mM EDTA,
1 mM MgCl,, 4mM cystcinc, 0.1% (w/v) BSA
and 0.6% (w/v) PVP). The homogenate wes
filtered through cheese-cloth and centrifuged at
5000 g for 3 min and the supernatant fraction was

re-centrifuged a 20000 g for 7 min. The pellet
congtituted the crude mitochondrial preparation.

The mitochondrial fraction was examined for
the activity of GDC (EC 2.1.2.10) by using
[1-"*CJglycine (spedific activity of 14.5 Ci/mol).
The reaction was performed in seded fla vias
with center wells containing paper wicks wetted
with hyamine hydroxide (for trapping the re-
leased '*CO.). The assay medium of 1.0ml,
modified from that of Oliver (1979), consisted of
SOmM Tris-HCl, pH 7.8, 2mM NaNO,, 0.3 M
sorbitol, 2mM EDTA. 1 mM MnCl,, 1 mM
MgCl,, 05mM KH,PO,. 2mM DTT. 0.1 mM
pyridoxal 5'-phosphate. 1 mM NAD, 10mM
glveine, and mitochondria corresponding to 2.5-
5.0 ug protein. The reaction wes initiated by
injecting radioactive glycine. alowed to continue
for 30 min in a shaking water both a 30 "C, and
was stopped by adding 0.2 ml of 40% (v/v)
perchloric acid. After continued shaking for 30
to 6 min, the filter paper wicks in the center
wells were andysed for  C-radioactivity.

The mitochondrial preparation was further
processed (Woo 1979) for assaying SUM | (¢
2.1.2.1) a 25 °C by usng [U-"Clserine (specific
radioactivity of 135 Ci/mol). The crude mito-
chondrial pellet was resuspended in 20 mM phos-
phate buffer, pH 7.5, and 1 mM DTT. Then the
fraction was solubilized with 0.05% (v/v) Triton-
X 1200 and incubated a 0°C for 10 min before
use. The assy medium consisted of 20 mM
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phosphate  buffer, pH 7.4, 1mM 2-mereap-
tocthanol, 1 mM EDTA, 0.1 mM pyridoxal-5-
phosphate, 2mM tetrahydrofolate, 2mM DTT,
5mM [U-“C]scrinc (0.5 uCi) and solubilized
mitochondria equivalent to 2.5-5.0 ug protein
ml™ (Taylor and Weissbach 1965).

Maximum catalytic activities were determined
by optimizing the rection conditions during the
assay of the individual enzymes in each species.

Chlorophyll/ protein estimation and replication

Chlorophyll was estimated as per Arnon (1949)
and protein by using Coomassic Brilliant Blue G
and BSA as standard (Bradford 1976).

The experiments were repeated on different
days. The data presented here are averaged
(£SE) of three to sx experiments made on
different days.

Chemicals

a-HPMS was from Aldrich Chemica Co, USA;
MSO and hyaminc hydroxide from Sgma
Chemical Co, USA; Dimedon from Fluka, Swit-
zerland; and INH was from Citadel Fine Phar-
maceuticals, Tamil Nadu. ["Clglycine and
| Clserine were from the Board of Radiation
and Isotope Technology, Bombay. India All
other chemicals were of anaytical grade from
cither Sisco Research Laboratories or Spectroch-
em, Bombay, India

Results

A steady increase in PR-Nil, occurred upon
illumination of leaf discs for up to Y0-120 min,
but there was no such increase when leaves were
kept in darkness (Fig. 1). PR-NH, accumulation
was maximum in Piswum sativum and Aliernan-
thera sessiles (C,). low in A pungens (C,pnd
moderate in A. ficoides (C,-C, intermediate).
The average rates of PR-NH, accumulation,
estimated using MSO and either INH or «-
HPMS (Table 1), were reduced in the C,~C,
intermediates by 20-30%, compared to C,
species, while PR-NH, in C, plants was further
lowered (<40% of that in C,). The vaues of SE

8§ a0 ( Pisum rativum {¢) \ | I I [

5 A o O &

] | Po Il

=p A aemsilen (C,) 1 ! |

B o AN {

o SO 0 4 . | A

22| 37 ) 1 1 71

oL /'f LAlernanthers licoides |

© ;J o (€4-C,)

0F 10 07 : )

o= 0k 1 "

L fE | / © “SA pungens (C,)

| | - 4

[T | 4{’ 1 ;I‘ soblvum (dark)

A . ’ .
0.0¥ : - g i T

GO 90 120 150 180

Duration of illumination (min)

Fig 1 Photorespiratory ammonia (PR-NH,) accumulation
upon illumination of feaf dises of C,. C, and C,-C, inter-
mediate species (open symbols). Ammonia accumulation in
darkness (closed symbols) was negligible The values are
averages of at least thice independent experiments (£ Sk )
performed on different days

tend to be high but the average values of PR-
NH, in C,-C, intermediates were aways less
than those of C, plants.

The presence of bicarbonate in the incubation
medium reduced the extent of PR-Nil, accumu-
lation in pea leaf discs, with the saturation
concentration of bicarbonate being 5 mM (data
not shown). The level of PR-NHt, accumulation
(measured with MSO and INH) was markedly
inhibited in the presence of 5mM bicarbonate in
both C, and C,-C, intermediate species (Table
2). However, the inhibition by bicarbonate of
PR-NH, formation was less in C,-C, inter-
mediate species (about 40%¢ decrease over con-
trol) than that in C, species (nearly 55%). The
effect of bicarbonate on PR-NH, was amost
negligible (< 10%¢ decrease) in C, species.

Glycine enhanced ammonia accumulation in
dl the species examined (Table 2). The extent of
stimulation by glycine was maximum (~>2007 )
in C, species, low in C, plants (about 607 ) and
increased in C,-C, intermediates (nearly 10077¢).

The activity-levels of two photorespiratory
mitochondrial enzymes, GDC and SHMT, were
partialy reduced (75% of C, activity) in C,-C,
intermediate species but were very low (<<30%%
of C,) in C, plants (Table 3).
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Table 2. Effect of bicarbonate and plycine on accumulation of PR-NH, (measurced in presence of 35mM INHL. as in Table 1) in

Co. €, and C,-C, inermedinte species, Values in parentheses indicate the effeet of test compounds as % control (i.e water 100%)

Species Control
{water)

', Species '

Alternanthera sessies 232018

Pisum sativum 28=10.22

C,-C, Intermediares

Aliernanthera tenella 19008
Aliernanthera ficoides 20=007
Parthenium hysteraphorus 2.0 0.8
C, Species

Aliernanthera pungens 1.120.06
Amaranthus hypochondriacus 1.1=0.05
Zra mays 1.1+ 006

Bicarbonate
{SmM)

Gilycine
(15mM)

pmol mg (I‘hl K h

10=003(43)
1.2=0.05(43)

4.0+ 0.41(174)
4.2 2 0.42 (150)

1.12 0,05 (58) 4.2+ 0.38(221)
1.2 % 0.06 (60) 4.1 = () 44 (205)
1.3 2 0.07(65) 3.9+ 0.35(195)

1.0 0.05(91)
1.0=003(9])
1.0%0.04(91)

34 =0.32(309)
334031 (300)
1.4 40,37 (309)

Table 3. Activity-levels of mitochondrial glycine decarboxylase and serine hydroxymethyl transferase in €., C, and C,-C,

inermediate species

Serine hvdroxy-

Species Gilycine
decarboxylase meth dtransterase
pmolmg Chl ' h '
C, Species
Alternanthera sessiles 3742021 64+ 5K
Pisum sativurm 432028 714 6.1
=, Intermedares
Alrernanthera tenella 2782019 5444
Alternanthera ficoides 291=202] S22 46
Partherm hysterophorus A05=026 55250
C, Specics
Alternanthera pungens (U8 = 005 194 1.6
Amarantiuay hy o honclviacus 083 = 0.50 IK= 15
099 = 0,06 Ma214

Zea mays

The rates of ''CO, evolution from |1-

CJglvcine in darkness were low in C, ledf discs,
intermediate in C,-C, intermediate species and
higher in C, species (Table 4). However, the
raes of glycinc decarboxylation in the hght by
C, species were only a fraction of those in C,
species, while the rates in C,-C, intermediates
were about 20% of those in C, species. Evident-
ly, the extent of refutation of '‘CO, evolved
from "*C-glycine in the light was very high in C,,

lov in C, but quite considerable in C,-C;
intermediates.

Discusson

Photorespiration occurs only in the light, when
phosphoglycolatc, the substrate for photorespira-
tion, is avalable (Ogren and Chollet 1982,
Ogren 1984, Sharkey 1988). Accordingly, PR-
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Table 4. Decarboxylaton of |1 = "Clglycine in dark or light and apparemt refixation by leafl dises of C,. C, and C,-C

inermediate species

Species Glycine decarboxylation
Dark Light

C, Species

Alternanthera sessiles 542 in

Pusum sativiam 4.54 2.46

C—C, Intermediates

Alternanthera tenella 438 0.67
Alternanthera ficoides 414 .46
Pariheraum hysterophorus 4.20 0.53
C, Specics

Alternanthera pugens 2.50 005
Amaranthus kypochendrigcus 2.52 004

Zea mays 2.40 0.4

" % of photorespiratory CO, refixed in light.

NH, accumulated during illumination of lesf
discs (Fig. 1), demonstrating the dependence of
PR-NH, on photosynthetic metabolism. On the
other hand, PR-NH, accumulation in the dark
was essentialy negligible duc to the absence of
photorespiration. The lowered levels of PR-NH,
accumulation in the C,-C, intermediates (Table
1) suggest that photorespiratory metabolism is
sgnificantly reduced in these species. Earlier
reports aso suggested a reduction in PR-NH,
mctabolism in C,~C, intermediates of Morican-
dia arvensis and Parthenium  hysterophorus
(Kumar and Abrol 1989. 1990).

The decrease in PR-NH, accumulation (Table
2) reflects the inhibitory effect of CO, on photo-
respiration. The primary reaction of photorespi-
ration is the oxvgenasc activity of rubisco, which
is modulated b> the availability of CO, vs. (),
(Ogren 1984). An increase in the CO, concen-
tration is expected to increase carboxylase activi-
ty. while reducing the oxypenation and thesceby
photorespitatory metabolism. However, exogen-
ous bicarbonate did not completely inhibit
photorespiratory ammonia accumulation. even in
C, plants. The reason for this is not clear, but
could be due mainly to photosynthetic O, evolu-
tion in light. The reduced senstivity of PR-NH,
to bicarbonate in the C,~C, intermediates is an
indication of efficient CO, recycling/concentra-
tion leading to reduced photorespiratory metab-
olism.

Photorespiratory carbon metabolism in leaves

« umol "'CO, nlétzlll Ty

Dark/Light Apparent selixation (96 )*

174+ 0,13 4
1.BS =016 4h
6.54 = 061 NS
UNUTES (N 14 N9
7.9320.76 B7
50.00 = 7.60 98
6300 =620 98
GO.00 = 5.40 98

of higher plants involves the coordinated func-
tioning of three organclles (viz., chloroplast,
peroxisome and mitochondrion) and is closely
related to the C, photosynthetic carbon reduc-
tion cycle (Schnarrenberger and Fock 1976,
Ogren and Chollet 1982, Ogren 1984, Sharkey
1988, Canvin 1990). Therefore, the reduction in
photorespiration of C,-C, intermediates could
be due to a limitation in any of the steps/re-
actions. Work from our laboratory indicated a
partial reduction in levels of key photorespirat-
ory enzymes in intermediates of Alternanthera
and Parthenium (Devi and Raghavendra 1993,
Devi et al. 1993). The present results revea that
the C,-C, intermediates have a reduced capacity
of not only production but also decarboxylation
of glycine (Table 4). This may be due in part to
the redaction in the related enzymes (1 able 3).
Kumar and Abrol (1991) and Ku et al. (1991)
also reported a reduction in GIC and SUM I
activities in ¢ , €', intcrmediates ol Mum andia
and flaveria, respectively.

The reduced apparent photorespiration in
Moricandia arvensis, a C,-C, intermediate. has
been attributed to be due mostly to the exclusive
confinement of GDC in bundle sheath cells
(Rawsthorne et a. 1988, Rawsthorne 1992).
Nevertheless, there are reports of reduced turn-
over (synthesis and metabolism) of glycinc in
Parthenium hysterophorus and Moricandia ar-
vensis (Kumar and Abrol 1989, 1990).

The decarboxylation of glycinc constitutes a
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major source of NH, during photorespiration in
barley (Lea d al. 1990) and maize leaves
(Merger and Fock 1983)  Ihe enhancement of
NH, accumulation by exogenous glyeine was
earlier observed in C, (tnungbean, Kumar et al.
1984) and C, species (maize, Berger and Fock
1983, Amaranthus, Kumar ¢t al. 1984). The
enhancement of ammonia accumulation by
glycine in not only C, species but dso in the
intermediates (Table 2) suggests that a primary
reason for reduced photorespiration in these
plants is a marked limitation in glycine pro-
duction.

The decrease in CO, evolution from exogen-
ous glycine in the light in interpreted to be due
to the internal refixation of released CO, by
photosynthesis. Therefore, the ratio of glycine
decarboxylation in dark to light is taken as an
apparent measure of the extent of recycling of
photorespiratory CO, (Holbrook et a. 1985,
Kumar and Abrol 1990). This ratio in C,-C,
intermediates is nearly four times greater than
that in C, species, indicating a sgnificant refixa-
tion of CO, in vivo. In C, species, the ratio is
very high (Table 4) due basicaly lo the efficient
carbon fixation mechanism of ¢, photosynthesis

We suggest that reduced photorespiration in
C,-C, intermediates of Aliernanlhera and Parth-
enium is due both to a decrease in glyene
formation/decarboxylation and an increase in
the capacity for internal refixation of photores
pired CO, in the light. Significant levels of PEP
catboxylase in leaves of these intermediates
(Devi and Raghavendra 1993) may lead to CO,
refixation and  subsequent recycling through
NAD-M} and rubisco. The reduced senstivity
of PR-NH, to exogenous bicarbonate is an
indication of an effident CO, recycling mecha
nism in these C,-C, intermediates (Raghaven-
dra and Das 1993).
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Abstract

The rate and extent of light activation of PEPC may be used as another criterion to distinguish C, and
C, plants. Light stimulated phosphoenolypyruvate carboxylase (PEPC) in leaf discs of C, plants more
than three times greater but stimulation of PEPC wes limited about 30% over the dark-control in C,
Species. The light activation of PEPC in leaves of C, plants was complete within 10 min. while
maximum activation in C, plants required illumination for more than 20 min, indicating that the relative
pace of PEPC activation was dower in C, plants than in C; plants. Similarly, the dark-deactivation of
the enzyme was aso dower in leaves of C, than in C, species. The extent of PEPC stimulation in the
akaline pH range indicated that the dark-adapted form of the C, enzyme is very sensitive to changes in
pH. The pH of cytosol-enriched cdll sap extracted from illuminated leaves of C, plants was more
akaline that that of dark-adapted leaves. The extent of such light-dependent alkalization of cell sap was
three times higher in C, leaves than in C, plants. The course of light-induced alkalization and
dark-acidification of cytosol-enriched cell sap was markedly smilar to the pattern of light activation and
dark-deactivation of PEPC in Alternanthera pungens, a C, plant. Our report provides preliminary
evidence that the photoactivation of PEPC in C, plants may be mediated at least partially by the
modulation of cytosolic pH.

Abbreviations:. CAM -Crassulacean acid  metabolism:  G-6-P -glucosc-6-phosphate:  PMSF -
phenylmethyl  sulfonyl  fluoride:  PEPC -phosphoenolpyruvate  carboxylase; PEPC-PK - phos-
phoenolpyruvate carboxylase-protein Kinase

Introduction

Phosphoenolpyruvate carboxylase (PEPC, Ort-
hophosphate: oxaloacetate carboxylase (phos-
phorylating), EC 4.1.1.31) catalyzes the B-car-
boxy- \

lation of PEP to yidd oxalacetate and Pi. PEPC
provides the primary route of carbon assimila
tion in C, and crasulacean acid metabolism
(CAM) plants (O'Leary 1982, Andreo et al.
1987), whereas in C, plants and agae the en-
zyme plays an auxiliary role (Latzko and Kely
1983).

Like many of the C, and C, photosynthetic
enzymes, the kinetic and regulatory properties of
PEPC undergo marked changes during light/
dark transitions, particularly in C, and CAM
plants (e.g. Doncaster and Leegood 1987). Ex-
tracted from pre-illuminated C, lesf tissue, the
enzyme exhibits two to three times more activity
than the dark form when assayed under sub-
optimal but physiological assay conditions. The
light-form also exhibits less sensitivity to malate
inhibition than the dark form (Karabourniotis et
al. 1983, 1985, Huber and Sugiyama 1986. Don-



caster and Leegood 1987, Jiao and Chollet
1988). The reversible phosphorylation of the
enzyme in light is @ mgor mechanism of post-
trangdational regulation in C, plants (Review:
Jiao and Chollet 1991). The effect of light on
PEPC is hardly discernible in leaves of C,
species (Chastin and Chollet 1989). Limited
photoactivation of the enzyme was démonstrated
in maize mesophyll protoplasts (Devi and
Raghavendra 1992), suggesting a high degree of
coordination between mesophyll and bundle
sheath cels required for the activation of the
enzyme (e.g. Jiao and Chollet 1992). A marked
activation of PEPC was reported in a reconsti-
tuted system with an atificia photosensitive dye
(Maheswari and Bharadwaj 1991). Phosphor-
ylation of PEPC in sorghum mesophyll proto-
plasts under light was modulated by calcium and
pH (Pierre et al. 1992). Light induced phosphor-
ylation of PEPC was observed in wheat leaves
(Von Quy et al. 1991) and guard cell protoplasts
of Viciafaba (Schnabl et al. 1992), although no
light activation of PEPC could be recorded in
guard cdl protoplasts of Commelina communis
(Willmer et al. 1992).

The present work wes initiated to reevaluate
the effect of light on PEPC in plant species
belonging to different photosynthetic groups and
to assess whether the light activation pattern can
be used as a criterion to establish the C, form of
PEPC. Since activity of PEPC is maximal in an
akaline pH (O'Leary 1982) and illumination
causes an akalization of the cytosol in leaves of
both C, and C, plants- with the degree of
akalization being quite high in C, plants (Yin et
al. 1990, 1993, Raghavendra ct al. 1993) - we
also evaluated the possible role of cytosolic pH
in regulating the activity of PEPC in leaves of C,
plants. Thus as a cytosolic enzyme, the light-
induced cytosolic alkalization may increase
PEPC activity, particularly in C, plants.

Materials and methods
Plant material
Plants of Amaranthus  hypochondriacus (cv. AG

67), Amaranthus Viridis, Arachis hypogea (cv.
ICGS 44), Cajanus cajan, Pisum sativum (cv.

Arkel). Sorghum vulgare (cv. CS 59) and Zea
mays (cv. Ganga 5), were raised from seeds.
Plants of Alternanthera ficoides, A. Pungens. A.
Sessiles, A. Tenella, Mollugo pentaphylla. Parth-
enium hysterophorus and Portulaca oleracea
were collected from the campus and were prop-
agated by transplantation of seedlings or cut-
tings. The plants were grown outdoors under a
natural photoperiod of approximately 12 h and
30°C/20°C day/night temperatures, in earthen
pots in soil supplemented with farmyard manure.
The second to fourth leaves (counting from the
youngest fully matured leaf) were harvested
between 8.00 am. and 9.00 am. from 3-4 week
old seedlings for the experiments.

Illumination of leaf samples

Discs of 20mm? were punched from freshly
collected leaves (under water) and incubated in
darkness for 2h at 30+ 1 °C. After the pre-dark
incubation, the leaf discs were illuminated (white
light; Philips comptalux R95 flood bulbs) at an
intensity of 1000 uEm™2s™' (measured after
passing the light through water filter) for 20 min
unless otherwise mentioned. Both pre-dark incu-
bation and illumination of Icaf discs were done in
distilled water. The light was passed through a
10-cm water filter to prevent temperature fluc-
tuations due to illumination. Usualy 20 teaf discs
(ca 80 mg) were used in each experiment.

Feeding of cycloheximide (protein synthesis
inhibitor)

The feeding of cyclohcximide was done by in-
cubating the leaf discs of Alternanthera pungens
in 5 uM cycloheximide in the dark overnight.
After the incubation, the leaf discs were washed
thoroughly with distilled water and either left in
the dark or illuminated for 20min a
1000 uEm™?s™". Stock solution of 10 mM
cyclohcximide was prepared in absolute cthanol.

Extraction and assay of PEPC

PEPC was extracted from 1.6g darkened (or
illuminated) leaf discs by quickly homogenizing
the tissue a 4°C in a mortar with 64 ml of
prechilled extraction buffer (100mM HEPES
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pH 7.2, 10 mM MgCl,, 2mM K,HPO,, 20% (v/
v) glycerol, 1mM EDTA, 2mM Phenylmethyl
sulfonylfluoridc (PMSF) and 10 mM B-mercap-
tocthanol). The extract was filtered through 4
layers of cheese cloth and rapidly centrifuged at
10000 g for 3min (Hermle Z 320K centrifuge).
An aiquot was kept aside prior to centrifugation
for chlorophyll estimation.

PEPC activity was assayed spectrophotomet-
ricaly a 30 °C by monitoring NADH oxidation
a 340nm in a dual beam UV-VIS Spectro-
photometer (Shimadzu UV-160A). The 1mt
reaction mixture contained 50 mM Tricine-KOH
(pH7.5), 5mM MgCl,, 10mM NaHCO, (pre-
pared in CO, free distilled water), 2 Units NAD-
malic dehydiogenase, 25 mM NADH and crude
extract (equivalent to 10 to 2.0 ug chlorophyll).
The extract was incubated in the reaction mix-
ture for 30s and the reaction was started by
adding 20 uf of 50 mM PEP. (Deviations from
this standard procedure are specified in the text.)
The reaction was normally linear up to 5 min.
Although there are reports that light activation is
pronounced if PEPC is assayed a sub-optimal
pH and substrate levels or in the presence of
effectors like malate or G-6-P (Huber and
Sugiyama 1986, Doncaster and Leegood, 1987),
we chose to assay the enzyme at standard opti-
mal conditions to make a direct interpretation of
the data.

Extraction of cell sap and measurement of pH

Leaf discs were left in darkness for 2 h after
which 20 discs (ca. 80mg) were illuminated for
20min a 1000 gEm *s a 302 1°C. 1he leef
discs (dark-adapted or illuminated) were ground
in amortar (Gently, so0 as to avoid disruption of
bundle sheath cells) with 4 volumes of 0.3 M
sorhitol (or water, in some cases). The extract
was filtered through a cheese cloth and cen-
trifuged a 10000 g for 3 min so as to remove the
intact organclles. The extent of vacuolar break-
age due to grinding in 0.3 M sorbitol was esti-
mated by observing the extract under the micro-
scope and was found to be very low. The pH of
the supernatant (representing mosily cytosol-en-
riched cdll sap) was monitored with a digital pH
meter (Systronic Model 335). In some experi-
ments, the same extract in unbuffered 0.3 M

sorbitol was used for determining both the pH
and the enzyme activity.

Chlorophyll estimation and replication

Chlorophyll was estimated as per Arnon (1949).
The data presented here are the averages (+SE)
of at least three independent experiments done
on different days.

Materials

PEP (monocyclohexylammonium salt), cyclohex-
imide, malate (monosodium salt), phenylmethyl
sulphonylfluoride and malic dehvdrogenase were
obtained from Sgma Chemicd Co, USA;
glucose-6-phosphate  from  Bochringer-Man-
nhelm, Germany; and NADH from Spectroch-
em, Bombay. All other reagents were of ana-
lytical grade.

Results

Extent and pace of light activation/dark-
deactivation

When the predarkened lesf discs were illumi-
nated. the activity of PEPC increased steadily.
Limited activation of PEPC in Alternanthera
sessiles, a C, species was achieved by 10 min of
illumination. The very steep increase of PEPC in
leaves of A. pungens, a C, species. continued up
to 20 min of illumination (Fig. 1).

Leaves of several plant species were therefore
examined for the extent of activation by light of
PEPC (Table 1). Illumination enhanced the
PEPC activity in C; species an average of 30%
above the dark level, while stimulating PEPC
activity nearly three times as much in C, plants.

If the extract from illuminated leaves was left
in the dark at room temperature, the activity of
PEPC declined gradudly with time, reaching a
stead state smilar to the level of the dark-
adapted sample. Such dark-deactivation of the
enzyme was quick in C, species (Fig. 2), but was
quite dow in C, species (Fig. 2). A survey of
several plants (Table 2) confirmed that the pace
of dark-deactivation was indeed much slower
(requiring 90-120 min to reach dark-level activi-
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Fig. 1. The activation of PEPC in relation to the duration of
illumination in Altemanlhera. The leaf discs were kept in
darkness for th and were exposed to light of
1000 uEm™s™' at 30*C. The details of extraction and
enzyme assay are described in 'Materials and methods.
Maximal activation of PEPC required 10 min of illumination
in the Alternanthera sessiles (C,; O) compared with 20 min in
A. pungent (C,; ©). The data shown are the mean =SE of
three experiments conducted on different days.
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Fig. 2. The rale of decline in PEPC activity of extracts
prepared from either illuminated (20 min at
1000 uEm™* s™"Yor dark-adapted leaf discs of Alternanthera
species. The activity of PEPC in the extracts of pre-illumi-
nated |leaves declined gradually and reached the level of the
dark-sample by 60 min in A sessiles (C,;O) but took 2 h in
A. pungens (C,; Q) Other details were as in Fig 1.

Table 1. Light activation of PEPC from some C, and C, species

Photosynthetic type/Species PEPC activity Light/dark ratio
Dark Light
umolmg Chl ' h™'

C, SPECIES
Alternanthera sessiles B2y 16
Alternanthera ficoides® 45+3 1.5
Alternanthera tenella” 31=3 1.3
Arachis hypogea 32x3 1.5
Commelina communis l6x1 1.1
Lycopersicon esculentum =2 1.5
Mollugo pertaphylla® H5=3 14
Parthenium hysierophorus” 022 1.3
Pisum sativum U= 1.3
Tagetes erecia D=2 1.3
Tridax procumbens 1¥=1 1.1

Average 14
C, SPECIES
Alternanthera pungens 702 = 68 1708 = 154 24
Amaranthus hypochondriacus 1448 = 131 3194291 22
Amaranthuy viridis 548 = 52 1219 = 112 2.2
Gomphrena globosa 1028 = 78 2970 = 254 29
Portulaca oleracea 81579 2482 =231 28
Sorghum vulgare 9U=T74 3201 = 275 34
Zea mays 348 = 27 1151 =98 33

Average 2.7

'The values are the averages (+SE) of at least three independent experiments. The experimental conditions arc described in

Materials and methods. ) )
* Based on their photosynthetic and photorespiratory characteristics. these species were identified as C,-C,intermediates.

Please indicate author's corrections in blue, setting errors in rod.



Table 2. Dark-deactivation of light-activated PEPC in leafl extracts from some C, and C, species,

Photosynthetic type/Species

Elapsed time in darkness after extraction (min)

30 60 90

(% of dark-adapted control)*

0

C, SPECIES
Alternanthera sexsiles 160
Alternanthera ficoides" 152
Alternanthera tenella 149
Arachis hypogea 149
Commelina benghalensis 106
Lycopersicon esculentum 145
Mollugo pentaphylla® 144
Parthenium hysterophorus® 126
Pisum sativum 129
Tagetes erecta 129
Tridax procumbens 110
Average 136

C, SPECIES
Alternanthera pungens 243
Amaranthus hypochondriacus 221
Amaranthus virdis 22
Gomphrena globosa 289
Portulaca oleracea 283
Sorghum vulgare 340
Zea mays 330
Average 213

124 100 100
123 116 100
119 100 100
122 100 100
103 100 100
131 101 100
127 108 100
108 100 100
107 101 100
119 101 100
100 100 100
117 102 100
192 148 121
184 146 121
157 17 100
235 141 106
197 155 11
227 187 121
243 162 115
205 151 114

* Activity of these extracts are indicated in Table 1, The activity of the dark-control before illumination was taken as 100%.
* Based on the photosynthetic and photorespiratorty characteristids, these species were identified as C,~C, intermediates.

ty) in C, plants than that of C, plants (complete
within 30-60 min).

The incluson of PMSF in the extraction
medium did not alter the course of dark-deacti-
vation of C, PEPC in extracts of A. pungens
(data not shown), indicating that dark-deactiva-
tion of light activated PEPC was not due to
protcolytic degradation of the enzyme.

Sensitivity to malare and C-6-P

Upon light activation, the sendgitive of PEPC
from A. pungens (a C, species) to malate de-
creased and to G-6-P increased (Table 3). For
example, 25 mM malate inhibited about 90% of
enzyme activity in extracts from dark-adapted
samples, but inhibited only 40% of its activity in
the light form. During dark-deactivation, the
sengitivity of the enzyme to maate increased
gradually along with a steady decrease in cata
Iytic activity of the PEPC (data not shown).

Table 3. Sensitivity of PEPC 1o malate and G-6-P. as
indicated by their apparent KI and KA, respectively”

Species/(Photosynthetic type) K, K
Dark Light Dark Light
mM
Alernanthera
sessiles (C,) 1.2 1.3 a0 a0
Aliernanthera
ficoides” 1.0 1.4 2.3 22
Alternanthera
pungens (C,) 0.5 2.0 =5 1.3

* PEPC activity was assayed in the presence or absence of the
effector, in extracts prepared from leafl discs adapied 10
darkness for 2 h or illuminated for 20 min.
* C,-C, intermediate species.

7l pe

There was no change in the sensitivity of PEPC
in C, species (A.sessiles) or C,-C, intermediate
(A.ficoides) to malate or G-6-P upon illumina-
tion.
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Effect of medium pH on PEPC activity

To establish whether pll was the cause or the
effect of changes in PEPC activity, we checked
the activity of the dark-form of the enzyme by
varying the medium pli between 7.0 and 8.2.
The activity of the dark-form increased steadily
from pH 7.0 to 7.8 (Fig. 3. The dark-form was
also more sendtive to pH changes when the
light-form (data not shown).

Relationship of cytosolic pH change to light
activation of PEPC

Mechanical extraction of cell sap poses prob-
lems, since grinding damages cdlular organelles
including vacuoles; however 0.3M sorbitol ap-
peared to minimize breakage of vacuoles (Table
4). The cell solution prepared in water tended to
be acidic, presumably due to vacuolar bresk-
down, as more vacuolar breakage was observed
under the microscope (data not shown). On the
other hand, the use of 0.3M sorbitol resulted in
a dightly alkaline cdl sap, presumably due to the
enrichment of the cytosol and reduction in the
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Fig. 3. The effect of medium pH on PEPC activity extracted
from pre-darkened leaf discs of Alternantherapungens. The
leaf discs were.incubated in darkness for 2h prior to
extraction. Maximum activity was observed at a medium pH
of 7.8. The data are averages (%SE) of at least three
independent experiments.

contribution from cel organelles including vac-
uoles.

Illumination caused a measurable increase in
pH of cytosol-enriched cell sap prepared from
the leaves of Alternanthera pungens, a C,
species. The pH of cytosol-enriched cell sap

Table 4. Light-induced alkalization of cytosol-enriched cell sap in C,. V, and C,-C, intermediate species, extracted in either
distilled water or 0.3 M sorbitol (adjusted to pH 7.0 before extraction)

Photosynthenc rype! pH of cell sap

ecies
= Warer 0.3 M Sorbitel®
Dark Light apH Dark Light dpH
C, SPECIES
Alternanthera sessiles 6.78£0.02 6.84 = 0.03 0.06 7.06 £0.02 7.13£0.02 0.07
Alternanthera ficoudes” 6.84 =0.01 6.90 = 0.03 0.06 714 20.02 7.2320.02 0.09
Alternanthera tenella” 686 =002 6.93=0.01 0.07 701 =003 7.20=002 ALY
Cajanus cajan 6.88 £ 0.02 6,93=0.03 0.05 7.14 =003 7.20=0.03 0.06
Mollugo pemaphylla” 691003 6.95=0.01 004 7.16 £0.03 7.24=0.02 0.08
Parthenium hysterophorus” 6.92=001 6.98 = 0.03 0.06 7.1320.0 7.2120.03 0.08
Pisum sativum 6.8420.03 6.88 =003 0.04 7.10=0.03 7.16 = 0.03 0.06
Tridax procumbens 6.84 =0.02 6.87=0.02 0.03 6.14 =0.03 7.20=0.02 0.06
Average 0.05 0.07
C, SPECIES
Alternanthera pungens 6.88 =0.03 6.94=001 0.06 1.26 £0.02 7.4520.03 0.19
Amaranthus hypochondriacus 690001 7.02=0.03 0.12 7.24 20.03 7.4320.02 0.19
Portulaca oleracea 6.86=0.02 7.00 = 0.01 0.14 7.15=0.03 7.33=0.03 0.18
Gomphrena procumbens 6.94 £0.03 To=0Q3 0.10 7.2220.02 7.40=0.03 0.18
0.10 0.18

Average

* Represents cytosol-enriched cell sap.
* Identified as C,-C, intermediate species



increased during illumination and decreased
after trander to darkness The extent of light-
dependent alkalization of cytosol-enriched cell
sap was threefold higher in leaves of the four C,
species evaluated than in the four C, plants
(Table 4). The degree of cel sap alkalization in
C,-C, intermediates was more smilar to C,
plants.

The buffering capacity of cel sap, extracted
from dark-adapted or illuminated leaves, was
checked by titrating with 0.1 NNaOH. There
was no change in the buffering capacity as
indicated by the magnitude of pH shifts due to
the addition of NaOH (data not shown). The
activity of PEPC and the changes in pH were
followed smultaneoudy in the same cel sap
prepared in unbuffered 0.3 M sorbitol prepared
from illuminated leaves of A. pungens (Fig. 4.

25 030

1

., 1 I

o Activity 0‘-\*_—_/,; 025
e /l,/l rill [—
= w20 1~ 020 _
o . =
85 " pH 0150
(3] . -
& 1.5 P & 0.10
e 5 e a3
B 7 0.05 B
/ =
1.0 0.00~

0 10 20 30

Mumination (min)

Fig. 4. The effect of light on pH of cell sap (+) and PEPC
activity (O) in leaf discs of Aliernanthera pungens (a C,
plant) measured smultaneoudly in cytosol-enriched cell sap.
Samples of cell sap were prepared at different periods of
illumination. The pH values of dark-adapted samples were
subtracted to calculate ApH. PEPC activity is represented as
the ratio to that of the corresponding dark-sample. The data
are the averages of at least three independent measurements.

The PEPC activity, as wel as the pH of the
cytosol-enriched cell sap, increased on a similar
course during illumination and decreased during
subsequent darkness. The course of deactivation
of PEPC and acidification of the cdl sap in
darkness were again grikingly similar (Fig. 5).

Effect of cycloheximide on light activation of
PEPC

When leaf discs of Altemanthera pungens (C,
species), incubated in darkness overnight in
5uM  cydoheximide (eukaryotic protein
gynthesis inhibitor) were illuminated, the activity
of PEPC increased, but to an extent lower than
that in the inhibitor in the absence of preincuba-
tion (Table 5).
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Fig. 5. The course of PEPC deaclivation {O)}and decrease in
pH (+) of cytosol-enriched cell sap prepared from illumi-
nated leaf discs of Alternantherapungens and incubated in
darkness. The ApH of the cell sap (light - dark value) and
light/dark ratios of PEPC activity were simultaneously mea-
sured as indicated in Fig 3 and 'Materials and methods'. The
data arc the averages from three replicate expesiments

Table 5. Effect of cycloheximide. protein synthesis inhibitor. on light activation of PEPC in Allernanihera pungens

v\ PEPC activity Cell sap pH
Dark Light Light/Dark Dark Light ApH
pmolmgChi™'h™*
Control 701 + 59 1750 + 162 25 725+ 0.03 744 +0.03 0.19
Cycloheximide treated 694 + 61 1308 * 124 19 7.23"0.02 741 £0.02 0.18
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Discussion

The present article describes the pattern of light
activation of PEPC from C, and C, species. The
extent of activation by light varied considerably
within each photosynthetic group (Table 1). We
demonstrated that the light activation of PEPC
in C, plants is distinct from that in C, species, in
both the extent and rate of activation/dark-
deactivation.

Upon illumination, there was a three-fold
enhancement in PEPC activity in leaf extracts
from C, species, compared to a more limited
activation in leaves of Cy species (Table 1).
Marginal activation by light of PEPC in Cy or
C,-C, intermediate species of Flaveria has been
reported (Chastin and Chollet 1989). The pres-
ent study confirms the margina activation by
light of PEPC in C, plants.

Although the species of Alternanthera ficoides,
A. tenella, Mollugo pentaphylla and Parthenium
hysterophorus (Devi and Raghavendra 1993,
Raghavendra and Das 1993) were identified as
C,-C, intermediates, based on their photo-
synthetic and photorespiratory characteristics,
PEPC from these species had similar characteris-
tics to those of C, species.

There is a great deal of literature on the
activation time of PEPC in lcaves of C, plants.
Most of the studies used intact leaves and indi-
cated a requirement of 40-60 min to reach maxi-
mum activation (Jiao and Chollet 1989, Van Quy
and Champigny 1992, Van Quy et al. 1991). A
few studies used ledf dices and reported that
15 min was long enough to activate PEPC (Don-
caster and Leegood 1987). Variation in the dura-
tion of illumination needed for PEPC activation
in C, plants appears due to difference in the
experimental system: intact leaves or lesf dlices.
Our experiments with leaf discs floated on water
confirm that 20 min of illumination are necessary
to activate PEPC in leaves of C,plants.

The dow pace of light activation/dark-deacti-
vation of PEPC in Cy species (Fig. 1 and Table
2) is strikingly similar to the dow but steep rate
of light-dependent cytosolic alkalization/dark-
acidification in leaves of C, plants, compared to
the quick but smal cytosolic pH changes in C,
plants (Yin et al. 1990, 1993, Raghavendra et al.

1993). We fed that the pattern of light activation
of PEPC can be taken as an additiona criterion
to distinguish C, and C, plants. Comparative
studies on C; and C, species of the same genera
have indicated a distinct isofonn of PEPC in the
leaves of C, species (Nakamoto et a. 1983,
Adams et a. 1986, Bauwe and Chollet 1986).

Light-dependent cytosolic akalization in vivo
has been reported in leaves of Cy and C, plants,
using pH-dependent fluorescent dyes (Yin et al.
1990, 1993, Raghavendra et al. 1993). An indica-
tion that cytosolic pH could be an important
factor regulating the activity of PEPC came from
the observation that illumination raised the pH
of cytosol-enriched cell sap (Table 4). Since the
dark-form of the enzyme is very sensitive to
medium pH (in vitro) (Fig. 3), we fed that
light-induced cytosolic alkalization will have a
marked effect on the dark-form of the enzyme
(in vivo). The importance of an alkaline cytosolic
pH in activating PEPC was further confirmed by
simultaneous measurements of cell sap pH and
PEPC activity in leaves (Figs. 4 and 5). Despite
the technical limitations, our data suggest that
illumination causes alkalization of cell sap. Upon
illumination, the degree of cytosolic alkalization
was much greater than vacuolar acidification in
both C, and C, plants evaluated by Raghavendra
et a. (1993) and Yin et a. (1993). In their
studies, changes in cytosolic ptf was enormous,
particularly in mesophyll cells of C, leaves, and
unlike the weak acidification of the vacuole. This
indicates that most of the light-induced change in
pH of the ‘cell sap’ in this study is probably the
result of cytosolic alkalization.

The reduction in the extent of light activation
of PEPC when lesf discs were pre-incubated in
the presence of protein synthesis inhibitor
cycloheximide clearly indicates that the turnover
of protein-serine kinase is also needed for the
activation of PEPC, as suggested by Jiao et a.
(1991). It wes also shown that pH effects the
phosphorylation status of PEPC from sorghum
mesophyll protoplasts (Pierre et a. 1992). Our
results provide evidence for the regulation of
PEPC in ledf discs of Alternanthera pungens by
pH.

The major mechaniam of light regulation of C,
PEPC is the reversible phosphorylation o the
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enzyme during light/dark transitions (Nimmo et
al. 1987, Ranjeva and Boudet 1987, Jiao and
Chollel 1988, 1989, Echevarria et a. 1990). A
soluble PEPC-protein serine kinase catalyzes the
phosphorylation of the protein (Review: Jiao
and Chollet 1989, 1990, 1991), while a type 2A
phosphatase brings out the dephosphorylation of
the enzyme (Carter et al. 1990). Although the
activity of PEPC-PK is stimulated in light (Ech-
évarria et al. 1990, Jiao and Chollet 1992, Jiao et
al. 1991), the modulation of PEPC-PK or protein
phosphatase by cytosolic pH is yet to be estab-
lished.

We confirm that a marked light activation of
PEPC (greater than 3 times the activity over
dark-control) occurs mainly in C, plants. The
extent of activation of PEPC on illumination was
limited (about 30% over the dark-control) but
detectable in C, species. We demonstrate the
distinctly dow rate of activation (in light) and
deactivation (in darkness) of PEPC in leaves of
C, plants.

PEPC is a classic example of marked modula-
tion of enzyme activity by pH (Davies 1979,
O'Leary 1982). Apart from its extreme sensitivi-
ty to even smal pH variations, PEPC has a
tendency to aggregate or dissociate depending on
microenvironment and effectors (e.g. Wu et al.
1990). Experiments with isolated protoplasts of
maize (Devi and Raghavendra 1992) or sorghum
(Pierre et a. 1992) indicated that the cytosolic
pH may play an important role during the light
activation of PEPC and in the reduction in
sendgitivity to malate (due to phosphorylation of
the enzyme). Our experiments provide prelimin-
ary evidence of a marked correlation between a
light-induced increase in pH of cdl sap and
PEPC activation due to illumination. We suggest
that the cytosolic pH could &ffect the activity of
PEPC either directly or indirectly (By regulating
protein kinase or protein phosphatase, or both).
The concept of PEPC regulation by cytosolic pH
appears to be a digtinct possibility, even if it
involves modulation , of PEPC-PK or protein
phosphatase, besides marked regulation of the
PEPC itsdf. Further experiments are necessary
to trace the exact sequence of events during
modulation of PEPC activity in response to light-
dependent alkalization of cytosol.

Concluding remarks

The extent and pattern of light activation of
PEPC in the leaves of C, plants are quite distinct
from those of C, plants. Illumination causes
cytosolic akalization as indicated by the rise in
pH of cytosol-enriched cell sap in the leaves of
C, plants. The increase in cytosolic pH could
enhance PEPC activity in one or more of the
following ways. (a) increase in PEPC-PK activity
and phosphorylation of PEPC, (b) change in the
oligomeric state of the enzyme, and /or (c) an
unknown change in conformation of the enzyme.
All three factors could be interrelated. For
example, the change in oligomeric/conforma-
tional state of the enzyme, due to cytosolic
alkalization, may increase its activity or promote
the extent of phosphorylation of the enzyme. or
both.
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