
Tl{E U¡lffmSITT 0F MAtlIloBA

IIBRARÏ

AUTHOR .9ii1..M.1";1"L.1"L..r............. ro r i r............r.........¡ '.....

nç;ra Photosynthetic carbon metabofism in primary and secondary leaves
III-¡JE r r ¡ I ¡ a. a a t t a a a a. a a..a a a a a a. .. a a a ... a . a a.4..l " 

t 
" a ' a ' o 

" " " " " " ' " '

of Zea 4g{,x t.
t. a aa oa a a a a.a a a a a a a a a a a a a o a a a a a a a a a a a a a a o ro o r aa a a a a a a aa aaa a t a a a aa a a a

aa aa a a a a a a a aa a a t a a a a a a a t a a a a a a aa a o a a a a l a aa aa a a a a t a a a a a a a.a a a a a a a a a a a

ß

Ttüsrs, . FF;?;. . . . .Y1*:i:1:{.:1 .Tii'.l":.i . . . ,:?Ï:,. . . ¡ . . . . . . . . . , , . . .. . . . . . ,

I, the undereigned, agree to refraf¡ from produginqr_or rePr{}-.lo$,
the abôve-na¡ned work, or eny pant thereof, ln any naterlel forrr, w'lùhout
the vrltten consent of the author¡

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaoaaaaaatta"tt""t"t"tt'lt"

a a a a a a a a a a a a a a a a a r a a a a o a a . a a. a a a a a a o o a aa a a a a a. r a a a. a a a a. a a a a a a a a a t a a a ¡ a a a a

a a a a t a a a i a r ¡ i r ¡ a,a a a a a t a a o a a a a o a a a a a ! a a a a. a a a a a a a a a a a a a o a a a a a a a a a a a a a a a t a a a

a. a a a a a t a a a a a t a a t a a a a a l a a a a a a a a a a a a a a a a o a a a a a a a a a a a l a a a o. a 9 a a . a. a a a. a a a.a a a

..aa a.aaaaaaaaaaaaaaoa a aaataaataaataaaa..aaaaaataaaaaaaoaaa.aaaaoa aataaaaa

a a a a a a a a o. a. a a o a t a a a a. a a a a a a a a. a a a a a . a a r. a a a a a a a a. a a o a a a a a a a a a aa a a c aaa t a t a

a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a I a a t a t a a a a a a a a a a a a a a a a a a a a a a a a a a a a o a a a a a a a a a

a a a a a a a a a a a a a a o a a a a a a a a a a a a a a a a a a a a a a a a r a a'a a a a a a a a a a a a a a a a a a a a a a I r o o o o ¡ ò o o

aaaaaaaa,aaaaaaaaaaaaaa.aaaaaaaaaaaaa.laaaaaaaaaaaaaraaaaa.aaaa.aaaaaataaaoaa

a a a a a a a a... a a a a a a a aa. a a a a a a r. a a a a a a a a a a a a a l a at a t t a a a a a a a. a a a a o a a a a a. a a a a a a

aaaaaaaaa.aaaaaa.aaaaa.aa.aaaaaaaaaaaaaaalaaaaaaaaaalaaoacaaaaa. laaataaoaaa

a a a a a a a a a a a a a a a a a e a a. a a a a a a a a a a a a a a a a a a a. a a a a o a a a a a aa a c t a a a a t a a a o ¡ j ¡ t t o o t 
'

aa aa a aaa a aa a a a a a a a a aa a a a a a a a a a a aaa a a a a a a a a a a a a a a a a a a a a a a a a a a a a t aa a a a a a a.I t

aatttloattaaaaaaa.ataoaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa.aaaaaatoortaet"...¡'

a a a a t a t a a a a a a t a a a a , a a a a a a a a l a a a a a a a a a a a t 
' a 

' ' 
I a a a a a a t o 

' 
t 

" 
t t 

' ' " 
t t e 

" " ' ' 
t 

'

aaaaaataOa ataaaaaataaaa aaaaaaaalaaaaaaaaaOtaaaaaaa.oaaaaaaaaaalaaaaataaOae

a O a a a a a a a t a a r la a a a a a a a a a a a a a a', ti c t o ¡ o i o ¡. a a a ... a a i a a.a a a a a a a a a a a a a a a a a a a 
" 

t

aaaaaalaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa.a.a..aaOaaOaoaaacaaaaaaaaaOOaaa



The University of Manitoba

PHOTOSYNTHETIC CARBON METABOLISI4

IN

PRIMARY AND SEC0NDARY LEAVES 0F Zet mag,s L.

GAIL MAN-WAH LAlll

A Thesis

Submitted to

The Faculty of Graduate Studies

In Partial Fulfilment

of the Requirements for the Degree of

Doctor of Philosophy

Department of Botany

[{innipeg, Manitoba

June,.l975

by



PHOTOSYNTHETIC CARBON METABOLISM

IN

PRIMARY AND SEC0NDARY LEAVES 0F Zea mays L.

by

GAIL MAN-[|AH LAl,f

A dissertation subnritted tr¡ the Faculty of Gra¡luate Studies of
the University of Manitoba in partial fulfillment ol' the rcquircmcnts

of the tlegree of

DOCTOR OF PHILOSOPI.IY

@ t975

Pernrissiorr has been gruntcd to the LIBRARY Ol.' TllU tlNlvËlt-
SITY OF MANITOIIA to lcntl <¡r sell copics of this dissertation. to

the NATIONAL LIBRAIìY OF CANADA to n¡icrolilnr this

dissertutiort a¡rd to lend or sell copics of the filnr, und UNIVURSITY

MTCROFILMS to publish u¡¡ abstrtct of' tl¡is dissertation.

The author reserves other publication rights, und neither the

dissertation rror extensive cxtracts t'runr it nray be printerl or other-

wise reproducecl without tl¡c ur¡thor's writtc¡r ¡lermission.

@urutveç
OF À4NAN¡T'OBA

%

{/g¡Xsç1fb



'r..'': :

:

Tlvi's tl'¿e,si,s i,s addec,LLonote.Lq død"Lea,ted to

Hanold and He,Lena, mq btothen and di.tten-in-Loril,

wl,w¿e unda,i,[ing Love, wi,t¿ eounte,L, mona.t- and

p,&AuL 'supponf. hsve øna.b.Led m¿ to dínd mqae,t-d,

and to øxytwLøne¿ the joq, pe.a"ee a"nd th¿

Iibena.ting powen od tlrc Go,syte.(- od Je,su,s Ch)r,í,st,



"In the daq od mq Lttoubt-e I wí,LL ea,LL upon Thee:

Fon Thou wí.[L ayuwuL mø.

Anong tltø god.t thenø i¿ nonø !-Lhø uytto Thøe, 0 Lond;

Nøí.tlæn anø then¿ cuLA worLlLr Lil¿e- uytto Thq wontz,s.

ALL naLLon¿ wlnm Thou h-a,s ma-d¿ ¿ha.LL come

and wotuh,L¡t bzdonø Thøe, 0 Lotd;

And ¿ha.L[. gLotr,Ldq Thq Nanø.

ton TH)U ART GREAT, and A)EST ûJOMDROUS IHIIr/GS:

THOU ART GOD ALONE.I'

P,søh86:7-10



ABSTRACT

Kinetic experiments of 'OrO, incorporation into leaf discs

of Zea rays. L. var. Earl i ki ng and identif ication of the metabol ic 
.,.,,,,,,.,,,,.

products have shown that the photosynthetic carbon pathway of ::ir::

primary leaves fronr 6 - B day old seedlings cliffers from that of

secondary leaves from 16 - lB day old seedlings. The kinetic pattern 
,_.,,,i,,,..,of photosynthetic intermediates in primary ìeaves indicated that the ',f,,',.,i; '

Calvin cycìe uJas predominant, whereas in secondary Jeaves the major 
,:..,,,,;ì,¡,,
:t:.:)^:ll

route of carbon flow was via the C4-dicarboxylic,acid cycìe as shown

by the ear'ly production of malate wlrich decreased with tinre.

These results were in spite of the fact that phosphoenolpyruvate

carboxylase (EC 4.1.1.3j), the key enzyme of the CO cyc'le was just

as active in the chloroplast and cytoplasmic fractions of both primary

and secondary 'leaves. However, it was observed that the phospho-

eno'lpyruvate carboxy'lase of primary 'leaves had a higher apparent Knr

for its substrate, phosphoenolpyruvate, 'in comparison to that of the

secondary leaves, which may be part'ly responsible for the differences ,,-,,,,.,
,1,'ì,t,', 

"t','chì oropl asts i sol ated f rom both primary and secondary 'leaves 
=,-.;1r,,,,,,
.: :l:::l:

by the 'laceration technique' of Mache and l-laygood (FEBS Letters ' '

3: 89 - 92,.1969) were incapable of fixing c0, without the addition of

a C0, acceptor, although sonte very young, undifferentiated chloroplasts 
,..,,,,.,,

fronr prinrary ìeaves possessed a snral I but signif icant capacity for ;.:;::i '

endogenous C0, fixation.

chloropìasts isolated from eìther primary or secondary leaves

:: .. :., t]



were capable of fixing COZ into photosynthetic intermediates in the

presence of 3.2 mM of phosphoenolpyruvate (its approxima,u *uoo).

This capacity was shared by the corresponding cytoplasmic (superna-

tant) fractions which showed greater activity, but gave a somewhat 
1,,.,,;,

different pattern of photosynthetic intermediates.

For c0, fixation, the aþparent Km values for phosphoenolpyruvate,

HC03- and Mg+z were respectiveìy: 4.00, 0.56 and 2.00 mM for primary 
,:,1..,,:;.,.,,

leaf chìorop'lasts; 7.40, 0.89 and 0.30 mM for primary ìeaf supernatant; ¡::;:::.:

2"04, 0.67 and 2.22 nl| for secondary leaf chloroplasts and 2.44, O.4O '',,t,'.i.,

and 0.35 mM for secondary leaf supernatant

These values corresponded reasonabìy weil with the kinetic

parameters in the enzymatic assay of phosphoenolpyruvate carboxy'lase ,

iof the corresponding fractions being respectiveìy: 10.00, 0.43 and 
I

4.00 mÎ'l for the enzyme from chloropìasts of prinrary leaves; ì0.00, 0.44 
,

and l.l4 ml4 for the primary leaf supernatant enzyme; 1.40 , 0.27 and 
t,

i5.71 mM for the enzyme from chloroplasts of secondary leaves and I

3.85,.|.33 and 0.21 mM for the secondary leaf supernatant, enzyme 
I

The response to temperature of the C0, fixation capacity and the 'i.'t.,:,,',

a.l

phosphoenoìpyruvate carboxylase activity of the chloroplast and ,::,:,,,,,,',,,tr,'.;,

supernatant fraction of primary leaves was not severe'ly affected by

subnormal tenrperature conditions (10 - rsoc) during growth, but

these activities were almost comp'leteìy arrested in secondsry leaf :, :.::,,

cj¡oroplasts- and extracts under the sanre conditions . ì::::'::'"

Fronr these results it is apparent that phosphoeno'lpyruvate

carboxyìase participates in the reguìation of c0, fixation capacity l

t1



of secondary leaf chloroplasts, and their capacity for c0, fixation
is not merely due to contarnination by the phosphoenoìpyruvate

carboxylase of its corresponding supernatant (cytoplasmic) enzyme.

The distribution gt l4c in the products of clrfixation in the

presence of 3.2 mM phosphoenoìpyruvate in the chloropìast fractions

of both ìeaf types was also different from that obtained in the

supernatant fractions of the corresponding 'leaf types. The former

v,Jere more heaviìy labelled in the amino acid and sugar fractions as

compared to the ìatter which favoured incorporation of l4c into the
\

organic acid fraction. More specificalìy, in tne c.hloroplast fraction

of both'leaf types the major portion of the radìoactivity was

recovered in gìycerate, dihydroxyacetone and gìyceraldehyde. The

supernatant fraction showed significant ìabel in glycera.te onìy.

Malate was not found as a product of c0, fixation in any of the

fractions at this concentration (3.2 mM) of phosphoênolpyruvate. The

absence of malate and the fornration of the three.3-c compounds in

chloroplas,t.Itgg!_qlg was taken to be ev'idence in support of a

transcarboxyìation reaction resulting from the product of ß-carboxy'la-

tion as first envisaged by Hatch and Slack (Biochern. J. l0l: 103-llì,
1966) and corroborated biochemically by pan (ph. D. Thesis, university

of Manitoba, 1974).

Investigations have shown that the 'raceration techniquer

is superior to the more comnronìy enrployed methods of ,grinding' and

'bìending' for the isoìation of chloroplasts. Aìthough the chlóropìast

ttt



' 'Pellet¡ obtained is predominantly mesophyl'l in origin, the chloropìasts

retain more of their in v.ivo physical and biochemical integrity.

Bundìe sheath chìorop'lasts general'ly account for l0% of the total and

they can be separated by differential centrifugation. The method

is recommended for the isolation of.mesophyll chloroplasts from

monocoty'ledonous p'lants for studies on C0, fi'xation and enzynìe

acti vi ti es .

iv
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INTRODUCTION

The 
'view 

has long been hetd that higher pìants assimi'late

c0, through the calvin cycle via RuDP carboxylase (Benson and calvin,

1947) in which the initial product is 3-PGA. However, it was shown

in the 1960's that in some plants the initial product of C0,

assimilation was a four-carbon organic acid. For this reason, the

former group of plants are referred to as c, Rlants and the latter
co plants (Downton and rregunna, ì968). After the proposal of the

new pathway of cOt assimilation for co plants by Hatch and Slack

(.l966), considerable work has been done on many CO species

(Slack e! alr 1969; Bucke and Long, l97l; Latzko et aì,, 197'l ) with

various newìy developed techniques in an attempt to elucidate the

details of the pathway. As some areas have been clarified, more

problems have arisen and many questions remain unanswered.

Maize is one of the co Rìants inÍtially studied. l^thile the

majority of workers agree that maize is a co plant (Slack et al., 1969;

Berry et al., 1970; Samejima and Miyachi, l97l), it has also been

demonstrated that RuDP serves as primary c0, acceptor in maize leaves

(Latzko et al., l97l) which is a characteristic feature of c, plants¡

and the products of c0, fixation in vitro by iso'lated maize chloro-

pìasts are those of the c, rather than the co-pathway (Gibbs et a.1.,

1970;0'Neaì et a!, 1971, 1972). The latter group of workers used

either priurary leaves or whole seedlings of z to 4 day oìd nraize

p]ants. But the ntajority of the other investigators used more nrature
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plants over two v.reeks old. It is doubtfuì that results obtained

from very young developing leaf tissue couìd be representative for

mature, fulìy developed tissue as assumed by some of these authors.

The CO-Pathway as proposed by Hatch and Slack (1966) involves

the concerted effort of both mesophyll and bu.ndle sheath chìoro¡

plasts. It is believed that the initiat site of c0, fixation is

in the mesophylt chloroplasts resutting in the formation of, a

CO-dicarboxylic acid. This initial product has to be either

decarboxylated or transcarboxylated before the carbon can be

further metabolized by the bundle sheath chloroplasts. If the former

takes pìace, the decarboxylated c02 is believed to be refixed by the

bundle sheath chloroplasts. If the latter takes place, the carboxyì

group is supposed to be 'transferred' onto a carboxyl acceptor with

the subsequent formation of regu'lar C, photosynthetic intermediates.

The enzyme beìieved to be involved with decarboxyìation reaction,

NADP-malic enzynre, has been found to be located in the bundle sheath

cells (Slack et aì,, 1969; Hatch and Kagawa, 1973). Bundle sheath

cells of maizelÊve also been shown to decarboxyìate malate in vitro
(Huber et al;, 1973). 0n the other hand, evidence for a trans-

carboxylation reaction has also been obtained with maize extracts

(Pan, 1974). However, decartroxyìatìon and/or transcarboxylation

reactions with subsequent fornration of reguìar C, photosynthetic

intermediates have yet to be denronstrated.

Although isolated chìoroplasts fronr some c, Rìants have been

shown to possess the ability of fixing c0, without the addition of
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substrate (or c0, acceptor) (Kalberer et al., 1967), very tittìe work

of this nature had been reported on co pìants. The only successful

reports were all investigations on very young maize seedlings of

2 to 4 day old (Gibbs et al., ì970; poincerot, ]lgTz). Two reports on

c0, fixation by chlorop'lasts isoìated from mature co plants were

both on studies of chloropìast systems fortified with pEp

(Baìdry et a!, .l969; 
li{aygood et al., l97l ). Interestingìy enough, this

capacity of c0, fixation by isolated mesophyl'l protopìasts of mature

maize leaves was also dependent on the addition of pEp (Kanai and

Edwards, ì973a). Phosphoeno'lpyruvate carboxyìase is very active in

co Rìants and has been found by most workers to be ìocated in the

cytoplasm of the mesophyìì cells (Andrews et al., 1911; Lyttleton, l97l)"
In the light of the activity and location of this enzyme,two questions

one would natural'ly ask are (a) whether the capacity for c0, fixation
by isolated chlorop'lasts in the presence of PEP is an artifact due to

unavoidable contamination of the inactive chloroplast by the cytop'lasm

during isolation and (b) if this is the case, what further role the

mesophyìl chloroplasts are assuming if they are not involved with the

ß-carboxylation of PEP.

Most work on isolation of CO chìoropìasts has been criticized
on the basis of technical difficulties in eliminating contanlination

by cytoplasmic enzymes and separation of the two types of chloroplasts

(Bìack, .l973; 
Laetsch, 1974). Accordingìy, whenever a new method is

developed the research worker has to be familiar with both the

advantages and linritations of the technique and interpret the results



within the practical limits of the technique employed. Most commonly

employed methods are blending of leaf tissuswith a blender or

grinding them in a mortar. A less popuìar technique, the'laceration

technique j, f irst developed by Mache and l,Jaygood (.l969) and later
modified by Arya and t'laygood (1971, unpublished).has never been studied

comparison with the more popular isolation methods with regards to

physicaì and biochemical integrity of the chloroplasts obtained.

I'lith these probìems in mind, the present investigation was

undertaken to answer the foltowing questions i

l. Are the discrepancies cited from literature àn maize photosynthetic

pathway the result of failure on the investigators, part to
empìoy plant tissues of comparable developmental stages?

2" Is it possible to distinguish a transcarboxyìation or a

decarboxyìation reaction by studying the products of c0, fixation
of isolated chloroplasts?

3. Is c0, fixation by isolated chloropìasts in the presence of pEp

an artifact due to unavoidable contamination by the cytoplasmic

enzyme PEP carboxyl ase?

4, what is the role of mesophy'll chloroprasts in addition to

production of the initial C0, acceptor, pEp?

5. Is the 'Laceration Technique' desirable for the isolation of

chloroplasts? t^lhat are some of its advantages and I imitations?

tn

4

t-:.:



LITERATURE REVIEhl

The distinguishing feature in the basic architecture of a CO

leaf is the radial arrangement of chlorenchyma around the vascular

bundles. The chlorenchyma is differentiated into an inner ìayer of

large thick-waìled, cylindrical cells containing prominent chloro-

pìasts and one or more outer ìayers of palisade-like cells. The

wide occurrence of CO plants in tropica'l regions mostly subjected to

wet and arid conditions led many workers to believe that the

structure of CO leaves was related to their physiological and

biochemical characteristics (Laetsch, 1974). The fotìowing is a

summary of the past research related to the metabolism of CO pìants.

Radioisotopes have proved to be useful in the study of C0,

assimilation in CO plants. While earlier investigations were conducted

with leaf tissues, more recent ones have been fac'il'itated by the

development of different techniques of isolation of chlorop'lasts and

cel I types. Al though mesophyl I and bundl e sheath ch'lorop'lasts have

never been isolated in their purest forms, non-aqueous and aqueous

methods of extraction of plant tÍssues together with density fraction-

ation, and sequential grinding of leaf tissues have yielded fractions

of leaf extracts differentia'l'ly enriched with mesophyl I or bundl e sheath

cell contents, or with nresophyll or bundle sheath chìorop'lasts.

Recentìy, protoplasts of mesophy'll cells and bundle sheath cells were

successfuìly separated fronr CO plants such as crabgrass (tdwards .t g\

CARBON DIOXIDE ASSIMILATION - THE C" CYCLE HYPOTHESES



: : .,..:1 
:

6

1970, 1971; Edwards and Black', l97l) and maize (Kanai and Edwards,

1973a; 1973b). This technique further helps in clarifying the picture

of carbon metabolism in CO Rlants.

A. Radiotracer Studi.e.s with Lgaf Tissues 
i

It was observed that photosynthetic fixation of C0, by sugar

cane leaves resulted in a primary labeììing of the organic acids,

maìate and aspartate, following a short term exposure of the leaf

tissue to radioactive carbon dioxide (Kortschak et al., t965).

This finding was confirmed by Hatch and slact< (l'goo) who proposed a

cycìe linking c0, fixation into co acids with a'carboxyl transfer

reaction to RuDP producing :3PGA. After a series of perceptive

experiments (Sìack and Hatch, 1967; Hatch and Slack, l96g; l969)

and successful location of various enzymes by a non-aqueous stepwise

method of density fractionation of leaf homogenate they revised the

first proposed scheme (S1ack et al,,1969; Hatch and sìack, r970).

The revised pathway consists of two interconnected metabolic cycles.

Carbon dioxide is introduced into the first cycìe by the carboxyìation

of PEP, and the oxaloacetate so formed is rapidìy interconverted into

pools of malate and aspartate. The c-4 carboxyì of one or both of

the dicarboxylic acids is transferred to an acceptor (RuDp) provided

by the second cycìe, appearing as C-l of 3pGA. .The pyruvate,

derived fronr c-1, c-2 and c-3 of the dicarboxylic acid is then

phosphorylated to regenerate the prinrary carbon dioxide acceptor,

PEP. In the second cycìe, 3PGA fs'converted to hexose phosphates

'iLi'i
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and then to photosynthetic erd products by a series of reactions

similar to those operative in the calvin cycle. This cycle is

completed by the reaction leading to the formation of the cu:

carboxyl acceptor that provides c-2 and c-3 of 3pGA. The first cyc'le

operates in the mesophyll cells whereas the second cycìe in the

bundle sheath cells.

This co-dicarboxyìic acid pathway uras supported by the work of

Johnson and Hatch (1970) who found, in kinetic and pulse-chase

experiments on maize and sugar cane leaves, that the route via c-4

of the dicarboxylic acids was essentialìy the sole route of entry

of carbon to 3PGA. That a c* acid was the initial product of this

pathway has been confirmed by severaì workers. Berry et al. (1970)

found that 90% of the radioactivity couìd be recovered from CO acids

in a 2 second exposure of maize leaves to radioactive carbon dioxide.

samejima and Miyachi (ì971) also reported a right enhanced dark

fixation of c02 into aspartate and malate in maize leaves. Their

transient experiments provided further evidence that the step of

transferring radioactivity from CO acid to 3PGA was one that required

light. This finding was confirmed by Farineau (.l971) whose similar

transient experiments provided evidence that light was required for

the decarboxyìation of Co acids. Furthermore it was observed that

the changes in pooì sizes of PEP and aspartate under the same

transient conditions supported the involvement of these conrpounds

as substrate and product for the operation of a ß-carboxylation

pathway in nresophyll ceìls and the co acids were the source of c0,
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for the operation of the Catvin cycle in maize.

The transfer of radioactivity from the c-4 carboxy'l of the

co acid onto an acceptor appearing as c-ì of 3pGA calls for either
a transcarboxylation or a decarboxyìation pìus a refixation reaction.

The evidence for a decarboxyìation reaction was provided by Hatch

(.l97.l ) who reported that the internaì pool si'ze of C02 in Amaranthus

and maize leaves was ten foìd greater in ìight than in darkness. He

suggested that this large pool of c0, was derived from malate, and the

C4-pathway served as a C0, concentrating mechanism.

Another less popular model to CO-pathway states that the initial
carboxy'lation reaction takes pìace in the cytoplasm of mesophyll cells
and that CO acids probabty are decarboxyìated in the chìoroplasts and

cOz incorporated via the photosynthetic reductive pentose phosphate

pathway (Caìvin cyc'le). Photosynthetic intermediates are transported

from mesophyll cell chìoropìasts to bundle sheath ceìl chìoroplasts

where they are converted to starch. some c0, couìd be fixed directly
in the bundle sheath cells" This model states that photorespiration

goes on primarily in bundle sheath cells, and that the evolved c0, is
reassimilated in the cytoplasm of mesophyìì cells. In this model, the

mesophyìl ceìls act as a C0, trap rather than as thepunrp indicated in
Hatch and slack's nrodel (Laetsch, 1gl4). Alt the evidence which

support the first nrodel could be used as evidence for the second

model as welì. Furthernrore, it has been found that bundle sheath

cells of Digitaria sanguingìis (1.) Scop. (Edwards and Black, l97l)
and nraize (chollet and Ogren,1g7z) are able to fix c0, jn yitrg_.
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The presence of RuDP carboxylase in fractions derived from mesophy'l'l

ceJls was also reported (slack et al ., l969: Bemy et g_]_.J970¡ Bucke

and Long, 1971; Poincelot, 1g7z). some enzymes of the photosynthetic

reductive pentose phosphate pathway, ê.g. I'lADp-specific glyceraldehyde

phosphate dehydrogenase, were found to have no differential distribu-
tion between the mesophyll and bundle sheath cell ìayers (Slack et al,,

1969; Hatch and S]ack, 1970; Edwards and Black, t97l; Hatch and Kagawa,

1973). Farineau (197.l) also pointed out that the calvin cycìe

might weì I be operative in mesophy'l'l chìoroplasts as wer I as in

bundle sheath chloropìasts.

The favoured view for carboxyl transfer step at present is one

of decarboxy'lation for which theory the isotopic composition of the

photosynthetic intermediates in CO llants would have to be determined

at the step of RuDP carboxy'lase. However, the studies on enzymatic

fractionation of carbon isotopes for these CO intermediates did not

support this postulation, but rather that of a transcarboxyìation (Whelan

et al. , 1972). Evidence for such a transcarboxyìation reaction has

also been obtained with maize extract (pan, 1gl4),

contrary to the mostìy accepted model which states that the

g-carboxylation takes place in the nresophylì chloroplasts, it has

been shown that RuDP can serve as primary c}z acceptor in maize

prinrary leaves, and PEP appears to be a product of c0, fixation
(Latzko et al., l97l). These investigators suggested that a

c4-dicarboxyìic acid was not required as a carrier of c0, in co pìants.
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B. Radjgtracer and Efrzvlne_studies with Isolated chloroplasts and

Differentiall,v Enriched plant Extracts

sequential grinding of pìant tissues and non-aqueous density

fractionation of plant extracts are methods which have helped to .,,,,
clarify the picture of compartmentation especially with reference to

enzyme ìocation and properties of índividual enzymes.

It is important to note the localization of various enzymes ,-.,,

involved in the CO-dicarboxy'lic acid pathway for a better understanding ."""''

of the operation of the pathway. slack et g-]-.(1969) first reported ¡',,,t.':' '. : ,: '.'.

that PEP carboxyìase demonstrated an occasional àssociation with the

chlorophyìl fraction (i.e. chìorop'rasts) in non-aqueous density 
,

)

fractionation experiments. Baldry { a]-.(1969), Gibbs et al. (1970) 
I

and Lyttìeton (1971) reported that it was not necessarily assoc,iated 
i

with chlorop'lasts and was probabìy rocalized in the cytoplasm. 
I

1

However, it is generally agreed that it is located predominantìy in 
i

the mesophyll cells (Lyttìeton, ì97'l; Huang and Beevers, l97z; Hatch 
l

'and Kagawa, 
.1973) rather than in the bundìe sheath cells of CO pìants.

The local ization of other enzymes invol ved in the C4-dicarboxy- '..¡,,:,
..., .r. ,

lic acid pathway have been investigated by many workers (Sìack et al., ,,.ì,,,j

1969; Hatch and Kagawa, lg73). It is general]y agreed that pyruvate

Pi dikinase, NADP-specific malate dehydrogenase, adenylate kinase

are of nesophyìl origin and fructose diphosphate aldoìaee, alkaline 
,,,.,:,,,

fructose diphosphatase, ribuìose phosphate kinase, ribulose-diphos- :

phate carboxy'lase are of bundle sheath origin. Distributed equaìly

between the nresophyll and bundle sheath cells are 3pGA kinase,

.:::.
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NADP-specific alyceraìdehyde phosphate dehydrogenase, triose phos-

phate isomerase, phospho-hexoisomerase and phospho-gìucomutase.

variations among co species had been noticed. The initiaì
product of C0, fixatìon in some species is malate, while in others,

aspartate. The former species are referred to as 'malate formers,

and the latter 'aspartate formers'. Downton (1970) observed a

high maìic enzyme content in 'malate formers'which did not have a

postillumination burst of COr, and he proposed that in these

species carboxyl transfer from c-4 of co acid was cataìysed by maì ic

enzyme which not onìy enabìed the decarboxylation of this Co acid,

but aìso the refixation of the decarboxyìated c0, mediated by the

NADPH transfemed with the malate. Thus the malic enzyme functions

as a catalyst for the decarboxyìation reaction as well as producing

reducing power.

The carboxyi transfer step in 'aspartate formersr had been

a puzzle to many research workers untiì recentìy. Johnson et al. (1971)

and Andrews et g]_'(.l971) reported on an inverse reìationship between

the content of malic enzyme and that of aspartate and alanine amino

transferases in co pìants. The two anrino transferases were equally

distributed between mesophyìl and bundle s.heath cells of 'aspartate

formers'. They proposed that aspartate, instead of nralate, was the

caffier of COr, and was transported from the mesophyìl cells into the

bundle sheath cells, in which it was converted into oxaloacetate,

and the latter decarboxyìated to produce c0, for 3pGA formation via

RUDP. Hatch and Mau (lgzs) and Hatch (.l973) investigated the
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localization of these amino transferases. They reported that in
Atriplex spongiosa, an raspartate former', there were three isoenzymes

for each of the amino transferases. One of the aspartate amino

transferases was a constituitive enzyme, and r,,ras very low Ín activity.
other two were induced by light and were high in activity, one being

localized in mesophyll cytoplasm and the other in the bundle sheath

mitochondria. 0f the three isoenzymes of alaniñe amino transferases,

one was associated with mesophyll cells and one with bundle sheath

cells, while the third ìost its activity during isolation. Hatch and

Kagawa (1973, 1974) have demonstrated the presence of an I'lAD-specific

malic enzyme localized in mitochondria of bundle sheath cells of

Atripìex spongiosa and some other 'aspartate formersr" The enzyme

activity was high and comparabìe to photosynthetic rates, and the

activity was enhanced by 'l ight. They proposed a scheme for the

decarboxylation of aspartate formers which was mediated through the

co-operation of mesophylì cytoplasmic aspartate aminotransferase,

bundle sheath mitochondrial aspartate aminotransferase, maìate

dehydrogenase and I'lAD-specif ic mal ic enzyme. The aspartate formed

in cytopìasm of mesophyìl cell was transported into the bundle sheath

mitochondria, where it was deaminated and converted into oxaloacetate,

which was in turn reduced to nraìate, and the latter decarboxylated

by the NAD-specific malic enzyme to give c0, for the formation of

3PGA via RUDP carboxyìase. The properties of these enzymes have

been studied by these workers.

Other variations in the carboxyì transfer step are possib]e.

The
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Edwards et el. (.l971) reported retatively high activities of pEp

carboxykinase in co species which were lovr in malic enzyme, and

proposed that this enzyme couìd serve to decarboxy'late oxaloacetate

in these species.

By using the technique of differentia] grinding of sugar cane

leaves, Baldry et al. (.l97ì) and Bucke and Long (lg7l) were able to

obtain enzymes of the caìvin cycìe, the bulk of which were recovered

in grana-containing chlorop'lasts. PEP carboxylase was released with

the breakage of the non-chìorophyìlous bulliform cells and chlorophyì-

lous mesophylì ceìls. They suggested that the site of ß-carboxylation

of c0, was in the bulliform cells, and the co acid would then be

translocated to the mesophyl'l cells where decarboxylation would take

pìace. The c0, reìeased would be photoassimilated by the grana

containing chìoroplasts in the mesophyll cells, mediated by the Calvin

cycle enzymes. The resulting sugars or sugar-phosphates might then be

translocated to the bundle sheath chloroplasts for storage as starch.

carbon dioxide fixation by isolated chìoroprasts has been

reported by Baldry et al. (1969) with sugar cane and l^laygood et al,

(1971) with maize. In both cases the fixation by ch]oroplasts was

ìight and phosphoenolpyruvate dependent. The products of fixation by

sugarcane chloroplasts were mainìy CO acids while those of ntaize

chìoroplasts were a whole array of internrediates and products of the

calvin cycle and co acids. The work of these investigators tend to

support the fact that the CO-pathway u,as operative in chloroplasts of

co Rlants. contrary to their work, Gibbs et aJ.(1970) and O'r,leal

9t sl-.(ì97ì , 1972) reported successful isolation of chloropìasts fronr
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primary leaves of maize, which cou'ld fix c0, without exogenous pEp.

The products of fixation were those of the calvin cycle and not of

CO-pathwaY.

i,i-.,'..,

c.

The operation of the co-dicarboxyìic acid pathway of photosyn-

thesis rel ies on the physicaì juxtaposition of cel I types, and 
r,,1r,,,,

the intracellular alignment. of different organeììes especially ' :

-::,..::-:

chloropìasts, mitochondria and possibily microbodies. Sequential r":';'i'

grinding, non-aqueous density fractionation and differential I

centrifugation methods, though proven to be useful in elucidating
l

the mechanism of this co-Rathway, are not without ìimítations. The 
I

Imajor probìems lie in the unavoidable contamination of one type of 
i

chìoroplasts or differentialìy enriched p]ant extracts by their 
l
1

chlorophyllous counterpart, and the impossibility of isolating organeììes 
i

lin their natural state. A more reliable method for studying thi 
,

mechanismwou]dthereforecal]forasepartionofce]ltypes.A1though
;:::.: ì

there had been earlier reports of the isolation of mesophylì cells 
.t,",,,.

from higher plants, such attempts had never been successful with CO ;,',,,,,.,

plants until Edwards e.t -ql_. 
(ì970; 1971) and Edwards and Black (1971)

reported the separation of bundle sheath cells from mesophyll cells

of Digitaria sanguinal is (t-. ) scop. ìeaves. They proposed another 
.,,.,,,,,

hypothesis for crabgrass photosynthesis which is essentiaììy

similar to the CO-pathway proposed by Hatch and Slack (.l966) except

for the fact that atrnospheric c0, could get into contact with bundìe
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sheath cel I s and v',as di rectly assimi ì ated by the Cal vi n cycì e enzymes

operative in these cells. supporting evidence for this hypothesis

is that the functional Calvin cyc'le enzymes, including RuDp carboxyìase

were found in bundle sheath cells, and these v,rere capable of fixing
c0, when suppìied with ribose-S-phosphate, adenosine diphosphate or

ribulose díphosphate. Microscopic studies aìso showed that l5% of the

internal surface area exposed to gases was probabìy ìocated in the

bundle sheath celìs. This direct fixation could account for I 5% of

the totaì fixation by the pìant, while the other g5% was fixed via

the currentìy accepted C4-pathway.

Edwards and Gutiemez (1972) were able to isolate mesophyìl and

bundle sheath cells from panicum miliaceum (1.) bv using the method

of sequential grinding and filtration. chollet and Ogren (1g72)

also isolated bundle sheath strands from maize by empìoying similar

method. In both cases, it was shown that bundle sheath strands or

cells were capable of fixing C0, without exogenous substrate in light.
However, the addition of ribose-5-phosphate did enhance the fixation.
The products of fixation were found to be mainìy phosphosugars,

3PGA, and malate (chollet and 0gren, 1973). contamination of bundle

sheath celìs by mesophyll celì content was most probabìe in their
experinrents. Isolated mesophy'll cells were not capable of f.ixing

C0, without the addition of phosphoenoìpyruvate or pyruvate. In this
case, light was not an absolute requirenrent for, but it did enhance

fixation.

A new nlethod was recentìy deveìoped by Kanai and Edwards (lg73a,
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1973b). By using an aqueous . dextran potyethylene gìycol two-phase

system,they were able to isolate and purify mesophylì protopìasts

and bundle sheath protoplasts of maize. It was found that the mesophyll

protoplasts were unable to fix C0, without the addition of substrate. .,:.r:
t., 

.t,t;-t t

But at l0 mM phosphoenolpyruvate they were able to fix c0, up to

500 - 700 ¡rmoles/mg chlorophyll/hr, both in ìight and in darkness. 0n

the other hand, purified mesophy|r protopìasts from c, Rlants and 
,:,,,.,:.,

plants with the Crassulacean acid type of metabolism were able to ',",..,''.,,,

fix c0, up to 30 - 50 umoìes/mg chìorophyìl/hr without exogenous subs- ,,,,,.,,,,

trate Ín the I ight.

t'lith the studies of these workers, it is very cìear that 
,the site of C0, fixation by ß-carboxylation is in the mesophyll cells,

and that the calvin cycle is operative in the bundle sheath cells. '

The location of various enzymes were a'lso confirmed: PEp carboxylase,

NADPma]atedehydrogenaseand''carbonicanhydras]e..ard.l'ocal.izèdin

mesophy'll cells in the case of ma'ize, while Ribose-S-phosphate isomerase,

ribulose-S-phosphate kinase, RuDP carboxyìase ¿a'nd fructos,e'diphosphate

aìdoìase are localized in bundre sheath cells. In case of malate i,,,,,,,
' .: ..

formers, maìic enzyme is located in bundle sheath cells, and NADp ,,,,,i,i,,,:,

gìyceraldehyde-phosphate dehydrogenase is. equaììy distributed 
i'i: 

:

between the two cel I types. In the case of aspartate fornrers,

aspartate and alanine transaminases and glyceraldehyde 3-phosphate 
i,.,:,,:¡,:,,:

dehydrogenases are found about equaì'ly distributed between the :-:-'.,.,:

photosynthetic cell types
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D. Rgdiotrager Studies with Tissue Culture

Cultures from stem expìant of mature Froelichia qracilis (Hook) Mog.

(Laetsch and Kortschak, 1g7z) and from sugar cane stalk (Kortschak

and f'lickel I , ì970) had been fed with radioactive bicarbonate. Though

both species had typical co type of reaf anatomy, the products of

fixation by the callus cells in these CO Rìant cultures demonstrated

a ct type of fixation. It was suggested that both c, and co types

of fixation could operate in the same pìant. The hypothesis was

supported by Kortschakrs work with sugar cane tissue culture

(Kortschak, l97l). He showed that the products of c0, fixation in

chloroplasts of such culture were that of the calvin cycìe.



MATERIALS AND METHODS

PLANT TISSUE

Seeds of Zea mays var. Earliking were sown in flats of sterilized

soil/sand/peat mixture in the proportion of z:l:.l. The flats were

placed in the greenhouse at a zsoc day and 20oc night temperature

and a photoperiod of ì3 hour 'light with ll hours of darkness. The 
,,1.,;;.,,,:,.:,

soil was kept moist by watering daily with tap water. Six to eight "'i:r':':'

days after p'lanting, the primary leaves were fulìy unroìled and .,,t.t.',..'':,

secondary leaves had just started to develop. sìxteen days to

eighteen days after planting, the oldest secondary leaves were

expanded and the primary leaves were without any apparent trace of l

Senescence. For different experiments, fuìly unro'lìed primary 
I

leaves of 6 to 8 day old seedlings and fully expanded secondary leaves i

ì

of 16 to 18 day ol¿ seeilings were excised. The'leaves were washed 
i

with distil'led water, pìaced on moist paper towels to prevent

wiìting and leaf discs were then cut out with a clean, sharp cork 
:, j,.: :.:borer of I cm. in diameter. The leaf discs were used immediately ., ,,:.:; ¡

in the experiments.
.::..:... . ... .i.l;

cHL0R0PLAST PREPARôI'rpN

chìoropìasts were isolated by the 'laceration technique' of

Mache and l^laygood (1969) fronr prirnary reaves of 6 to B day old

seedlings and secondary leaves of 16 to l8 day old sqedlings. After

harvesting the 'leaves were washed with distilled water and placed
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in a g] ass trough (3.5 cm x 1.5 crn x 42 cm) with 25 ml of Solution H

(shepherd et al., 1968). The leaves were gentìy'lacerated paral'lel to
the veins.with five small closely spaced (l mm apart) scaìpeìs

(cat. no. 412, Irex German surgicals 788, Adelaide street, Toronto)

with their ends embedded in a lucite bìock to form a handle. About

ì0 g of leaves were used each time. After laceration, the leaves

v'rere removed and the suspension was filtered through two layers of

Kleenex tissue and was centrifuged at Ooc for 50 seconds at 2,000 g.

The pellet was then suspended in I ml of Solution a (Shepherd et q!,
.l968) 

and was used immediateìy. The supernatant was then centrifuged

at ì0,000 g for ì5 minutes to get rid of smaller organeiles and

membranes. The pellet was discarded and the supernatant was used

for the experinrents.

For experiments in which the temperature effect was tested, some

chloroplast preparations were isolated from plants grown at subnormal

temperature. Seeds were sown in flats in the greenhouse. when the

seedlings were about one inch above soil level the flats were trans-

ferred into a low temperature growth chanrber at a ì5oc day and lOoc

night temperature and a photoperiod of l2 hour'light with l2 hours of

darkness. Printary leaves were harvested 4 to 5 days after the transfer

when the leaves were fuììy unroì1ed. Secondary leaves were harvested

about three weeks after the transfer when the leaves were fully
expanded. chloroplasts were isolated from these ìeaf tissues in.

the sar¡re way as described before.

For experi¡¡tents in which different nrethods of chloroplast isolation
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were compared two additional methods were employed. Ten gram of leaf
tissue was sliced into'l mm strips and were eìther ground genily in

a chilled mortar with 2s ml of solution H or blended in a waring

blender with 25 ml of Solution H for 40 seconds at l0 second pulses

and .l00% line voltage. The suspension was filtered through two

layers of Kleenex tÍssue and centrifuged, and the peììet was resuspended

as described before.

For experiments in which bundle sheath chìoroplasts were to

be released from the residual leaf tissue after laceration,the

lacerated tissue was sliced and transferred into a chilled mortar

containing 5 mì of Solution H and ground gently" Firtration,
centrifugation and resuspension were as described before.

For experiments in which the endogenous c0, fixation capacity

was tested,the chìoroplasts were isoìated by the 'laceration technique,

in solution I (Gíbbs gt al.,1970) instead of Solution H, and the

ch]oroplast peìlet was resuspended in solution 2 (eiuus et al., .l970)

instead of Solution A. Filtration and centrifugation procedures

were as described before.

solgtfo:f_t, pH 7é
Manni tol 0.6M

EDTA lmM

BSA 0.1,Å

TES O. ìM

DTT lmM

Solution A, pH 7.2

l4ann i tol 0.6M

TES SmM

KCt 0.0.lM

MgCì, S¡nM

KH2P04 ìmM

MSCI, SnrM
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Solution l, pH 6.8

Sorbitaì 0.35M

MES O.O4M

MgCl, 5mM

MnCl, 0.3mM

KHZPO4 0.25mM

EDTA 3.0mM

PVP 40 5%

Solution 2, pH 7.8

Sorbital 0.3514

HIPES O.O4M

MSCI, 0.3mM

MnCl, 0.2mM

W2P04 0.25m14

EDTA l.OmM

DTT 5mM

For experiments in which the effect of magnesium ion concentration

was tested,MgClZ was omitted from both the isoìation and resuspension

media.

P[0T0-syrurHETrc lraH]4c0, FIXATTON ANp EXTRACTION 0F RApI0ACTIVE

COMPOUNDS

Leaf Tissue

A Gilson differential manometer systenr bras used with 1.5 ml of
0.lM potassium phosphate buffer (pH 7.2) in the main conrpartnrent of
a warburg flask fitted with a singìe side arm. Six leaf dÍscs

(l cm dianreter) threaded together with a piece of cotton thread, and

an average weight of 0.ì g, were then carefuììy placed in the flask

and distributed so that they formed a singìe layer with the underside

of the'leaf tissue in contact with the solution. s uci of ttaH14c0,

(s.a. 59 uCi/nlM, Amershant/Searle, Eng'land) were adcled to the side arnr.
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The flasks were then equilibrated for 5 minutes in the Gilson

Differentiaì Respirometer at 3ooc and 4,000 ft c at the base of the

flask with a constant shaking rate of 105 oscillatíons per mínute"

At the end of the equiì ibration period the NaHl4cO, *u, tipped into

the main compantment and the flasks were shaken at .l05 oscillations
per minute for different incubation time períods. The leaf discs

were removed and killed by immersion in boiìing B0% ethanol, and

were then extracted in B0%, 60%, 40% 20% ethanor and water

respectively according to the method of wang (1960), After each

alcoholic-water extraction, the samples were centrifuged at 10,000 rpm

for l0 minutes, and the residue was quantitatÍveìy transferred to
a scintiìlation vial. The supernatants from eaòh extraction were

pooled together and dried under an air jet. The samples were then

dissolved in 2 mì of 20% methanol and extracted 4 times with equal

volume of chloroform. The chloroform soluble fraction was washed

twice with 2 ml aliquots of distilled water, and was pooled together

with the residue fraction. This was dried down and resuspended in

I mì of 20% methanol and the radioactivity determined" The methanol-

water soluble fraction was dried down, redissoìved in I ml of

distilled water and an aliquot was taken for deternrination of

radioactivity. The rest of the methanol-water soluble fraction was

then frozen for further analysis.

In puìse-chase experinrents 30 uci of trtaHl4c0, (s.a.60.3 uci/mM,

Anershanr/searle, Engìand) were added to the side arm instead of 5 uci.
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After the puìse period,the ìe.af discs were transferred to a similar

manometer flask with an identical concentration of unlabelled

compounds. After incubating for different chase periods, the leaf

discs were removed and killed in boiling eth¡nol (so% v/v). Extraction

proceclures were identicaì to that described previousìy.

Ctrt o

Experinrents with chlorop'lasts and supernatant fractions v,Jere .

carried out in 6 ml volume manometer flasks fitted with sing'le side-arnls :

in an illuminated Gilson Differential manometric'system set at 30oC

and 4'000 ft. c at the base of the flasks. Except where otherwise stated,

each flask contained approximately 0.6 mg chìoroplast protein,.3.Z u|\l

of Na-phosphoenolpyruvate, and enough suspension medium to make up

a volume of 0.48 ml in the main compartment and 20 ur of NaHl4c0,

(s.a. 5 uci/lSmm) in the side arm. The contents of the flasks for

supernatant experiments were essentially the same except that they

contained 0.4 nrg supennatant protein instead of chloroplasts.

The flasks were equi'librated for 3 minutes with shaking at .l05

oscillations per minute. At zero time the trtaHl4co, was tipped into

the main compartment. After different tinre periods of incubation,

the reaction was stopped by the addition of 0.5 nrl of 2l,l HCI and

flushed for 5 minutes with air. The solution was extracted several

times with a nixture of water, chìoroform and nrethanol (lz:s:3 v/v)

according to the nrethod of cook and Bieleski (.l969). The n¡ethanoì-

water solubìe and chlorofornt soluble fractions tvere separated. The
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chloroform solubìe fractions were washed twice with water. The

washings were added to the methanol-water soluble fractions. Both

fractions.v,rere dried down and their radioactivity determined.

Sampìes were frozen for further analysis.

For experiments in which endogenous c0, fixation capacity of
isolated chloroplasts were tested the chroroplasts were suspended

in solution 2 according to the method of Gibbs et al.(1970) instead

of Solution A. Extraction procedures v,Jere the same as described

previously.

IoN EXCHANGE CHR0MAT0GSAPHY gl: METHANOL-l/.lATEB SOLUBLE FRACTT0I

The methanol-water solubre fraction was separated into three

main fractions by means of ion exchange resins according to the

method of canvin and Beevers (.l961) and cossins and Beevers (.l963).

The three fractions were namery basic fraction (ìargely amino acids),
acidic fraction (ìargely organic acids and sugar phosphates) and

neutral fraction (mainìy sugars).

The foììowing two types of resins (Bio-Rad Labs; Richmond,

Caì ifornia) were empìoyed:

l. cation exchange resin Dowex 501^l-B (hydrogen form, 200-

400 mesh),

2, Anion exchange resin Dowex Ag ì-xl0 (chloride form, 200-

400 mesh).

Both types þIere prepared in bulk according to Atkins and Canvin,s

method (ì97.l ). The cation exchange resin, Dowex 501,1-8 (H+; 200-400

nresh) was slurried into gìass coìurnns (l cm x l6 cnr) pìugged at the



25

base with glass wooì, where it was treated with l0 ml of 2N HCI

per 5 ml resin and then washed with distil'led water until the

effluent approached neutrality. The anion exchange resin, Ag t-xl0
(cl-; 200 - 400 mesh) was slurried into a large coìumn (3cm x z0 cm)

plugged at the base with glass woo'|, where it was converted into the

formate form by treatment with lM sodium formate until the effluent

gave a negative test for chloride ions. The resin v,ras then slurried

into small glass columns ( I cm x 16 cm) where it was treated with

0.lN formic acid (so ml/S ml resin), followed by distilled water

until the effluent approached neutrality. I

The methanol-water solubìe extracts wereloäded onto the

Dowex 50w-8-H+ columns and eluted with .l00 ml of distiìled water.

The effluent was concentrated down to I ml by means of evaporation

under an air jet and was designated as the organic acid-phosphosugar-

sugar fraction. The amino acids retained in the column were then eluted

with 80 ml of 2l'l NH40H followed by 20 mì of 4N NH40H. The effluent

was evaporated to dryness as described previously, and was desÍgnated

the amino acid fraction.

An aìiquot of each of the amino acid and organic acid-phosphosugar-

sugar fractions was transferred to a scintillation vial with l0 ml

of scintillation liquid for radioactivity determination. The rest of

the santples vúere frozen for further anaìysis.

The organic acid phosphosugar-sugar fraction was quantitative'ly

ìoaded onto.the Dowex Ag-Xì0-HC00- columns and flushed with .l00 nl of

distilled water. The effluent containing rnainìy sugars was colìected

and concentrated by evaporation down to I nrl. The organic acids and



phosphosugars retained by the columns r.rere eluted with B0 ml of 4N

formic caid, followed by 20 ml of 6N formic acid. The effluents

were evaporated to dryness and redissolved in I ml of distilled water.

An a]iquot of each of the sugar and organic acid-phosphosugar

fractions was used for the determination of radioactivity. The

sampìes of these three main fractions were frozen for further

ana'lysis by means of thin-ìayer chromatography.

THrN-LAYER CHRoMAToGRAPHY (TLC)

The. Thin-Layer Plates

The cellulose powder MN300 (Machery, Nagel and co.) was prepared

by a modified method as described by cook and Bieleski (1969).

Fifteen ml of washed, dried cellulose was suspended in 100 mì of

distilìed water ahd homogenized at .l6,000 
rpm for 40 seconds, allowed

to stand for 40 seconds, and homogenized again for 40 seconds. The

sìurry was then allowed to stand for 90 seconds before spreading with

a Desaga spreader (Desaga, Heidelberg, west Germany). pìates,

20 x 20 cm in dimension and 250 microns thick of celìuìosgwere

prepared and allowed to age for z days after spreading to ensure

stability.

A] iquots contai ni ng approxinrateìy 2,000 to 5,000 dpm were 'loaded

as a fine spot 2 cm away from either edge of the pìate. Four sets

of pìates were chronratographed for each sanrp]e, two of which were for
the deternrination of radioactivity, and another set of which was

co-chromatograplred with unlabelled authentic chenricals. In the last

:?:it i:::i/¡i-ì l-¡ìltî;i,".Y--,;;-f ,11

ifi::ll::
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set of plates the radioactive spots vrere scraped off and co-chromato-

graphed with unlabeìled authentic compounds.

The plates were allowed to stand overnight after the first
direction run to ensure evaporation of the solvents.

Separation of Amino Acid and 0rganic. Acid Fractions

Two dimensional rLC was used to separate the various products

using the solvent system described by Bieleski and young (.l963). The

first direction run was achieved in .l00 ml of n-propanol: ammonium

hydroxide: water (6:3:l v/v). The second solvent system consisted of

100 ml of n-propyl acetate: formic acid: water (ìl:S:3 v/v).

Separation_of SugarÞ

The sugars were separated by two dimensionar TLC in 100 ml of

n-propanol : water: n-propyì acetate :acetì c aci d : pyri di ne (ì 20 : 60: 20 : 4 : I

v/v) in the first direction and 100 ml of n-butanol: acetic acid:water

(12:5:3 v/v) for the second direction as described by cook and

Bieleski (1969).

DEÏTCTION OF COMPOUNDS AND MEASUREMENT OF RADiOACTIVITY

Radioautograms were made by exposing the dried pìates to

"Kodak Medical x-ray Film, No-Screen" from Eastnran cornpany, Rochester,

New York. After an appropriate exposure period ('l week/5,000 dprn) the

fil¡ns were deveìoped to locate radioactive spots. The spots were

scraped off the p]ates and were quantitatively transferred into a



scintillation vial for radioactivity determination. The spots from

another set of plates were also scraped off and were transferrred to

a ,Pastesr pipette plugged at the tip with cotton woo'l , eluted with

l0% butanoì, evaporated to 1 ml volume and co-chromatographed with

unìabelled authentic compounds. The set of plates with both

radioactive extract and cold authentic chemicals were sprayed with

appropriate reagents for the identification of radioactive compounds

(smith, .l960; Mezzetti et a1., 1g72):

l. Amino acids were detected by a solution of 0.2%

ninhydrin in acetone, I

2.0rganic acids by anilin-xyìose (ì ml aniìin,1 g

xylose, ì0 mì water, '10 mì ethanol , 30 ml butanol ),
3. Sugar phosphates by ammonium moìybdate (25 ml 4%

ammonium mo'lybdate, 5 mì 60% perchloric acid, l0 ml

lN HCI and 60 mì water),

4. Sugars by a solution of napthoresorcinal (20 mg

napthoresorcinal, l0 ml ethanol and 0.5 ml of

concentrated HrS0O).

Measurenrent of Radioactivity

Radioactivity was determined by nìeans of Picker Nuclear Liquimat

scintillation counter and corrected for quenching by using a quench

curve prepared with picric acid and l4c-toluene.

).:.:.': t:.1
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Aìiquots of the aqueous sanrp'les obtained were pìaced

lation vials and nlade up to 0.5 nrl with 20% ntethanol . Ten

Ìn

nrì

sci nti I -

of



scintillation cocktail (0.03 g p0p0p, l.0 9 ppO and 100 g naphthalene

dissolved in a total volume of I litre of p-dioxane) was added to each

samp'le and measured for radioacti vi ty.

ENZYME PREPARATION

¡. nzyme Preparatl

Five grams of leaves were cut into r mm wide strips and was

blended in a waring bìender for 5 minutes at 15 second pu'lses in l5
mì of hypotonic medium containing 40mM Tris-HCl , pH l.g¡ SmM DTT and

5mM MgCìr.

Another method employed was grinding 5 g of leaves (aìready cut

into I mm wide strips) in a chílled mortar with acid washed sand and

l5 ml of hypotonic medium.

The brei obtained from both methods were passed through 4 layers

of cheese cloth and the filtrate centrifuged at 10,000 g for 20

minutes. The peìlet was discarded and the super:natant was used as

enzyme preparation.

, ., ,',;",',1:.t,

Enz.vme Preparation flonl Chloroplasts and . Supernatant

chìoroplasts were isolated by the 'ìaceration technique' as :

previousìy described. After fir tration and centrifugation, the 
:,..,,,,.,:,:.

chìoroplasts wei'e ruptured by suspending the chìoropìast peììet ' 
,

inhypotonicnrediuntaccordingtothemethodofBahrandJensen(l97a).

The suspension was used as chloropìastic enzynìe preparation.

?9
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The supernatant obtained subsequent to centrifugation procedure

v'ras recentrifuged at 10,000 g for l5 minutes to get rid of membranes

and small .organeììes. The peìlet was discarded and the supernatant

was used as enzyme preparation for supernatant (cytoplasm). :,'.,,.,

For experiments in which the effect of magnesium ion concentration

on enzyme activity was tested t'lgCì, was omitted from the isolation

mgdium. 
' 

,',.,::.i:.::::
t :::-:::.::.

ENZYME ASSAY

Phosphoenol pyruvate Carboxyl-ase (EC 4. ì . I .31 )

Phosphoenoìpyruvate carboxllase was assayed according to a

modifiu¿ *.tho¿ of Tan (1g74). Except otherwise stated, the incubation

mixture contained in ¡,rmoìes: pEp (trisodium salt), g; NaHl4c0r, 25

(>6 x to6 opm); ruÁoHr,2; Mgcì 2, s; ïris HCt, pH 7.8, ì00; malate

dehydrogenase, excess and crude enzyme (approximate'ly 400 pg of

supernatant protein or 600 pg chìorop'last protein) in a final volume

of 0"5 ml. The reaction mixture was preincubated at 30oc for l0
minutes. The reaction mixture was initiated by the addition of pEp.

Control sampìes lvere without PEP. The reaction was ternrinated after
6 minutes by the addition of I mì of ?N HCl. Separation of the

sanrp'les into ¡nethanol-water soluble and chìorofornr soìuble fractions

and deternrination of radioactivity fronr each fraction were as

previousìy described for l4C0 fixation by isolated chloroplasts and

supernatant.
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niUutose 0ipf,ospttat (EC 4.l.l.f )

Ribulose diphosphate carboxyrase r^ras assayed according to the

method of Paulsen and Lane (ì966). The incubation mixture contained

in umoles: RuDP (tetrasodium salt), 0.3s; NaHl4c0r, zs (t6 x ì06 dpm);

gìutathione (reduced), 3; EDTA, 0.03; MgCl 2, S; Tris-HCt, pH 7.g,
.l00; 

and crude enzyme (approximatery 400 ug of supernatant protein

or 600 ug of chlorop'last protein) in a total volume of 0.5 mì. The

reaction mixture was preincubated at 30oc for l0 minutes, and the

reaction v'ras initiated by the addi tion of RuDp. control sampl es

were without RUDP. Termination of reaction, separation of sampìes

into methanol-water solubìe and chìoroform soluble fractions

and determination of radioactivity were as described previousìy.

PROTEIN AND CHLOROPHYLL DETERI4INATON

Protein concentration was determined according to the method

of Lowry et al.(1951) using bovine serum arbumin as standard.

ch]orophyll was determined by the method of whatley and Arnon (1963)

using B0% acetone.

CHLOROPLAST COUNT

Ch'lorop'last counts were obtained using an Haenrocytometer. Twenty

fieìds v'Jere counted per sample.



RESULTS

I. PHOTOSYNTHETIc I.¡aH] 
4co

INCORPORATION INTO PRIMARY LEAF TISSUE

OF MAIZE

A. Ki netjc Exper.ime.nts.

l. Rate of Incorporation

Figure I shows drrat üre total incorporation of c0, into
primary leaf tissue of maize plant was 

.linear with incubation time

up to 20 minutes. The rate of c0, fixation b,as as high as

53.3 ug c0, dn-z hr-l during this period. The rate of incorpor-

ation into the methanol-water soluble fraction was also linear
with time within the same period, while that into the residue

and chloroform soluble fraction exhibited a mildly exponential

increase with time. More than g0% of the radioactivity was

recovered fronr the methanol-water soluble fraction at all
times (Table I).

2. Distribution of ì4c tn the Methanol-hlater Soluble Fraction

column chromatography was enrployed to separate the

methanol-water soluble fraction into organic acid, amino acid

and sugar fractions. Table II and Figure 2 summarize the

distribution of l4c in these fractions after different periods

of incubation tine of the primary leaf tissue with NaHloror.
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At the end of the'l minute incubation period the buìk

of radioactivity, about B0%, was recovered from the organic

acid fraction, After two minutes of incubation, it graduaììy

decreased with incubation time tiìl it accounted for about 50%

of the total labeì found in the methanol-water soluble fraction

at the end of the 20 minute incubation period. The amino acid

fraction accounted for 20% of the ì4c incorporated into this

fraction from I to 5 minutes of fixation time, thereafter it
gradual]y dec'lined to around 12% at the end of the 20 minute

period. Meanwhile, no radioactivity was detected from the

sugar fraction till the end of the 5 minute period, accounting

for l0% of the total label, then it increased steadily with

incubation time up to 20 minutes.

3. Distribution of l4c in the various products of the 0rganic

Acid, Amino Acid and Sugar Fractions

Thin tayer chromatography and autoradiography were

employed to detect the distribution of l4c u*ong various products

in these three fractions. The resuìts were shown in Table III
and summarized in Figure 3.

At the end of the I minute incubation time, more than

30% of the radioactivity was recovered frorn 3pGA and sugar

monophosphates, and around 20% was recovered from nralate.

l,lhile the former decreased rapidty with incubation tinre

after reaching the nraxinrunr at the end of 2 nrinutes, the latter
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decreased only very graduaily and remained at a high level at
all times. The decrease in rabel percentage in 3pGA and sugar

monophosphates was accompanied by gn increase or l4c content

in the sugar fraction. The amount of label recovered from

isocitrate ìactone was considerable initialìy and it rapidly
decreased with incubation time. Aìanine, gìycine and serine,
glutamate and aspartate were the major amino acids détected.

Alanine was heavily labelled at the end of I minute fixation, but

the label decreased steadily with incubation time. This

may ref'lect that alanine was formed via 3pGA. The leveì

of glycine and serine was'low at the beginning but gradually

rose with incubation time and remained at a consÍderable

level up to the 20 minute incubation time. considerable

amount of l4c was also detected in aspartate at the end of
the 5 minute incubation period, which also gradualìy decreased

with time. This amino acid courd have been derived from the

relatively large pool of malate in the primary leaf tissue.

B. Pulse-Cþase Experiments

To determine whether the major flow of carbon was through

3PGA or nraìate into sugars a purse-chase experiment was

undertaken as described in Materials and Methods. Onìy the

methanol -water soì ubl e fraction r^Jas anaìysed as i t contai ned

over B0% of the incorporated l4c u, can be seen previously

(ris. ì ) .

:;:'.:
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I . Distribution of l4c in the Methanor -l,later sol uble Fraction

Results of column chromatography on the methanol-water

solubìe fraction are shown in Table IV and Figure 4. 
,,,,,,.,,,

At the end of the 15 second puìse period about 90% of ",,':''.',

the radioactivity was recovered in the organic acid fraction

which decreased with time indicating a reìativery rapid turnover 
:.:.. :of compounds in this fraction. At the end of the 6 minute ;,.,=:.,::,,

chase period this fraction accounted for 60% of the total 
::'" 1

; ,., ,'a: t., ,.'

tabel . Ten percent of the l4c uru, recovered in the amino acid ':"" ''"
)

fraction at the end of the pulse period. This graduaìly 
,

increased to around 25% with the chase time accompanying the
l

decrease in the organic acid fraction. Thereafter it levelìed 
i

j

of the .|.5 
minute chase period. And this then increased 

i

gradualìy, though not linearly, with the chase time up to
)

6 minutes

;.,,..:,,i,1','2. Distribution of ì4c into the various products of the Organic :,,,..,,,,-

,I:it,.:---:

Acid, Amino Acid and Sugar Fractions ,,,::','¡:""

Figure 5 sununarizes the resu.lts given in Table V. At

the end of the 15 second pu'lse period around 30% of the label

was recovered in 3PGA and 23% from malate. The former lost ';':,:,:.:

its radioactivity rapidìy with tinre to 6% atthe end of the 
:i:i':ì:-:

6 minute chase period. Malate also decreased rapid'ly in

radioactivity for the first half minute of the chase period,
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but then levelled off and remained at a constant ìevel of

.around l4%. sugar monophosphates increased in l4c content very

rapidly accompanying the sharp fail of labeì in 3pGA for the

first minute of the chase period. Then they also gradually

levelled off to around 18% at the end of the 6 minute chase

period. Isocitrate láctone was heavily ìabelled initially
at the end of the pulse period, but the radioactivity rapidìy

decreased indicating a very rapid turnover in this compound.

The drop in l4c content of isocitrate ractone b,as accompanied

by a concomitant rise in laber in gìycine and serine. Alanine

reached a maximum of 5% at .l.5 minutes, and then gradually

decreased with chase period. Glutamate and aspartate remained

insignificantly tabelled at all times. No sugar was detected

until the end of the .|.5 
minute chase period at which the

levet of sugar monophosphates remained steady.

The resuìts show that in primary.leaves of maize both

the caìvin cycle and co pathway may be operating with the

calvin cycle playing a dominant role. This is shown by the

high initial labelling of 3pGA and sugar monophosphates and

the subsequent high level of malate in the kinetic experiments,

and the rapid decrease of l4c content in 3pGA in the puìse-

chase experiments. Although the ìabet in malate also decreased

with timg it remained at a relativeìy high ìevel at all times

indicating that it was not rapidìy utilize{, although it may

contribute to c0, fixation and was one of the initial products
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of the process. It uras also noted that the fall in 3pGA and

malate level during the first half minute of the chase period

r,ras enough to account for the rise in sugar monophosphates

and diphosphates leveì. The fall in isocitrate lactone level

during the chase period was also enough to account for the

rise in glycine and serine level. It is possible that isocitrate
lactone was the precursor of these two amino acids in maize

primary leaves.
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II. PHOJOSYnrHElrc naHl 4cO
INCORPORATION IÍ{TO SECONDARY LEAF TISSUE

OF MAIZE

A. Kinetic Exper-iments

l. Rate of Incorporation

Figure 6 shows that the incorporation of l4C into

secondary leaf discs of maize was linear with time up to

20 minutes of ìncubation time. The rate of incorporation

was as high as 63.1 ¡rg CO2 dm-z hr-l for this period,

which was about 20% higher than that found in the primary

leaf tissue. As in the primary leaf tissue, the radioactivity

incorporated into the methanol-water soluble fraction was also

linear with time for the same period, white that incorporated

into the residue and chloroform soluble fraction was mildìy

exponential with time. Again over g0% (Table vI) of the l4c

was recovered in the methanol-water soluble fraction at all
times.

2. Distribution of l4c in the Methanol -!,later Sol ubìe Fraction

Separation of the methanol-water soluble fraction into

organic acid, amino acid and sugar fraction !úas as described

before.

Table vII and Figure 7 summarize the distribution of
l4C in the three different fractions. 0ver 60% of the

radioactivity was recovered fronr the organic acid fraction,
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which then decreased gradually with time to around zE% at

the end of the 20 minute incubation time. This drop in

the organic acid fraction was faster than that observed in

the primary leaf tissue, and the final level at the end of

20 minutes was only 50% that of the primary leaf tissue.

Amino acid fraction rèached a maximum at the end of the 5

minute incubation period which accounted for 1.g%. of the

total radioactivity recovered from this fraction, thereafter,

it decreased very gradually. Radioactivity in the sugar

fraction was detected much earlier than in primary leaf

tissue, and it increased rapidly with time accompanied by the

rapid drop in the organic acid fraction. At the end of the 20

minute incubation period, it accounted for 60% of the totaì

label recovered from the columns.

3. Distribution of l4C in the Various products

Acid, Amino Acid and Sugar Fractions

Figure B summarÍzes the results shown in Table VIII.
At the end of the I minute incubation period malate accounted

for nearì y 25% of the total radioactivity incorporated into

this fraction. As was found in the primary teaf tissue, this

ìevel dropped with time. However, the drop was much more

drastic tiìl it accounted for only z% as compared to 14%

observed from the prinrary leaf tissue at the end of the 20

ntinute experiment. This also explained the row rever of

of the Organic
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radioactivity recovered from the organic acid fraction

as shown in Figure 7. sugar monophosphates and 3pGA were

also significantly tabel'led initialìy and reached a maximum

of 3l% at the end of the 5 mÍnute experiment as compared to

40% maximum observed from the experiment with primary leaf

tissue. Then it graduaìly decreased with time to around

9% which was higher than that observed from the primary reaf

tissue. some radioactÍvity was recovered from isocitrate

lactone initialìy, then it gradually decreased as before.

considerable amount of l4c *u, incorporàted into aspartate

at the end of the I minute incubation period, which subsequent-

ly dropped rapidly within the first five minutes of incubation,

and then gradually levelted off to around i% of the total t4c

content. This reflects that a'lthough maize has not been

known as an raspartate formert, the amino acid is synthesized

in considerabìe amount. As observed before, glycine and serine

rose with time till they accounted for about g% of total l4c

content at the end of 5 nrinute incubation, thereafter it decreased.

Differing from primary leaf tissue, alanine remained insigni-

ficantly tabelled at all tinres.

B. Pu'l se:C.h.ase Experinrents

For the purpose of deternrining the nrajor flow of carbon

into sugarsra pulse-chase experinrent was performed as for primary

ìeaf tissue.
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l. Distribution of l4c in the Methanol-l,later solubìe Fraction

Table IX and Figure 9 show that the distribution
pattern of l4c 

among the three fractions of the methanol -

water soluble fraction was more or less the same as that found

with primary leaf experiment. However, it was noted that

the amino acid fraction dropped rapí'dly for the first 30

seconds of the chase period and was accompanied by a rapid

rise in the Ï4C .ont.nt of the organic acid fraction.

2. Distribution of l4c in the products of the Organic Acid,

Amino Acid and Sugar Fractions

Table X and Figure l0 summarize the results of the

analysis. It can be seen that malate was highly labelled

at the end of the pulse period accounting for 37% of the

radioactivity incorporated as opposed to 23% observed with

the primary leaf experiment. 3pGA accounted for only 14% of
l4c cont.nt as opposed tn 38% found with primary tissue for
the same period. Radioactivity was not recovered from the

sugar monophosphates at the end of the puìse period. But

a considerabìe amount was found at the end of the 30 second

chase period, thereafter it increased rapidìy with chase

time reaching a nraximum of ?4% at ì minute, and then

gradualìy ìeveìled off. From the variation or ì4c distri-
bution with different periods of chase time, it is obvious

that ì4c found entry into 3pGA and sugar nronophosphates via

I' :-:.:: .j;
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malate. Aspartate v{as significanily labelled at zero time

and dropped rapidly with time. This accounted for the drop

of amino acid fraction for the first 30 seconds of chase

time shown in Figure 9. Isocitrate lactone was highìy ,',.,',i',

labelled at the end of the puìse period, amounting to 16%

of the total radioactivity incorporated, and then it
gradually decì ined wíth time accompanied by the concomÍtant :,:.,i::,,

rise in glycíne and serine, as found with the primary leaf "'' '"'
;:t;::t: :

experiment. However, it was noted that the fal I in isocitrate ..,'l:.,,

lactone !'Jas more than enough to account'for the totat increase

in glycine and serine l4c content. So'part of the isocitrate 
,

lactone pool could be precursors for other photosynthetic 
i

intermediates.Itisinterestingtonotethatthefallin]
aspartate and malate couìd roughly account for the rise i'
in 3PGA and sugar monophosphates in the fir.st minute of the i

I

,,

chase period

From the results it can be seen that in secondary ìeaf i, ,,i,,

discs of maize the flow of carbon into sugars is through ,.,1 -,'
: i, _:-:-::..

the CO acids, with malate p'laying the major role as compared ¡', ,,,,

with that of aspartate"

42
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III. PHOTOSYNTHETIC r,¡aHl 
4CO

INCORPORATION INTO ISOLATED

CHLOROPLASTS FROI4 MAIZE LEAVES IN THE ABSENCE OF PHOSPHO-

ENOLPYRUVATE

A" Isolaled Chloropìasts from primar.v. Lea-ve.s

carbon dioxide fixation by isolated chloroplasts from

primary leaves of maize had been demonstrated by a few

investigators (Gibbs et {, 
.l970; 

0,Neal et al., .l971 ; 1g7Z).

However,the preparation was difficurt, the results variable

and the system was very viscous and further product analysis

was extremely difficult.
Attempts had been made to fix C0, with isolated

chloroplasts from primary leaves of 6 to g day old maize

seedlings" The results proved to be mostly negative.

Figure 1ì shows the best results obtained from more than

ten trials. The fixation rate wás very ìow (approximateìy

48 nmoles/mg protein/hr) though there was a remarkable

difference between the fixation in darkness and in the

I ight"

B. 
_

Aìthough C0, fixation capacity in leaf tissue of
maize and isolated bundle sheath strands had been

reported by a few workers (Sanrejima and Miyachi, l97l ;
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Latzko el al., 1971; Chollet and Ogren, lgT?lrsuch process

with isolated mesophyll cells and isolated chloroprasts

from seedtings 2 weeks or older had never beén

cited from literature. Attempl5in fixing C0, with

isolated chloroptasts from secondary leaves of r6 to rg day

old maize seedlings had proved to be aìl negative.



IV. PHOTOSYNTHETIC ¡¡aHI4co uçp&plRATroN rNTo TSoLATED CHL0R0PLASTS

ENOLPYRUVATE

carbon dioxide fixation by isolated chìorop'lasts of co plants

in the presence of PEP has been reported by some workers using sugarcane

(eaìdry et al.,1969) and maize (waygood et'aì., t97ì) leaves. Though

cOt fixation by such preparations in the absence of pEp is low, in íts
presence the rate is greaily enhanced.

From the kinetiC and pulse-chase experiments with leaf discs it
was found that the c0, fixation pattern differs to certain extent

between primary and secondary leaves of maize, therefore it would be

interesting to see if this process by isolated chloroplasts from the

two kinds of leaves would be different. The presence of pEp carboxylase

in leaf cells often poses a problem in interpreting the results. It has

generaììy been agreed that the enzyme is localized in mesophyl'l and not

in bundle sheath ceìls (sìack et al., 1969; Bucke and Long,1971; Hatch

and Kagawa,.1973). However, it has not been resoìved whether it is.located

strict'ly in the cytoplasm or ìooseìy bound to chlorop'last membrane. In

order to resolve this probìem, in experinrents carried out with isolated

ch'loropìasts another set was undertaken with the supernatant (cytop]asmic)

fraction fron the same preparation. since the supernatant has very

littìe chlorophyìì, all results of c0, fixation are expressed on a per

mg protein basis. The protein to ch'lorophyìì ratio has been found to

be 16 - lB and l0 - 12 for prinrary and secondary ìeaf chloropìast

preparations respectiveìy. It was aìso found that fixation in the clark

was aìways between 60 to 70% of that in the ìight. Results on dar:k

experinrents are not included in this section for it is beyon,J the

scope of this thesis.
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AND SUPEENATANT OF MATZ¡ LEAVIS IN THE PRESEIICE OF PHOSPHO.
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A. Rate of Incol"poration
' -. . ,' 

...1 
',1

. l. Isolated Chloroplasts from primary Leaves

Figure l2a surrunarizes the results of ,Oto, incor_

poration into isolated chloroplasts from primary leaves

of maize. There was hardly any incorporation in the absence

of PEP. Almost ail of the l4c *u, recovered from the

methanol-water soluble fraction. The radioactivity recovered

from the chloroform soruble fraction was negligible. The

rate of incorporation was rinear with time for about l0
minutes, after which it srowly declined. The initial rate

uf l4co, fixation was about z pn c02/mg protei n/hr.
Howeven this rate varied with each preparation as had been

found by other investigators (Gibbs et ar., r970; t{aygood e! ar.,

t97l). 
" 

The highest rate observed was over 20 um/mg proteÍn/hr.
In all cases the rate of incorporation within the first l0
minutes was linear with time.

2. Supernatant from primary Leaves

Figure l2b shows that in the absence of pEp there

was again little fixation of l4co, into the supernatant,

which consisted of nrainly cytopìasnric enzymes and enzymes

from broken organelles. However, the incorporation was

considerable in the presence of pEp. The rate of

incorporation was linear for the first 6 minutes after
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which it slowly declined. The initial rate of

incorporation was approximately 5 1tn C02/ng protei n/hr.

Again the rate varied with each preparation and the

highest rate observed was 30 um C0r;/nS protein/hr.

And in aji cases the rate was linear with time for the

first 6 minutes.

3. Isolated Chloroplasts from Secondary Leaves

Figure l3a shows the rate of 14C0, incorporation

into isolated chloroplasts from secondary 'leaves of maize

was Iinear with time for the first I minutes, thereafter

it s'low1y dec'lined. As in isolated chloroplasts from

primary leaves, there v,,as no incorporation in the

absence of PEP and very littl. 14C 
vJas recovered from

the chloroform soluble fraction. The rate of incorpor-

ation for the linear portion was around

7"5 um Cl,lmg protein/hr. The rate also varied with

each preparation, the highest observed was well over

40 um Cl,lng protein/hr.

4" Supernatant from Secondary Leaves

Figure t3b shows that the rate of incorporation of

'Oro, into the supernatant fraction of secondary Ieaves of

maize was 
.linear with time for the first 6 minutes after

which it slowly declined. The rate for the linear portion

was as high as 60 um C\r/nS protein/hr. As observed
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from primary leaf supernatant, there lvas very low incor-

poration into the supernatant in the absence of pEp.

B. Detefminatign of Apparent Km Values for pEp, HC0U- and

Ms+2 for Co, Fixation

Initial velocity of C0, fixation was measured from

incubation mixture after 5 minutes of incubation. All initiat
velocity data were pìotted versus the substrate or cofactor

as welt as in the doubte reciprocal form (l/v versus l/S)
according to the method of Linelveaver and'Burk (.l934), where

v is the initiat velocity and S is the concentration of the

variable substrate.

Apparent Kn values for various substrates were calculated

from intercepts at the horizontal axis of the double reciprocal

plots according to the folìowing equation:

I _ I Km ,ì,
I - [, 'r 

Uì- tS/

where Km is the apparent Km vaìue for the variable substrate,s,

and Vr is the apparent nraximum veìocity.

l. Isolated Chloroplasts fronr primary Leaves

The apparent Km values for pEp, HC03- and Mg+2 for
C0, fixation in this fraction were calculated to be

4.00, 0.56 and 2.00 mM respectively as shown in Figures

14 - 16 inclusive. ¡,tg*2 up to l0 mM had not yet reached

the saturation level for .this process.
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2, Supernatant from primary Leaves

The apparent Km values for pEp, HC03- and Mg+z

.. for C0, fixation in the supernatant of primary ìeaves

were calculated to be 7.40,0.89 and 0.30 mM respectiveìy ,...,,,i,

as shown in Figures 17 - .l9. Differing from primary

leaf chloroplasts saturation level for Mg+z was reached

at approximateìy 3mM. Further increase in Mg+z concentra . ,-.,., ,

tion inhibited C0, fixation ]i'¡."'t-''

3. Isolated Chìoropìasts from Secondary Leaves

The apparent Km values for pEp, HC03- and Mg+2

for c0, fixation in the chlorop'last fraction of secondary

ìeaves were calculated to be 2.04,0.67 and z.zz ml4 res-

pectiveìy as shown in Figures Z0 - ZZ, inclusive. COZ

fixation was inhibited by pEp above g mM and Mg+2 above

7 mM. Apparent Km value for pEp was sìightìy lower than

that for primary leaf chloroplast fraction.

4" Supernatant from Secondary Leaves

The apparent Km values for pEp, HC03 and Mg+z

for cOt fixation in this fraction lvere calcurated to be

2,44" 0.40 and 0.35 mM respectively as shown in Figures

23 ^ 25. PEP concentration up to 16 nrl'l did not produce

any inhibition for the process. Mg+z at a,concentration

of I nrM reached saturation level and further



increase produced inhibition for C0, fixation. The

apparent Km value for PEP in this fraction was considerably

lower than that found in the primary leaf fractions.

C. Products of NaHl4co. Fixation

-/

It has been shown (section IV,A) that both chlorop'last

and supernatant fractions from primary and secondary leaves

of maize can fix c0, in the presence of pEp, waygood et al..

(.l971 ) have shown that malate is the principal organic acid

product of c0, fixation by naize leaf chliroplasts (rnixed

mesophyll and bundle sheath) at a concentration of l6 mM

PEP. The present author has confirmed these results at '16 
mM

PEP.

One of the probìems encountered with the rlaceration

technique' of Mache and waygood (1969) which is evaluated

in Section vI is contamination by cytopìasmic (supernatant)

PEP carboxyìase and probab]y other enzymes, If the chloropìasts

were completely inactive in cOz fixation, it would be expected

that the distribution of l4c in the products of the supernatant

system and that of inactive chloroplasts contaminated with

supernatant would be the same.

An experinent was undertaken to investigate this

possibi'lity. In this study it has been shown that saturation

of c0, fixation could be attained at ca. 6 - B mM pEp (rig. z0)

and that l6 nrM PEP was sonretinres inhibitory. The concentration

50
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of 3.2 mM PEP was used since it is approximatety the Kn of

C0, fixation by the chloroplast fractions (Figs. 14, ZO)

with added PEP. It was thought that this may lower the relative
proportion of supernatant fixation to chloropìast fixation in

contaminated chloroplasts since the Km for c0, fixation by the

primary 'leaf supernatant was 7.4 inM pEp. In these

experiments 200 uci of trtaHl4co, was used because of the low

rate of c0, fixation. The reaction was terminated at the end

of 2 minutes instead of 6 minutes in section IV.B because it
has been the author's experience that the major proportion of

the l4c 
"u, distributed in sugars with increasing time. The

results of these experiments are reported in Tables xI to xIII
incìusive.

Table xI shows that the supernatant fractions incorporated

*o..14c0, thun the chloroplast fractions on a per mg protein

basis. The major proportion of l4c reêovered from chloropìast

fixation was located in the methanol-water soluble fraction.
The amount of radioactivity in the chloroform soluble ìayer

was negì igible.

Table xII shows that in chloropìast fractions close to

60% of the radioactivity was recovered in the sugars and amino

acids whereas in supernatant fractions over s0% of the label

!úas recovered in the organic acid fraction. primary leaf

chloropìasts indicated a higher fixation into amino acid fraction
as conìpared with secondary leaf chloroplasts.
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The distribution of l4c in products is shown in Table xIII.
Aspartate was the only amino acid in which radioactivity was

recovered in both fractions from both primary and secondary

leaves. Considerable label was found in gìycol late in both :,,,,,,,1',,

fractions for both leaf types. The highest amount of l4c

recovered from each ..ilrlar fraction was from the 3c (three

carbon) compounds, glycerate, dihydroxy acetone and 
,,,,,,:,r,,,,

glyceraldehyde. These three compounds were more heaviìy ìabe'lled 
,

in the chìoroplast fraction than in the supernatant fraction i',.,'','.:.

with the exception of glycerate which was more or less equal

to the label found in the chìoropìast fraction in both leaf
' types. This accounts for the fact that the percentage of

label in 3c products was 32 - 3s% in the chloroplast fractions 
,

as compared wi th 20 - 23% in the supernatant fractions. i

Another difference between the supernatant and chlorop'last 
,

fixationpatterns1iesinthetabelìingofSugarphosphates"
l

The supernatant was more heaviìy ìabeiled in sugar phosphateS 
,...,ì.,,,:

than the chloropìast fraction. 0n the other hand, the latter 
,r,'i,,.'. '..:'. :

was slightìy higher in pentose label'ling than the former. ,.',.,,.
l4c .ont.nt in sucrose, hexoses and polysaccharide was consider-
able' ch]oropìast fraction from secondary ìeaves show a

larger amount of radioactivity f ixed into these conrpounds as 
,j:,,:;,,:.,

compared with the prirnary leaf chloropìast fraction.

Although malate was heaviìy ìabeiled in experiments with

ìeaf discs as observed (Sections I, II) and isolated chloropìasts

52
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when fortified with l6 mM PEP, surprisingly enough, it was

not found ìabelled in these experiments with cellular fractions

of primary and secondary leaves in the presence of 3.2 mM pEp.

D. Effect of Temperature

Plants using catvin cycle as photosynthetic pathway thrive

better in cooler climate while co Rlants survive better in warmer

regions. Effect of temperature on photosynthesis of higher

plants is well documented (¡olliffe and rregunna, l96g; 1973).

Increasing pre-treatment day temperature resulted in decreased net

photosynthesis in ,tg-Lgp,rcl smithii (cr) whiìe in Bouteloua gracilis
(CO) net photosynthesis was increased (hliltiams, lg74). If C0, enters

êellular metabolism of primary leaves main'ly through the Calvin cyc'le,

and secondary'leaves through the co pathway, it would not be

surprising that there would be a difference in the response of c0,

fixation by the two kinds of chloroplasts to temperature. In the

following experiments two sets of plants were used. One set was

gro!,Jn under normal temperature condition with 25oC and 20oC as day

and night temperatures respectiveìy, the other set was grown at

both decreased day and night temperatures of lSoc and l0oc respec-

tively. The cold treated pìants showed some necrosis at the

tip of the leaves and these necrotic spots were cut away before

the leaves were lacerated.
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l. Isolated Chìoroplasts from primary Leaves

a) Normal temperature treatment:- (esoc day/ z}oc night)

Figure 26a surffnarizes the results of ,OrO, fixation

into isoiated primary leaf chloroprasts under different
fixation temperatures. The optimal temperature for this
process was found to be 30oC. Further increase in

temperature resulted in lower rate of C0, fixation. In

two other experiments the optimum was found at 35oC

b) Cold treatment:- (tsoc day/l0oc n'ight)

. When isolated chToropìasts froin primary leaves of

cold treated plants were used the optimal temperature

for C0, fixation was found to be 25oC as can be seen

from Figure 27a. Though the fixation rate from this
figure seemed to be higher than that of normal temperature

treatment pìants, it must be remembered that the rate

varied with each preparation and therefore may not be of

too much significance.

2. Supernatant from Primary Leaves

a) Normal temperature treatment:- (eSoc day/ ZO0C night)

The optimal temperature of 'OrO, incorporation into

supernatant of primary maize ìeaves was found to be higher
' 

than that found with isolated chìoroplasts, Figure 26b

shows that the optimal temperature for the process was 40oc
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and was consistent with other experiments.

b) Cold treatment:- (lsoC day/1OoC nigf¡t)

Temperature response of 'Ororfixation in primary

leaf supernatant fraction v4ras essentially the same whether

the pìants were grown at normar or subnormal temperatures.

Figure 27b shows that the optimal temperature for C0,

fixation by chloropìasts isolated from primary ìeaves of

chilted plants was still 40oC.

3" Isolated Chìoroplasts from Secondary Leaves

a) Normal temperature treatment:- (ZSoC day/Z}oC night)

Figure28asummarizestheresultsoftheeffectof

temperature on 
'OrO, fixation in secondary leaf 

1

chloropìasts of maize grown under normal temperature 
.

treatment. The rate of fixation rose sharply from lsoc

to 40oc, further increase in temperature resurted iñ 
,,,,,,j,,,,,,

decreased rate of incorporation. ,' , '.,

,.,,t'.".',¡',

b) Cold treatment:- (l5oC day/ì0o night)

' coìd ternperature treatment had a drastic effect on the
I4-_ .:.:.:...' 'c0e fixation capacity of isoìated ch]oropìasts from ,',,,,r.,,.,.

secondary leaves of maize. As can be seen from Figure 29a, 
,

the rate of c0, fixation was extremeìy ìow. The highest

fixation rate was obtained at zOoc instead of 40oc with



a value of only I um C0zlmg protein/hr as compared v,,ith

well over l0 um COrlmg protein/hr usuaììy observed at

this temperature for plants grown under normar temperature

treatment. These resul ts agree wi th those of l,li I I i ams

(1974').

4" Supernatant from Secondary Leaves

a) Normal temperature treatment:- (ZSoC day/ZOoC night)

The effect of temperature on 14C0, incorporation

into supernatant of secondary maize reaves was summarized

in Figure 28b. It was more or less the sarne as that found

with isolated ch]oroplasts of the same preparation, with

the optimal temperature at 40oC, and was also similar to
the supernatant fraction from primary leaves of maize"

b) Coìd temperature treatnrent:- (tSoC day/1OoC night)

Cold temperature pretreatment did not seem to have

al tered the pattern of response to temperature by

secondary maize leaf supernatant. As can be seen from

Figure 29b, the optinral temperature was still at 40oc, which

was the same found in plants grown under normal temperature.

56
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V. STUDIES OF PHqSPHOENOLPYRUVATE AND RIBULOSE DIPHOSPHATE

CARBOXYLASE9 IN THE CHL0ROpLAST ANp supEnru[rRrur OF MArZE

LEAVES

As reported previously in Section IV, the ch]oroplast

and supernatant fractions from primary and secondary leaves of

maize were not able to fix c0, without the addition of pEp.

However, their c0, fixation capacity in response to different con-

centrations of PEP, Hc03- and Mg+z were different from each other.

It has been reported by Ting and Osmond (.l973a)that muìtiple forms

of PEP carboxylase are present in maize. It is the purpose of this

section to report on the properties of PEP carboxylase isolated from

each cell fraction and to determine whether the differences in their
c0, fixation capacity are direct'ly related to the properties of this

enzyme 
"

In experiments investigating the effect of temperature on

PEP carboxylase the activity of RuDp carboxyl'ase'was arso

assayed to determine whether this key carboxyìase in the bundle

sheath chloroplasts (Hatch and Kagawa, ì973) was also affected in

the same way as PEP carboxylase in mesophyll cells.

Enz¡rme preparations and assay systems were the same as

described in Methods and Materials except where stated otherwise.

In studying chloropìastic enzymes most investigators ruptured the

chloropìasts either by sonication or mechanical force

(Pan, 1974). It has been noticed that too nruch physicaì agitation

will lower the activity of PEP carboxylase from the chìorbpìast



preparation so a modÍfied method of Bahr and Jensen (.l974) was

employed to prepare ruptured chloroplasts in hypotonic medium.

In both chìoroplast and supernatant fractions of either
primary or secondary leaves the progress curves of the pEp ..,,,,,i,

carboxyìase reaction showed a linear relationship with time up

to about 6 minutes. In addition the acdivity was linear with

protein concentration up to 0.6 mg in chlorop]asts and 0.4 mg

in the supernatant.

RuDP carboxyìase activity was also I inear with time and ,'...

protein concentration up to 15 minutes and .|.0 
mg protei 

:

respective'ly in al I fractions

I

i

A. Determination of Appaient Km values for pEp, HCO3- and i4g+Z of
'|

Phosphoeng_l pyruvate Carboxyl ase 
I

l

Method of determining apparent Km values for reaction 
l

components of PEP carboxyìase lvas as desiribed in section IV.B.

l. Chloroplastic PEP Carboxylase from primary Leaver ,: ,t:

The apparent Km values for pEp, HC03- and I,1g+2 for i.;r,..,t..

PEP carboxylase in this fraction were carculated to be .l0.00,

0.43 and 4.00 nil respectively as shown in Figures 30 to 32.

Mg*z aonaentration of lOnrM had not yet attained the saturatiorì .;,.,i,.:,i,:

level for this enzyne. Moreover the initial veìocity exhibited 
':;:::':::':

a linear relationship with Mg+2 from 0 to r0mM. Bicarbonate

inhi bi ted enzynre acti vi ty above ì 0 nrM.
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2. Supernatant PEP Carboxy'lase from primary Leaves

The apparent K¡n values for pEp, HC03- and l4g+2 for
PEP carboxylase in this fraction v,,ere caìcurated to be 10.00,

0.44 and l.l4 mM respectiveìy as shown in Figures 33 - 35

inclusive. Again Mg+z at a concentration of rOmM faiìed to
attain the saturation point, and thë initial velocity of the

enzyme exhibited a linear relationship with ttg+z concentra-

tion from 0 to l0 mM.

3" Chloropìastic PEP Carboxylase from Secondary

Leaves

The apparent Km values for pEp, HC03- and Mg+z for
PEP carboxylase of this fraction were calculated to be
.l.40,0.27 

and 5.71 mM respectiveìy as shown in Figures 36

to 38 inclusive. Differing from primary Ieaf pEp carboxyìases

Mg+z at a concentration ca. 3 mJ,4 was inhibitory. There was

no inhibition by HC0r- above l0 mM as observed in primary

leaf chloropìast enzyme.

4. Supernatant PEP Carboxyìase from Secondary :

Leaves

The apparent Knr values for the two substrates and cofactor ;: :.:.

for PEP carboxyìase were calculated to be 3.85 nr!,l for pEpr- ¡.'t'''"t"'

.|.33 
mM for bicarbonate and 0.21 nü for magnesiunr ion as

shown in Figures 39 to 4l inclusive. Above ca.3nrM Mg+2

inhibited the reaction.
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B. Effect of T rature on the Activities of phos nol pyruvate

and Rlbulose D-iphosphat.e carboxylase in Maize Leaves

It has been shown that the rate of c0, fixation by iso'lated

chloropìasts and the supernatant from both primary and secondary

leaves of maize is affected by incubatÍon temperature. In

addition, a drop in growth temperature of maize pìant caused

almost complete Ínhibition of the c0, fixation capacity of

isolated chìoropìasts from secondary maize reaves, but not

chloroplasts from primary maize leaves. In'this section the

effect of both assay and growth temperature. on pEp carboxy'lase

and RUDP carboxylase in maize leaves is reported. The enzyme

preparations and assay systems were the same as described

in Methods and Materials.

l. chìoropìastic PEP and RuDp carboxylases from primary

Leaves

a) Normal temperature treatment:- (ZSoC day/Z}oC night)

In pìants grown under normal temperature conditions

PEP carboxylase from isoìated chlorop'lasts showed increased

activity with an increase in temperature attaining

a maxinrum between 30 and 3soc. RuDp carboxylase activity
increased with increasing incubation temperature fronr

ì50 to 45oC. However, the specific activity of the

latter enzyme was nuch ìower than that of the ptp

carboxyìase (Figure 42a).
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b) Cold treatmént:, 1t SoC day/100C nigtrt)

In plants grown under ìow temperature condition

the activity of PEP carboxylase isolated from the same cell
fraction decreased in specific activity to about half

of the value of the enzyme from plants grown under

normal temperature condition. There was also a shift
in optimum temperature from between 30 and 35oC to 25oC.

However the response of RuDP carboxy'lase activity to

incubation temperature remained the same as that grown

under normal temperature, though again there was a

decrease in specific activity (Figi¡re 43a).

2. Supernatant PEP and RuDP Carboxylases from primary

Leaves

a) Normal temperature treatment: (ZSoC day/Z}oC night)

Figure 42b summarizes the results of the carboxylases

response to incubation temperature. pEp carboxyìase activity
was considerabìy higher than that in the chlorop'last

fraction and it attained a maximum rate at 35oc whereas

RuDP carboxylase activity continued to rise from l50 to

45oC. However, the supernatant fraction was very 'low

in RuDP carboxylase activity in comparison with that of

PEP carboxyìase, and it was of the sanre order of magnitude
' 

as that fronr the chloropìast fraction (Fig.4Za).
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b) Cold treatment:- (t50C dayTlOoC nigtrt)

Figure 43b shows that neither the activity of pEp

carboxylase nor that of RuDp carboxylase from the

supernatant fraction was affected by cold treatment

during growth. PEP carboxyìase stirr reached a maximum in

activity between 35o to 40oC while the activity of

RuDP carboxyìase likewise Íncreased from l50 to 45oC.

However the specific activity was less than half the

value of the enzyme from plants grown under normaì

temperature condi tion .

3. chloroplastic PEP and RuDp carboxyìases from Secondary

Leaves

a) Normal temperature treatment:- (zsoc day/ zÌoc night)

Figure 44a shows the incubation temperature response

curve of the two carboxylases from isolated ch]oroplasts

from secondary leaves grovun under norma'l temperature. The

response was essentiaìly the same as that found in primary

leaf chloroplasts (Fig. 4za), The optimum temperature

for PEP carboxyìase bras 35oc. RuDp carboxyìase activity
again continued to increase with the increase of

incubation temperature from l50 to 4SoC.



b) Cotd treatment:- (i5oC day/lOoC ntght)

Figure 45a shows that cold treatment during the

growth of plants markedly influenced the pEp carboxylase

activity from secondary leaf chloroplasts. There was

an almost complete inhibition of this enzyme from

150 to 40oC. Some activity of the enzyme was observed

at 45oC. However, within the same ch.loroplast fraction

RuDP carboxyiase showed the same temperature - activity
relationship as that in chloroplasts of primary leaves

grown at normal and subnorma'l temperatures (Figs. 42a,

43a).

The absence of PEP carboxylase activity in secondary

leaf chloropìasts from plants grown at subnormal

temperatures may explain the failure to fix C0, by

isolated chloroplasts of similarìy grown plants (Fíg. Z9a).

4. Supernatant PEP and RuDP Carboxylases from Secondary 
:

. LeaVeS _,,,:,,,:,,'
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a) Normal temperature treatment:- (eSoC dayl2OoC night)

Figure 44b shows that the response of the carboxylases

to incubation temperature was essentially similar to that

observed in the supernatant fraction of primary leaves.

b) Cold treatment:- (lSoC day/lOoC nigtrt)

Figure 45b shows that the response of the two



carboxylases to incubation temperature was again

essentially similar to that observed in all other

supernatant fractÍons.

::::::;.: :

From these results it is obvious that coìd temperature

treatmentdur.inggrowthdidnotaffecttheactivityof

RuDP carboxyìase. It is interesting to note that the enzyme acti- 
;,,,:.,:,,,:r,,,,,

vity continued to increase above 40oC. Cold temperature :":;1;;'.i'' |'

treatment during growth did not influence the activity of the 
¡i.i,,.,...,

cytoplasmic PEP carboxylases from both prinùary and secondary

leaves.Butontheotherhand,chloroplas.tsisolatedfromsecond-

ary leaves grown at subnormal temperatures showed no pEp l

carboxylase activity except at 45oc in the assay system. However, :

the activity of PEP carboxyìase in chìoropìasts from primary 
l

leaves grown under the same condition was only sìightìy affected 
i

in comparison with that from chìoropìasts in primary leaves 
i

grourn at normal temperature.

- : ,:,a ,,tt : 
_-

i,

. -t..:.r.--::- 
t ;
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vI. EVALUATIoN. 0F THE 'LACERATION TECHNIQUE,

Due to the fibrous nature of maize leaf tissue it is difficult
to discrupt the tissue without damaging the chloropìasts. Most

studies with isolated chloropìasts were based on methods of blending

or grinding (woo et_ al., ì970; Bishop et al., 1972; Andersen et al.,
1972; Bazzaz and Govindjee, .l973). 

The ,laceration technique, was first
developed by Mache and l,Jaygood (1969), and later on modif ied by

l,laygood et a!. (.1971). It is obvious that each method has its own

advantages and limitations. It is the purpose bf this section

to report on some comparative studies of the conunonly.emp'loyed

methods of isolation with particular reference to the 'laceration

technique'and to evaluate the validity of this technique and its
appìication to maize ìeaves.

ical InteqritA" Physical Integrity of Isolated chloropìasts as 0bserved with

Light Microscopg

Three isolation methods were compared, nameìy (a) rlaceration

techniQUê', (b) gentle grinding in a chilled mortar, and (c) ¡lending

with waring bìender. The method of isolation and chloroplast count

were as described in Methods and Materials. Chloroplasts were isolated

from 3 g of leaves in 15 ml of solution H and resuspended in 2 nrl of
Soìution A. In cases where the nedia lvere heavi'ly laden with broken

chloroplast fragments and starch granules the chloroplast :ìuspension

was diluted again with soìution A in a l:l ratio before counting.
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The amount of foaming observed during the process of isolation and the

amount of chìoroplast fragments in suspensíon media.observed under

the microscope are indicated with the ,,+r' sign (Table XIV). Intact
chloroplasts were those observed with complete unbroken membrane.

Broken chloroplasts referred to those pìastids with broken membrane but

retaining at least three quarters of the chìoropìast body. Fragments

usuaìly appeared in the form of broken membranes, starch granuìes

and other particles of smaller sizes. Table xIV summarizes the

results of this comparative studies. It can be seen that the
rlaceration technique' gives the highest percentage of intact
chìoroplasts recovered, and the teast amount of broken fragments and

there was no foaming during isolation of the pìastids from both

primary and secondary leaves. Grinding and blending were lower by

5 to l0% as far as the percentage of intact chloropìasts were

concerned" The method of grinding broke many of the chloropìasts and

released numerous starch granuìes and broken fragnents into the

media. Blending was a much gentler technique, but it produced a

lot of foaming which renders it undesirabìe for enzyme studies.

It can also be seen that with all the advantages afforded by the

'laceratìon technique' it gives the lowest yieìd of chloropìast

number per gram of leaf tissue"

Table XV shows the distribution of intact chloropìasts between

nesophy'll and bundle sheath chloroplasts. The latter were identified
by thei¡.positi.ve reaction'with I-KI. It can be seen that the

chloroplast pellet obtained with the ,ìaceration technique, is

predorninantìy nresophyì I . Bunclle sheath ch'loropìasts only account



67

for ï0 to'12% of the tota'l number of chloroplasts. However, among

the broken chloroplasts, between one-third to tr,ro-thirds of the

plastids were bundle sheath in origin" So the 'laceration technique,

should not be recommended for bundre sheath chloroplasis.

B. Recovery of Phosphoenolpyruvate and Ribulose Diphosphate car

by Different Techniques

It has been found by Kanai and Edwards (tg73b) that sequential

release of mesophytl protopTasts and bundle sheath cel'l contents by

respective enzymatic maceration and grinding would give a higher

total recovery of PEP and RuDp carboxylase activities as compared

with the values obtained from whole leaf preparation. Accordingly,

an experiment was undertaken with the view of comparing pEp and

RuDP carboxylases recovery by different methods, namely (a) grinding

with acid washed sand, (b) blending with waring btender and

(c) 'laceration technique' plus grinding. Enzyme preparations were

made from 5 g of leaf tissue and 15 mt of buffer each. Blending was

carried out for 5 minutes at ful'l speed in the waring blender and at

ï5 second pulses. Grinding was carrîed out with acid washed

sand to ensure breakage of the fibrous bundle sheath tissue. The

leaf tissue after Iaceration was further ground genily in a chilled
mortar to release the contents of bundle sheath ceÏls. The

chïoroplast and supernatant fractions obtained by the laceration

technique was designated cht,. and supt, respectively, while those

obtained from subsequent gent'le grinding were designated as chlu
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and Suptu respectively. From Table xvl the total units of pEp

and RuDP carboxyìases recovered by grinding were 442 and l58 units

respective'ly (l unit being ì pm cOrlmg protein/hr) for primary

leaves and 479 and .l74 units respectiveìy for secondary leaves. ,,,.

As compared with grinding, blending appeared to be more

efficient in PEP carboxylase recovery with 6zs and 596 units

for primary and secondary leaves respectively. But it only ,,,,
recovered 148 units for RuDP carboxylase for primary leaves and ,

159 units for secondary leaves. The'laceration technique' 
',1,,,,

recovered a total Irl46 units of pEp carboxylase and l9g units
l

of RuDP carboxyìase from primary leaves, and 928 units of , ,

PEPcarboxylaseandl63unitsofRuDPcarboxylaseforsecondary

leaves. The figure for RuDP carboxylase was comparabìe with that of ì

iKanai and Edwards (1973b)while that of pEp carboxy'lase was higher 
,,

than that 'reported by these workers, 
,
j

The PEP carboxy'lase: RuDP carboxyìase ratio was also calculated 
:

for each technique and for each ìeaf type. It can be seen that
i, :,:.'the 'l'aceration technique' is the best for PEP carboxylase activity 
, 

,

recovery for both ìeaf types. |.",,.'.

C. Comparison of Cgrög|ton Capci.ty of Sec

Isolate9 by Different lechnique!

It has been shown in the previous section that rlaceration

techniquercoupled with grinding produced the best results as far as

enzynìe recovery is concerned. It was thought that chlorop'làsts obtained
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by different techniques may demonstrate differences in C0, fixation
capacity. Accordinglyran experiment was undertaken to compare the

c0, fixation capacity of chìoropìasts isolated by the 'laceration
technique' and grinding. Table xvII shows that the chlorop'lasts

isolated by both techniques demonstrated a slight increase in c0,

fixation with increase of temperature from 20o to 40oc in the

absence of substrate. However, at 4mM pEp, ch'loroplasts isolated

by laceration technique showed a steady increase in this capacity

from 20o to 40oc, which was also observed previously (Fig. z8a)

where 40oc was the optimum temperature for c0, fixation by

chloropìasts isolated by this method. But, the ch'loropìasts

isolated by grinding showed a higher rate of fixation at 2ooc in
l

comparison with the chloroplasts isolated by the rlaceratior 
.

technique..Themaximumratewasattainedat30oCandtherate
Iat 40oc dropped to half of the maximum value. chloropìast

preparation from both techniques demonstrated enhanced C0, fixation l

inthepresenceofRuDP(4mM)andbothattainedthehighestrate

at40oC.Thech1oropìastsobtainedby,]acerationtechnique,

r;.,,'. r,r.,1r¡=¡,¡,,,showed a steeper increase between 30 to 40oc. However, in the presence 
,,,,,,,,,,,,,, ,,,..of both PEP and RuDP, onìy chloropìasts isoìated by the 'laceration 1,,,,, .,.¡,.:..,1',

technique' dernonstrated the synergistic e.ffect of the two compounds

on c0, fixation. The chìorop'lasts isorated by grinding did not

demonstrate such a phenontenon. ,,,-,, :-'1.- 'ji
i ::.t:.,:; ::.;:. :: l.'
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D. Separation of Bundìe sheath and Mesophyll chloroprasts by

Differential Centrifugation

Arya and Waygood (unpubìished) developed the techníque of

separation of bundle sheath and mesophyll ch'loroplasts on the

basis of weight difference between the starch loaded bundle sheath

chloroplasts and the lighter mesophyìl chloroplasts. The chloroplast

suspension after laceration was filtered through 2 'layers of Kìeenex

tissue and then centrifuged successively for l0 seconds at 750 g,

20 seconds at ì,000 g and 50 seconds at 2,000 g. Table XVIII

summarizes the results for biochemical differnces among these

pellets which may be used as an indication for the degree of

separation.

It was observed that the 750 g peìtet containing the

heaviest chloroplasts,was highest in RuDP carboxylase activity,
whiìe the 2,000 g pellet, containing the ìightest chloroplasts,

was highest in PEP carboxylase activity. This indicates that

the 750 g pellet was enriched by bundle sheath chìoropìasts whereas

the 2'000 g pellet by nresophyl'l chloropìasts. The capacity for

c0, fixation in the absence or presence of either pEp or RuDp

was highest in the 1,000 g pellet presumnrab'ly enriched by both

types of chìoroplasts.
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The 14c0, fi*ution experiments with primary and secondary leaf
discs in Sections I and II were designed to answer the question whether

malate in maize leaves serves as a means of storage of C0, as suggested

by OtNeal et gl.(1972) or as a necessary carrier of c0, as suggested

by others (slack et al., 1969; Farineau, rgTl; Samejima and l4iyachi;

l97l) and whether primary leaves and secondary leaves of maize dÍffer
in their photosynthetic carbon metabolism. If malate were mereìy a

C0, storage agent and the Calvin cyc'le were the dominant photosynthe-

tic carbon pathway it would be expected that in kìnetic experiments

the percentage of radioactivity recovered from malate would increase

while that from 3PGA would remain relativeìy low having a rapid

turnover. In pu'lse-chase experiments, other photosynthetic inter-
mediates would gain radiocarbon at the expense of 3PGA, but not malate

or aspartate. 0n the other hand, if malate were a necessarv c0,

carrier, then it would be expected that in kinetic experiments the

levels of radioactivity of both maìate and 3pGA would remain. low

being immediateìy metabolised. And in pu'lse-chase experiments, 3pGA

and other photosynthetic intermediates would gain radioactivity with

a concomitant decrease of radiocarbon in nralate.

Fronr the results, it can be seen that in kinetic experiments of
primary leaf discs, the percentage of radiocarbon in malate renrained

relatively high for the 20 minutes duration of feeding tirne while

that of 3PGA decreased with tinre indicating a sìow nretabolism of malate



72

and a rapid turnover of 3pGA. In pu]se-chase experiments with 
:ù

primary leaf tissue, at the end of the 15 second pulse, both malate

and 3PGA were heavily 'labeìled, then both decreased in radiocarbon

during the chase period with 3pGA exhibitinga more rapid loss. This

pattern was consistent with other experiments (not reported in this
thesis) with 2 second puìse. Malate was heaviìy labelled at the

end of the l5 second pulse (arso at the end of 2 second puìse in
other experiments), and never appeared to gain radiocarbon at the

expense of 3PGA, indicating an independent g-carboxytation reaction.
If this interpretation is correct, then multiple'carboxy'lation

reactions do take pìace in these green tissues às suggested by

Zelitch (lg7l)" In prímary ìeaf experiments the lo* l4c content of
3PGA suggests a heavy demand for this compound and consequent'ly

rapid protein synthesis (Bassham, ìg7l). This was also observed in
tororfixation experiments with isolated chìoropìasts from primary

leaves. The concomitant rise in radiocarbon of sugar phosphates with
the fall of that in 3PGA irnpìies an actively operating calvin cycle

in vivo. Isocitrate lactone was significantìy labelled at the end of
the 15 second pulse period (aìso at the end of 2 second pulse in
other experiments). concomitant with its subsequent fall in radio-
activity was the rise of gìycine and serine in pu'lse-chase experiments.

This compound, isocitrate lactone, has not been reported prev.iousìy

as a product of photosynthesis in nraize. However, the results agree



with the work of Mahon et a! (1914) who reported that glycine and

serine in maize leaves were found to be more heavily labelled in
experiments conducted in 21% oxygen than those in l% oxygen, the

reverse was found true for alanine and 3pGA. It is possible that
low oxygen tension inhibits the incorporation of l4c into isocitrate
lactone, or that isocitrate lactone is a product of steady state

photosynthesis orrly. This may exp'lain why it was not reported by

investigators who conducted their experiments in controlled

atmosphere and dark and ìight transients (Latzko et al., l97l;
Farineau , 1971; Samejinra and Miyachi, ì971 ). The early appearance

of this compound (even at the end of 2 second pulse) suggests that

it could have acquired its radioactivity from a co-pooì as proposed

by Tan (1974). This compound then in turn passes on its radioactivity
to glycine and serine possibìy via gìyoxyìate and isocitrate ìyase.

Alanine was heaviìy ìabe'lled at the end of I minute fixation in

kinetic experiments. But in puìse-chase experiments it was not so

highly labelled at the end of the pulse period. Rather it gained

radioactivity at the expense of 3pGA, which might be its precursor.

Formation of aspartate presunrab'ly via oxaìoacetate was a slow process

in these experiments with primary leaves.

The labelling pattern of toro, fixation experinrents with

secondary tnaize leaf discs was somewhat different. The low level of
radiocarbon in both malate and 3PGA in kinetic experirnents indicates

a rapid turnover rate for both of these conrpounds. The increased

radiocarbon level in 3PGA presumabìy at ilre expense of nraìate, with

73
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the subsequent gain of radioactivity by sugar phosphates and sugars

at the expense of 3PGA indicatesthat maìate is perhaps a carrier of
cOz in these tissues. This carboxyl group is inturn passed onto RuDp

to form 3PGA for the Calvin cycle. This labelling pattern agrees with

what was reported by Johnson and Hatch (.l969). Differing from primary

teaf discs is the more rapid formation of aspartate in secondary leaf
tissues and its rapid turnover. as indicated in pulse-chase experiments,

suggesting rapid co acíd synthesis and their demand by the cell.
Isocitrate lactone bore a similar relationship with g]ycine and

serine as that observed with primary leaf tissues. The carbon flow

into sugar from sugar phosphates also followed that of the calvin

cyc'le pattern.

It can thus be concluded that in young developing maize primary

leaves, - '':':. co acids may not be the sole nor the dominant route of
entry of carbon into cellular metabolism, but rather, they act as an ac-

cessol'îy rroute to the Calvin cyele which is the dominant pliotosynthetic

pathway. However, this acid is the necessary c0, carrier in mature

fuììy differentiated secondary leaf tissues. The labelling pattern

as seen in secondary ìeaves does not precìude the possibility that

COt can enter bundle sheath cells directìy via the Calvin cycle without
going through the process of g-carboxylation. However, it,probably
proceeds at a very slow rate! because of the difficulty to gain access

into the deep ìying bundìe sheath tissues in nlature leaves. Supporting

evidence for this process is that isolated bundìe sheath strands in CO

pìants including rnaize have been shown to be able to fix c0, without
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the addition of substrates (Edwards and Black , lgll; Edwards et al.,
1970; chollet and 0gren, lg7z, .l973). In any case ß-carboxylation

is the dominant route for mature secondary ìeaf tissue as compared

to the Calvin cycìe in young primary leaves.

Electron microscopy (not reported in this thesis) showed that
the chloropìasts in primary leaf tissue were largely undiFferentiated,

while those from secondary leaf tissues were differentiated. There-

fore the data obtained in this section are not sufficient to provide

evidence as to whether the different role of co acids observed in
primary and secondary leaves is a result of development alone or that
of a basic difference in metabolism between primary and secondary

leaves as well. To further clarify this point it would be necessary

to undertake experiments with both ìeaf types and at various stages

of development of each. This study also showed that the choice of
plant material of comparable stages of development is essential for
CO Rìant research workers.

Experiments on 'oro, fixation by cellular fractions of primary

and secondary'leaves and their activities of PEP and RuDp carboxy'lases

were designed to answer the folìowing questions: (a) is there a basic

difference in carbon metabolism of the chloroplasts from primary and

secondary leaves of maize, (b) if there is, would this expìain the

difference observed with leaf tissues in sections I and II.
(c) woutd these differences be attrit¡uted to the'differences in the

key carboxylase --- phosphoenolpyruvate carboxyìase, and (d) does

the possibi.lity exist that the activity observed in chlbropìasts is
but contanrination by the cytoplasnric (supernatant) content? Since

¡.-..: .-)::.



it is diff icul t to discuss 
'oro1' fixation of chlorop'lasts without

referring to the enzynre activit¿ sections III, IV and v will be

discussed together.

The primary ìeaf chloropìasts isorated in experiments in ,1, ,,

Section III were not capable of fixing c0, wÍthout the addition of
substrate, with an exception on.one occasion. Even then, the rate 

j

was very low in comparison with what was reported by other investiga- 
:1i,,:,:,:,:.

tors (O'l{ea] et aT, 1972; chollet and Ogren, 1g7z), It is very ìÍkely ', 
,,

:-. ::.:-r.that the ch'loropìasts isolated from expanded primary 'leaves v,/ere '':.'::::

much more advanced in their differentiation than those from unrolìed
primary leaves (2 to 4 days after planting) empìoyed by these workers.

The significant experiment as shown in Fig.lì might have included in I

the preparation the odd chìoropìasts which were less differentiated 
i

This aìso impìies that the younger the primary leaf tissue the better 
l

the chance of isolating ch'lorop'lasts which can fix c0, without the

addition of substrate. In these cases the ,laceration technique'

cannot be enrployed since the laceration blades are designed for
expanded leaves which can lie flat in the gìass trough during isolation ''''..,'.

Isol ated chì oropì asts front secondary I eaves were ¡¡abì e to .,¡,1,.,'.,,',

fix 14c0, ut significant rates. However, this should not be surprising,
since the generation of the C0, acceptor, pEp, in nrature mesophylì

ceììs is dependent on the availabil ity of pyruvate, derived from nralate 
..,,,:.,,

and transported to the nresophyìl ceils by the bundle sheath cells
(sìack et al., 1969). It was aìso found that even isolated mesophyìl '

protopìasts fronr nrature secondary leaves were u¡abìe to fix c0,
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without the addition of pyruvate or phosphopyruvate (Edwards and

Black, l97l; Kanai and Edwards,l973a). The ability to fix c0, without

the addition of exogenous substrate may not therefore be an appropriate

criterion for photosynthetic activity for co mesophyll chìoropìasts.

In its place,the capacity of tight dependent conversion of pyruvate

into PEP can be used. so the fairure of endogenorc 14c0, fixation
by secondary leaf chloroplasts does not necessarily impìy that they

vrere photosynthetically inactive. Again there is always the possibility
that from very young unrolled secondary ìeaves of maize, one could

isolate young undifferentiated chroroplasts whiih can fix c0,

endogenous 1y.

Isoìated chìoroplasts from primary and secondary 'leaves of
maize were found to possess the capacity for 'oro, fixation in the

presence of ÞEp, which is in agreement with the reports of Baldry et al.

(ì969) for sugar cane and l^laygood et al. (197.l ) tor maize. It was also

found that isolated chloroplasts from primary and secondary 'leaves of
maize could fix c0, at comparable rates on a per milligram

protein basis. In addition, it has been the authsr,s experience that

supernatant fractions aìways fixed 'oro', at rates at ìeast three fold
higher than that of the chloroplast fractions.

Tabìe XIX sumnlarizes the apparent lftl values of pEp, HC03-

and Mg+z for the COz fixation capacity and PEP ca.rboxy'lase activities
of the chloropìast and cytoprasnr (supernatant) fractions of prinrary

and secondary leaves of nraize. The Kn values reported for the

substrates are considerabìy higher than those reported in the



78

literature (!'laygood et al., ì969; l,lalker, 19s7; Ting and 0smond, ì973a;

1973b), but these should be evaluated in the view of the preparations

used, which rnay have contained membranes and substrates which directìy
or indirectìy inhibited the reaction pathways. There was no attempt

made to remove any potential inhibitory effectors. Nevertheìess, there

was a degree of correlation between the c0, fixation capacity and

PEP carboxy'lase activity to suggest that the carboxyìase participated

in a reguìatory role for c0, fixation and this is supported by

experiments to be discussed later.

It is important to note that the primary ìeaf pEp carboxylase

under these experinrenta'l conditions had a much lower affinity for its
substrate, PEP,than the secondary ìeaf enzyme. This may be partly
responsible for the predominance of the calvin cycle in primary

leaves in comparison to the predominance of the CO-dicarboxyìic acid

cycìe in secondary ìeaves. There were also other differences which

were not evident in the apparent Krrr values. For example there was

a linear relationship between l,lg+2 concentration and initial veìocity
of PEP carboxyìase up to r0 nrl4 l,'lg+2 in both the chloroplast and

supernatant enzynre fractions of prinrary leaves and a v*u* couìd not

be calculated- 0n the other hand ilre curves for the secondary ìeaf
enzymes showed u Vn,ux from ì to 4 nrl,l Mg+Z above which concentration it
was inhibitory.

Fronr alì of these results the author suggests that, under these

experiritental conditions, the basic metabol is¡n of prinrary and secondary

leaves are different in the predonrinance of one or the other of the
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two generally held pathways of photosynthetic carbon metabolism. The

difference between the primary and secondary leaf pEp carboxyìases

may aìso point to the probabiìity of multip]e forms (isoenzymes) of
this enzyme in the developmental phases of leaf tissue (Ting and

0smond, 1973a, 1973b). The respective apparent Km values do not

allow us to draw any conclusive.evidence that'the chìoroplast and

cytoplasmic PEP carboxylases are different either within or

between the primary and secondary leaves, but other evidence focuses

on this point as follows

In later experiments, the response to temperature of pEp

carboxyìase and also RuDp carboxyìôSê ¡4¿5 folìowed in relation to
normal (zoo-zsoc) and subnormal ('lso-zooc) temperature treatment

during growth, 4 to 5 days for primary leaves and 2 to 3 weeks

for secondary ìeaves depending on the temperature range . c}z
fixation experiments were aìways fortified with ptp, but not RuDp,

although both substrates were tested in the enzyme preparation.

The results from 8 celìurar fractions from each set of the p.lants

given in Figures 26 - zg and 42 - 45 are summarized in tabular
form below:

Primary<---- - -L EAVES--- - - ->lgcondary

C0, Fixation

PEP Carboxyìase

RUDP Carboxylase

t : Positive
- : Negative

tenrperature
tenrpena tu re

(Figs, 26-29, 42-45)
(figs. 29a, 45a)

res ponse
response

up to 40oc
ub to 4ooc
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The signifÍcant finding is the absence of c0, fixation and

PEP carboxylase in the chìoroplast fraction of secondary leaves

grown at subnormal temperature. Howeverrthere r,Jas some activity
of PEP carboxyìase, but not COo fixation at an assay temperature of¿

4soc.

The present investigation.shows that both the c0, fixation

, 
.apacity and the activities of PEP and RuDP carboxylases in maize grown

' ¿t normal temperatures acquired optimum activity from 30 to 40oC.

ì This is in agreement with the report of Treharne and Cooper (1969).

, Chilting temperatures have been shown to modify both the in vivo

I 
und in v-itro activity of photosynthetic enzymes such as NADp-malate

i 
Oehydrogenase and pyruvate Pi dikinase (Taytor et al., 1974) from

, taize and SorghuL. In this study the loss of COo fixation capacity-¿
by secondary ìeaf chloroplasts was probably a resuìt of the loss of
PEP carboxylase activity when pìants were subjected to subnormal

temperature condition. If this is the case, the results imp'ly that

PEP carboxylase in this fraction may be associated with chìoroplasts

and not merely a chance contamination from the supernatant, and aìso,

the enzyme must be participating in a regulatory roìe governing c0,

fixation. Supporting evidence for this concept includesthe report by

Phi I I i ps and I'lcl.li I I iam (.l97ì ) that at reduced temperatures (beì ow

t2oc), the PEP carboxyìase of maize showed a sudden increase in
activation energy¡ suggestive of a conformational change in a menrbrane-

bound enzyrne due to a phase change occurring in nrembrane lipids.
Moreover, Tayìor and craig (.l971 ) also observed extensive ultrastructural

1:-',:...:..',:.:.::

changes in chloropìasts of the co Rìant Sorghunr after subjecting it
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to subnormal temperatures for. three days. Although maize is not

as senSitive to chilling as Sorghum,it is not surprising that similar
changes would be observed when it has been subjected to 3 weeks of
subnormal temperatures. Treatment of maize ch]oroplast extracts

with rriton-x eliminated the sudden increase in activation energy

as reported by Phillips and Mcl,tilìiam (]97ì ), but resulted in a

, higher but constant activation energy over a wide temperature range.

This provided evidence for a ìoose association between pEp carboxy-

lase and a ìipid component of a membrane as was also suggested by

sl ack et a!. ( 1969 ) and Baì dry et al " ( 1969 ) . Mìrny phenomena

observed by workers in this field also support a loose association

of PEP carboxylase with chloroplasts. Stack et al. (.l969) obtained

occasional association of the enzyme with chloroplasts using

non-aqueous method of isolation although .other workers found its
association with the cytoplasmic fraction when using aqueous method

of isolation (Hatch and Kagawa, ì973; Lyttleton, lgTl ). l,Jashed

chloropìasts lost their abiìity to fix cOr, but when heated to 45oc

they regained their c0, fixation capacity (Arya and l,laygood, personal

communication). The present author has observed activity of pEp

carboxylase at 4Soc in chloropìasts from chill treated secondary ìeaves,

which were completeìy inactive below this temperature (Fig. 45a).

PEP carboxyìase activity was found to be totaìly ìost with one wash

after isolation (t-yttteton, l97l),which was also the experience of the

author in this investigation, and sonicated chloropìasts were

unable to fix c0, even in the presence of pEp. positive evidence

for a chìoropìastic PEP carboxyìase was obtained by pan and waygood
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(1971) which vras thermostable, had an optimum pH of 5.4, but stitt had

considerable activity at pH 7.0 in chloroplast preparations (pan, lgl4).
It is uncertain whether the enzyme observed in this study is the same

as the thermostable one. If these enzymes have a similar originrthen ,'' ,',

the heat activation phenomena in the author's experiments and those of
AryaandhlaygoodmaybeexplainedbyareaSSociationoftheenzyme

with a membrane from which it may have dissociated during the cold ,,;,,,,.,,

treatment or in washing the preparation. Further evidence for the :

i... , _.

Presence of more than one PEP carboxyìase isoenzymes in CO tissues has ;"','r'^"

been provided by Ting and 0smond (tszsa, lg73b) who observed that 
l

there were shoulders in the elution peaks of PEP carboxyìase purified 
l

with DEAE-cellulose. The isoenzymes from these shoulders were 
iremarkably constant in their kinetic parameters. 
)

Some investigators (Taylor et al. " 1974) have cast doubt on the ',

rregulatory role of PEp carboxyìase on photosynthetic rates because

of its high ìeveì even in chilling conditions (l to 3 days of chilling) 
.

as compared with other co pathway enzymes. However, the data in this
i-.-._._-.
.:'i- :'t'thesis indicates that this hígh rever of pEp carboxyrase can be 
,::,:,::

attributed to the cytoptasmic enzyme which may or may not be a regulatory '-,,:'

photosynthetic carboxyìase, and its activi.ty was not severely

affected by lowering the growth temperature as is the enzyme associated

with the chloroplasts from secondary leaves. Furthermore, I to 3 days , ., .,,..

ofchiìlingintheirexperimentsmightnothaveprovidedenoughtime

for the change in enzyme level to take place

82
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The kinetic data in this thesis neither supports nor precìucdes

the possibility of isoenzymes in the chloroplast and supernatant

fractions or that the chroroprast pEp carboxyìase is cytoprasmic in
origin. But chitl treatment experiments show that (at least for
secondary leaves ¡ if it is cytopìasmic in origin it may become

associated wíth chloroplast membranes under condition of p'lant growth

at 20 - 25oc or at temperatures above 40oc in chìoropìast enzyme

preparation from chilled leaves. under these circumstance, pEp

produced by pyruvate pi dikinase (a mesophyì'l chìoroplast enzyme)

would be available as substrate for pEp carboxylase in vivo.
It has also been observed (Brooking and Tayìor, .¡973; 

Hofstra and

Nelson, 1969) tf¡at low temperature treatment during plant growth slowed

down the release of photosyntheticaìly incorporated radiocarbon

from aspartate and malate into the c, cvcìe in Sorghury and maize

respectiveìy. In the ì ight of the present study another way to
interprete this phenomenon is that cytop'lasmic pEp carboxyìase is
stilì active and co acids are being produced even under chirìing
temepratures. However, further nretabolism of co acids through a
possible transcarboxyìation reaction necessitates their intimate
contact with nresophyìl chìoropìast membranes from which the cytoplasnric

malate and aspartate would not have ready access because of their
spatial separation.

Further evidence for differences between supernatant and

chloropìast 'C0, fixation in the presence of pEp is shown in the distri-
bution of l4c in products of c0, fixation. It was observed that the
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supernatant fractions had a considerable higher percentage of radio-
activity in sugar phosphates whereas the chloroplasts fractions were

more heavily labeìled in amino acids and sugars. The high percentage

, , of label in sugar phosphates in the supernatant fraction may reflect: 
the possibility that some of the bundle sheath chloroplasts were

broken during isolation and the enzymes therefore escaped into the
laceration medium (supernatant). The high activity of RuDp carboxylase-:

"i in the supernatant fraction as compared to the chìoropìast fraction

,., suPPorts this "

A high percentage of labelling was located in the 3c (three
' carbon) compounds namery, grycerardehyde, dihydroxy acetone and
r

, glycerate. The chlorop'last fractions, which were predominantly
ii mesophylìic (see Section vI) were heavity labelìed in aìl 3c compounds,
I

i whereas in the supernatant, on'ly glycerate was heavily ìabelled, but
ìI the other two were not. It Ís weÏì known that glycerate kinase,
I NADP gìyceraìdehyde dehydrogenase and triose phosphate isomerase

are located in both bundle sheath and mesophyìl cells (Slack et al.,
..' 1969; Hatch and Kagawa, .1973). 

These enzymes lead to the format.ion of

', 3PGA' dihydroxyacetone phosphate and glyceraìdehyde phosphate. However
:r_' in these experintents, the phosphorylated forms of the 3C conrpounds

t{ere not found probabty due to phosphatase activity. If this inter-
l

pretation is correct and the 3C compounds were phosphorylated
t' reaction products, they could have arisen from a transcarboxyìation

reaction first postuìated by Hatch and Slack ('l966). A positive
evidence for a transcarboxylation reaction in nraize extract was
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obtained by Pan (1914) who obtained maìate and 3pGA when the co phos-

phorylated product of his thermostable acid PEP carboxyìase reaction
reacted with a 5c (five carbon) phosphoryìated sugar.

Further evidence in support of some type of transcarboxylation

reaction in co plants has been provided by tlhelan et g-l.(.l972) while
studying the enzymatic fractionation of carbon isotopes by pEp and

RuDP carboxylases. They argue that if the route of carbon in c'4
plants is COr--fEl---t maìate -iï--- COz --BgqP--, peR rhen RuDp

*3
carboxyìase would be the step in this sequence which determinesthe

isotopic composition of the intermediates. The ol3 values for the

carbon intermediates of co Rìants would then resemble that of c,
plants which they do not. They also argue that onìy if aìl of the

cOz fixed into malate is transferred (or decarboxylated to c0, and

refixed) to nuoP carboxyìase would the ol3 c content of the carbon

intermediates be determined at the pEp carboxyìase step. All the

evidence indicates that these two enzymesrespective'ly determine the

isotopic composition of Ct and CO Rìants. The enzymatic mechanism which

could satisfy the isotopíc discrimination data wouìd therefore be

a transcarboxylation in co p'lants. Finaìly, Kortschak (197ì) found

that in mesophyì1 chloroplasts of sugarcane leaves,fructose was

labeìled more rapidly fronr 3-l4c lub"lled aspartate and maìate than

from those labelìed in the ß-carboxyì. This is further evidence

supporting a transcarboxyìation reaction.

As previously mentioned, ma]ate was not found as a product

of cOt fixation in these cellular fractions at a concentration of
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3.2 mM PEP whereas it was the principar product at a concentration

of 16 mM PEP (Arya and !,laygood, t97ì ), and this has also been the
author's experience. The absence of maìate may be due to a very rapid
decarboxylation in which the 14c0, would either enter the c0, pooì

or be transfemed direcily to RuDp forming 3pGA by the very low

amount of RuDP carboxylase found in the chloropìast fraction. It ís
doubtful, however, that malate could have been formed and decarboxyla-

ted. In experiments not reported in this thesis, secondary leaf
chloroplasts were fed with u-l4c-matate (s.a. 20 vci/4nM), and it was

found that there was no decarboxyìation of maìate and over 90% of
radioactivity was recovered in malate after column and thin layer
chromatography of the chìoroplast extract, radioactivity was not

recovered in any other compound.

There are two other possibìe ways to interprete the absence of
malate as a product of the ß-carboxyìation reaction at a concentration
of 3.2 mM PEP and its presence at l6 mM pEp. phosphoenoìpyruvate

couìd play a reguìatory role in the process of transfer of carbon

obtained by ß-carboxyìation from mesophyìì celì to bundle sheath celìs.
For example, at high ìeveìs of pEp, the transfer of carbon may be

predominantìy by the decarboxyration of marate, an hypothesis which is
favoured by most investigators (Huber et al., .l973). perhaps at low

leveì of PEP a transcarboxylation reaction is the preferred pathway.

Another expìanation could be that at l6 nrM pEp ß_carboxylation resulted
in a large pooì of oxaloacetate or the initial co product and a

transcarboxyìation reaction nray not be efficient enough to depìete

the pool before it was converted into nralate.
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PEP carboxylase adtívity ín chlor:oplasts from primary

leaves was not influenced by low temperature treatment to the extent

of that in chloropìasts from secondary leaves. The primary leaves

were harvêsted 4 to 5 days after being transferred into a ìow tempera-

ture growth chamber, and there may not have been sufficient time for the

chilting effect to produce any significant influence on the pEp

carboxylase of the chloropìast enzyme of these leaves. The secondary

leaves were processed in the ìaboratory after two to three weeks

exposure to chiìling temperature. There is also a possibility that
the properties of the chloroplast PEP carboxylase from primary leaves

were tota'lly different from that of the secondary leaf, for example,

the linear relationship between Mg+z and the initial velocity of

PEP carboxyìase as mentioned (Section V).

ß-carboxylation appearsto be very active in primary leaf cell
fractions when fortified with 3.2 mM pEp. The carbon flow data for
these leaves indicate the predominance of the Calvin cycle (Section I).
This may be due to a lower level of pyruvate pi dikinase in the

relative'ly undifferentiated mesophyll chloroplasts, or if pyruvate

arises from 3PGA,and 3PGA is drawn into extensive amino acid synthesis,

(e.g.alanine, Fig.5) then there would be a scarcity of pEp for

ß-carboxylation. Aìso the data indicate that pEp carboxylase in

primary leaf fractions has a relativeìy ìower affinity for pEp and

higher requirement for Mg+2 than that in secondary ìeaves in which

the carbon flow data indicate predonrinance of the Hatch and slack

cycle (Section II). It nrust be renrenrbered that wíth the,laceration
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technique' the chìoroplast pellet was predominantly mesophy'lt Ín origin.
Though the co enzymes appear very active lve are not able to assess

their activity relative to those of the Calvin cycle in the bundle sheath

chl oropl as ts .

To summarize: the study in sections III, IV and v has produced

evidence that the C0, fixation capacity of secondary leaf chloroplasts

is not due to contamination by cytoplasm, and is regulated by a

chloroplastic PEP carboxyìase since it cannot be demonstrated in
chloropìasts from secondary leaves grown at subnormal temperatures

ì

(ì0 - lsoc) unless the assay medium is herd at a temperature of 4soc.

If the CO PrimarY product of ß-carboxylation undergoes a transcarboxy-

lation rather than the formation of maìate and its subsequent decarboxy-

lation in the bundle sheath celìs,then the transfer of photosyntheticaììy

incorporated carbon from mesophyll to bundìe sheath cells would more

likely be in the form of dihydroxy acetone phosphate or a reìated

compound

The fact that pyruvate pi dikinase is located in mesophyìl

chìoroplasts (Sìack et al. 1969); the biochemical enzymatic evidence

for a transcarboxylation reaction produced by pan (1974); the evidence

produced in this investigation of the presence of a chloropìastic

PEP carboxy'lase, and the formation of 3pGA, dihydroxyacetone phosphate,

gìycera'ldehyde phosphate in mesophyìì chloropìasts; the absence of
ntalate as a product of c0, fixation by chloropìasts at 3.2 mM pEp;

the failure.of the chìoroplast system to decarboxyìate malate nrake

it very tempting to suggest that the role of the nresophyll chìoroplasts
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in maize plant ís (a) to produce the c0, acceptor, pEp, (b) to mediate

the ß-carboxyìation of c0, resurting in the production of a co initial
product, and (c) to allow this product to undergo a transcarboxy'lation

reaction to form 3c photosynthetic intermediates which are then

transported to the bundle sheath chloroplasts. If this is the case,

then the CO mechanism of maize under certain experimental conditions
may not be that of a c0, pump as suggested by stack et al.(1969),
but that of a c0, trap as suggested by Laetsch (.1974) with the

exception that c0, is not decarboxyrated in the mesophyil chtorpìasts
but transcarboxyìated in the mesophyil chroroprasts (see Literature
Review). ;

The last section of this thesis (section vI) concerns the

evaluation of the 'laceration technique, in comparison to other
techniques of isolating chloroplasts.

The results in this section reveal that the rlaceration

technique' is the most efficient method in obtaining physical]y intact
mesophylì chloroplasts, but not bundle sheath chìoroplasts. l4oreoven

the isolation ntedium did not foam and the suspension medium was alnost
free from broken chloroprasts fragments. It is suspected that the

foaming produced by bìending impìies certain oxidation reaction
which might be undesirable for enzyme studies. Broken fragments and

starch granules indicate the breakage of chloroplasts and organelìes.

Accordingly, under these conditions there would be many compounds

released from the organelles, which othérwise would not have come into
contact with chloropìasts. The effect of such fragments on the
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biochemical behaviour of chloroplasts or cytopìasmic fractions have

yet to be studied.

The chloropìasts isorated by the 'laceration technique, and

those by grinding were affected differentìy by temperature with respect
to their c0, fixation capacity. chloropìasts isolated by the

'laceration technique' attained the highest rate of c0, fixation at
40oc and exhibited a synergistic effect of pEp and RuDp on this process.

But chloroplasts isorated by the method of grinding attained highest
fixation rates of c0, at 30oc and did not exhibit a synergistic
effect in the presence of PEP and RuDP. This indicates differences
in the biochemical integrity of the two types of chlonopìast prepara-

tions. The synergistic effect of pEp and RuDp on the c0, fixation
capacity of the chroroprasts isoìated by the 'raceration technique,
could be taken as further evidence for a transcarboxyìation reaction.
If experiments were undertaken to determine the presence of a

transcarboxylation reaction, a procedure should be used which provides

minimaì agitation of the chìoropìasts as exempìified by the laceration
techni que .

. The data also revealed that the rlaceration techniquer is the
most efficient in recovery of pEp carboxylase activity as compared

with blending and grinding. The supernatant is considerably higher
in total RuDP carboxyìase activity from both primary and secondary

leaves as conrpared with chroroplasts. It is possible that RuDp

carboxyìase leached out of some of the bundle sheath chloroplasts
during the process of isoration, or that the RuDp carboxyìase is
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loosely bound to chloroptast membranes and is readily dissociated into
the suspension medÍum. Supporting this loose association of RuDp

carboxylase with the chìoropìast membrane is the report by Lyttleton
(1971) ttrat washed chtoroplasts lost both pEp and RuDp carboxylase

activities in maize. 0r as proposed by David and Merrett (r975) that
some of the RuDP carboxylase subunits are synthesized in the cytoplasm

and are assembìed at the chloroplasts, the activities of RuDp carboxy-

lase observed in the cytoplasmic fraction could be attributed to
these preassembled subunits which couìd somehow show a certain amount

of enzyme activity

The major limitation of the ,laceration techníque, is the

inability for compìete separation of the two kinds of chìoropìasts"

This, perhaps, is encountered in both grinding and blending and

possib'ly other techniques as well. However, partiaì separation of
bundle sheath and'mesophyìl chìoropìasts can be achieved by the

method of differential centrifugation developed by Arya and waygood

(unpublished). The results show that there u,as considerable differences
in enz¡rme activity of the carboxyrases between the 750 g and the 2,000 g

pellets. The best fixation rate for c0, fixation came from the

intermediate pelletr possibly enriched by both mesophyll and bundre

sheath chloroplasts. It is suggested that c0, fixation is optimized

when both types of chloropìasts are present. Isolated chloroplasts

by the 'laceration technique, were unable to fix c0, endogenously,

but would do so only in the presence of pEp or RuDp or both

together.
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It is concluded that the 'laceration technique, is suitable for
the study of mesophyll chloroplasts, but not bundle sheath chloropìasts,
of mature monocotyìedonous plants including maize and wheat

(Arya and l,Jaygood, .l973) 
and is more desirable than the conunonìy

employed methods of grinding and blending.



SUMMARY

0n the basis of the present study with reaf tissue, isorated
chloroplasts and cytopìasm of primary and secondary ìeaves of
Zea mays 1., the folìowing conclusions can be drawn.

l. There is a difference in the basic photosynthetic carbon

metabolism between prímary reaves of 6 to g day ord seedìings

and secondary leaves of 16 to lB day oìd seedlings of maize.

The calvin cycle is the predominant photosynthetic cycre

in the primary reaves whereas the co päthway predominates

in the secondary reaves. The enzyfne,. pEp carboxyrase, from

the two types of leaves also differs in certain properties.

The primary leaf enzymes never attained saturation at the

concentrations of magnesium ion tested (0 - r0 mM), whereas

the secondary leaf enzymes were saturated at the concentration

of ì to 4 mM. Enzymes from primary ]eaves also have a

higher apparent Kn value for PEP as compared with the values

obtained with secondary ìeaf enzymes"

2. The products of c0, fixation by the cellular fractions of
both leaf types indicate the possibility of a transcarboxy-

lation reaction subsequent to the formation of the initial
product of ß-carboxylation. The nrajor products of such a

transcarboxyìation reaction have been found to be the

three carbon conpounds, glycerate, clihydroxyacetone and

glycerabldehyde. The site of this reaction is n¡ost probabìy

located in the nresophyìl chìoropìasts for both prinrary

and secondary leaves
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3. The c0, fixation capacity of secondary leaf chloroplasts

in the presence of PEP is not an artifact due to contamination

by the cytoplasmic pEp carboxylase. Evidence shows that it
is mediated by a chloroplast-associated pEp carboxyìase which , .. , ,

can be inhibited by cold treatment during growth. This

property of cold sensitivity is not shared by the cytoplasmic

PEP carboxyì ase. The chl oropl asti c pEp carboxyl ase al so :,,,,,r: ,,, , ,

plays a role in regurating incorporatíon of c0, into "" 
'

isolated chloroplasts. 
L¡,1¡',,,,:,: ,, ,

4. The findings in the present investigat\on indirectìy point

out that the role of mesophyìì chloropìasts in mature 
,

secondary leaf tissue may include the following, 
,(a) to mediate the ß-carboxyìation of C0, resulting i, 
,

the production of a CO initial product , ',

:

(b) to allow this product to undergo a transcarboxyìation 
i

reaction to form 3c photosynthetic intermediates. 
:

5. The 'laceration technique' is recommended for isolation of
.., ,:.. .,,.,

mesophyì I chl oropl asts , but not bundl e sheath chì orop'lasts n ,'.',, . r, i,',

)n ;. 
' .,¡'.., 

',:.

and enzyme activities. The chloroplast preparation is
predominantìy mesophyìl in origin. The low amount of
bundle sheath chìoroplasts can be parti.aì ly eì iminated by 

,,,,.,,,,,:,,..:differential centrifugation. This technique excels other :

comnonìy enrpìoyed nrethods in naintaining in vivo physicaì

and biochernical integrity of the chìoropìasts. However, it
does not give as high a yièld of chloropìasts on a per gram 

,j,,,.,.,,,,,,,,,,,,,,,

fresh weight basis as contpared with the others. i,;'.',:;,' :: :'
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Table I. D i stri buti on

leaf discs.
were based on

expressed as

of radioaglivjty in extracts from maize primary
5 ¡rCi NaUl4CO, (59 uCi/mM) were fed. Calculations
the specific activity of NaHlOrOr. Results are

ug COe dn-Z.

l4co^ Fixation

Time (min.)

Fraction

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform

Total

Methanol -water
Residue + Chloroform
Tota l

Methanoì -water
Residue + Chlorofornr
Tota l

%

t0

O. Bì

0.05

0.86

I .69

0.ì5
'l .84

3.4.|

0.40

3. gl

7.32

1.23

8.55

14.62

3. t4

17 ,76

94, l9
s.8t

I 00.00

9t "85
8.l s

1 00.00

89.50

10. 50

I 00..00

Bs.6'l

14.39

I 00.00

82.32

17.68

I 00.00

20

uq C0^ dm-2
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Table II. Distribution of radioactivity Ín the various fractions of
the methanol-water sorubre fraction of the pìant extracts
from maize primary reaf discs as a function of time.
Results are expressed as dpm and percentage of total
radioactivity recovered from fractions,

l4co. Fixation_¿-
Time (mi n. )

I

Fracti on

0rganic acid
Ami nO-acid

Sugar

Total

0rganic acid
Ami no-ac id
Sugar

Total

0rganic acid
Ami no-ac i d

Sugar

Total

Organic acid
Amino-acid

Sugar

Total

Organic acid
Ami no-ac i d

Sugar

Tota I

gru

12,523

3,1 90

15,7.l3

26,499

6,656

33,1 55

49,777

1 5 ,469

7 ,377

72,622

gl ,3.l4

27,523

37,697

146,524

153,672

38,709
.l .l 

5,402

307 ,783

h

79.70

20.30

0.00

I 00.00

79.92

20.08

0.00

I 00.00

68.54

2ì.30
.l0.16

I 00.00

55.50

18.78

25.72

ì 00.00

49. 93

ì 2.58

37.49

I 00.00

t0

20
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ltt
-Table IV. Distribution of radioactivity in various fractions of the

methanol-water soluble fraction of the plant extracts from
maize primary leaf discs in pu'lse chase experìment.
Pulse¡ 30 ¡rt NaHl4co, (oo.l pCi/mM) for l5 seconds.
Results are expressed in dpm and percentage of tota'l
radioactivity recovered from fractions.

ì4co^ Fixation--'¿--
Chase period (min. )

0

.0.5

Fraction

Organic acid
Ami no-ac i d

Sugar

Total

Organic acid
Amino-acid

Sugar

Total

0rganic acid
Amino-acid

Sugar

Total

0rganic acid
Ami no-ac i d

Sugar

Total

Organic acid
Amino-ac'id

Sugar

Total

0rganic acid
Amino-acid

Sugar

Totaì

g.u.

79,415

10,522

89,937

73,035

l3,l 92

96,227

77 ,1Bg

l g ,57B

95,767

64,371

2'1,549

5,001

90,920

63,308

21,604

9,bl 7

93,929

54,982

21,175
.l 
6,718

92,875

ol
lo

88.30

11 .70

0.00

I 00.00

84.70

I 5.30

0.00

I 00.00

80. 60

ï 9.40

0.00

I 00.00

70.80

23.70

5. 50

I 00.00

67.40

23.00

9.60

I 00.00

59,20

22.80

ì 8.00

I 00.00

t.0

1.5

2.5

6.0
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ll3

Table VI. Distribution of radioactivity in extracts
secondary leaf discs. 5 uCi ttaHl4co, (ss
fed. Calculations were based on specific
ttattl4COr. Results are expressed as ¡rg C0,

from maize

¡rCi/mM) were

activity of
dm-Z.

dm-2
l4co^ Fixation

Time (mi n. )

Fraction

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform
Total

Methanol -water
Residue + Chloroform
Total

ì0

I .0.|

0,04

I .05

I .88

0.16

2.04

4.69

0.51

5.20

8. 99

I .43

10.42

.l7.18

3. 87

21.05

96.t9
3.Bt

I 00.00

92 "16
7 "84

I 00.00

90.t9
9.81

I 00.00

86.28

13.72

I 00.00

81 .62

ì 8.38

I 00.00

20

us C0à
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Table VII. Distribution of radioactivity in the various fractions of
the methanol-water soluble fraction of the plant extracts
from maize secondary reaf discs as function of time"
Results are expressed as dpm and percentage of total
radioactivity recoyered from fractions

Fraction gru
l4co^ Fixation

Time (min.)

dh

l0

0rganic acid
Amino-acid

Sugar

Total

Organic acid
Amino-acid

Sugar

Total

Organic acid
Ami no-ac i d

Sugar

Total

Organic acid
Amino-acid

Sugar

Tota I

Organic acid
Anri no-ac i d

Sugar

Tota I

I 3,049

3,329

4,590

20,957

21 ,768
5,123

ll,909
38,900

40,.l 59

l7'ol6
33,484

90,659

60,268

25,549

93,679

179,496

87 ,604

45,ol I
221,709

354,324

62.27

ì 5.88

21.85

t 00.00

56.t0
13.20

30.69

99.99

44.30

18.77

36.93
.l 
00.00

33.58

14.23

52.ì9
I 00.00

24.72

12.70

62.57

99.99

20
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Table IX. Distribution of radioactivity in various fractions of the
methanol=water soluble fraction of the pìant extracts from
maize secondary leaf discs in pulse chase experiment.
pulse: 30 ¡rl NaHl4c03 (60.3 pC.i/mM) for l5 seconds.
Results are expressed as dpm and percentage of total
radjoactivity recovered from fractions.

1¡.
_'C0z_[_l¡atio¡- Fraction
Chase period (min.)

Organic acid 61,095 77.10
Amino-acid 1g,146 Z2.gO

-. . . . . , ,..':,,'; !.t . :i .':i-...t:.. i i.l'. :..'. : I :.: ; tl t: .:::.:::__ll_:::_î.1:.- ; .': .;,:.t.:: :.:.: :: l:.:'..: t.: j: 1::
i

ll6

g.u.L

Sugar

Total
F_+F 0.00

79 ,241 ì 00.00

0.5

.l.0

1.5

2.5

6.0

0rganic acid 71,269 g6.50
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Figure ì. Incorporation of 'oro, into the various fractions of
plantextractsfrommaizeprimary]eafdiscsinkÍnetic
experiments. Data obtained from Table I. 

I

T = Total fixation
M = Methanol-water solubìe fraction
R = Residue and chloroform soluble fraction
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Figure 2. Distribution of l4C in various fractions
methanol-water sotuble fraction of plant
f rom ma i ze primary 'l eaf d i scs i n ki neti c

Data obtained from Table II.

of the

extracts
experiments.

0A = Organic acid fraction
AA = Amino acid fraction
S = Sugar fraction
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Figure 3. Distribution of l4C

organic acid, amino

pìant extracts from

kinetic experimenti.

0lqanic, $.cid F.ract.ion

ISL = Isocitrate lactone
MAL = l4alate
PGA = 3-phosphog'lyceric acid
SlvlP = Sugar monophosphates
SDP = Sugar diphosphates

Amino Acid Fraction

ALA
ASP
GLU
G+S

Sygar Fraction

FRU = Fructose
GLU = Gl ucose
SUC = Sucrose

in various products of the
acid and sugar fractions of the
maize primary leaf discs Ín

Data obtained from Table III.

Al ani ne
Aspartate
Gì utamate
G'lycine + gs¡i¡s
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Figure 4. Distribution of t4c in various fractions of the
methanoì-watersolubìefractionoftheplantextracts
from maize primary leaf discs in pulse_chase
experiments. Data obtained from Table IV. l

0A = 0rganic acid fraction
M = Amino acid fraction
S = Sugar fraction



st50

ô
l¡Jfr
l¡J

oo
]¡Jfr

J
l-ot-
LLo
àez

CHASE TIME ( MIN )

; ,...::,j.,,.

134



!i:l

Figure 5. Distribution of l4c in various products of the
organic acid, amino acid and sugar fractions of the
plant extracts from maize primary reaf discs in
puìse-chase experiments. Data obtained from Tabìe v.

Organic Acid Fraction

-

ISL= Isocitrate ìactone
MAL= Mal ate
PGA= 3-phosphogìyceric acid
SMP= Sugar monophosphates
SDP= Sugar diphosphates

Amino Acid Fraction

ALA= Alanine
ASP= Aspartate
GLU= Gìutamate
G+S= Glycine + Serine

Sug_ar Fraction

FRU= Fructose
GLU= Glucose
SUC= Sucrose

l3s
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Figure 6. Incorporation of toro, into the various fractions of .,,i.,,.,
plant extracts from maize secondary leaf discs ir ; ;: ::

kinetic experiments. Data obtained from Tabre vI.

T = Total fixation
M = Methanol-water soluble fraction
R = Residue and chloroform soluble fraction
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Figure 7. Distribution of l4c in various fractions of the
methanol-water soluble fraction of plant extracts
from maize secondary 'reaf discs in kinetic experiments.
Data obtained from Table VII.

0A = Organic acid fraction
AA = Amino acid fraction
S = Sugar fraction
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l4t

Figure 8. Distribution of l4C

organic acid, aminô

plant extracts from
kinetic experiments.

in various products of the
acid and sugar fractions of the
maize secondary leaf discs in

Data obtained from Tab'le VIII.

.OfSgnjc ncj¿ nractton

ISL = Isocitrate lactone
MAL = Malate
PGA = 3-phosphogìyceric acid
SMP = Sugar monophosphates
SDP = Sugar diphosphates

Amino Acid Fraction

Alanine
Aspartate
G'lutamate
Glycine + Serine

Sugar Fraction

FRU = Fructose
GLU = Glucose
SUC = Sucrose

ALA
ASP
GLU
G+S
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Figure 9. Distribution of l4c in various fractions of the
methanol-water soluble fraction of ,plant extracts
from ¡¿i¿e secondary leaf discs in puìse_chase
experiments. Data obtained from Table IX.

0A = Organic acid fraction
AA = Amino acid fraction
S = Sugar fraction
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Figure ì0. Distribution of l4c in various products of the
organic acid, amino acid and sugar fractions of the
plant extracts from maize secondary reaf discs in
puìse-chase experiments. Data obtained from Tabìe x.

9rgagic Acid Fraction

ISL = Isocitrate lactone
l4AL = I'lalate
PGA = 3-phosphoglyceric acid
SMP = Sugar monophosphates
SDP = Sugar diphosphates ì

Amino Acid Fraction
ALA = Alanine
ASP = Aspartate
GLU = Glutamate
G+S=Gìycine+gs¡i¡s

Sgqar Fraction

FRU = Fructose
GLU = Gl ucose
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Figure ll. Incorporation of l4CO^ into isolated
¿

chloropìasts of maize primary ìeaves in
the absence of pEp

O = Light

O = Darkness
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Figure 12. Incorporation of l4co^ into ceìlular fractions
of maize primary leaves Ís a function of time. : : l

t,: ,.,':l:L'

a. Isolated Chloroplasts

O = Methanol-water soluble fraction, 3.2mM pEp

O = Chloroform solub'le fractior, 3.2mM pEp ...,,:.',i1,
'. . ':

a = Methanol -water soì ubl e fracti on , 0 mM pEp 
,,,,:. ,,:,;¡;

b. Supernatant

¡ = Total fixation, 3.2 ml4 pEp

ô = Total fixation, 0 mM pEp
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Figure 13. Incorporation of 'oto, into cellular fractions
of maize secondary reaves as a function of time.

a. Isolated Ch'loropìasts i

O = Methanol-water soluble fraction, 3.2m14 pEp

C = Chloroform soluble fractioñ, 3.2mM pEp 
,,

A = Methanol-water soluble fraction, 0 ml,l pEp

b. Supernatant

I = Total fixation, 3.2 mM pEp

A = Total fixation, 0 mM pEp
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Figure 14. Effect of pEp concentration on the inítial veìocity
of C0, fixation by isolated chloropìasts of maize
primary leaves

Reaction systems (0.s mr) contained Ín umores the
foilowing: NaHl4c0r, 25 (16 x lo6 opm)l MgCl ,, Si
solutton A, enough to make up 0.5 mr; 0.6 mg chroro-
plast proteÍn and varying amounts of pEp as indicated.
v is in um C0rlmg protein/hr. S is in ml,l of pEp.

Km = 4.00 mM
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Figure .l5" Effect of sodium bicarbonate concentration on the
initiaì velocity of COZ fixation by isoìated
chloropl asts of maize primary I eaves. 

,,,,.

Reaction systems (0.5 ml) contained in umoles
the foìlowing: pEp, 8; MgCì.2, S; Solution A, enough

to make up 0.S ml final voìume; 0.6 nrg of crude
chloroplast protein and varying amounts of NaHl4C0, 

,,:,,:'

as indicated. v is in um C\o/ng protein/hr.
S is in mM of ttaHl4co, . '

Kn = 0.56 ml4

R
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Figure 16. Effect of magnesium chroride concentration on the
initial veìocity of C0, fixation by isolated
chloropìasts of maize primary leaves.
Reaction systems (0.S nrl ) contained in ¡rmoìes

the folìowing: pEp, g; I,taHl4cor, zs (>6 x .106 
dpm);

Solution A, enough to make up 0.5 ml final
volume; 0.6 mg of chloroplast protein and varying
amounts of MgCì, as indicated. v is in
um C0rlmg protein/hr. S in in mþl of l4gC1r.

Yn = 2.00 mM
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Figure ì7" Effect of PEp concentration on the initial veìocity
of C0, fixation by the supernatant fraction of
maize primary leaves.
Reaction systems (O.S ml ) contained in pmo'les the
following: ttaHl4cor, zs (>6 x 106 dpm); t4gcìr, 5;
Solution A, enough to make up 0.5 mì final volume;
0.4 mg crude supernatant protein and varying amounts
of PEP as ìndicated. v is in pm cozlmg protein/hr.
S is in ml4 of pEp.

Krn = 7.40 mM



i.::
,i:,'li.
:ij:.

ij,ì!.i:ÍoIro
!Ia.Ii

E

tro

o
=Eo-l¡Jo-

o



l6l

Figure ì8" Effect of sodium bicarbonate concentration on the
initial velocity of c0, fixation by the supernatant
fraction of maize primary leaves.
Reaction systems (o.s mr) contained in ymoìes the
foììowing: pEp, g; MgCl 2, Si Solution A, enough to
make up 0.5 mr finar vorume; 0.4 mg of crude supernatant
protein and varying amounts of NaHì4c0, u, indicated.
v is in um cOrlmg protei n/hr. S is in"mr4 of trtaHì4c0,

Krn = 0.89 mM
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Figure 19. Effect of magnesium chloride concentration on the
initial velocity of c0, fÍxation by the supernatant
fraction of maize prÍmary leaves.
Reaction systems (o.s mr ) contained in pmoìes the
foìlowing: pEp, g; NaHì4c0r, 25 (>6 x lo6 ¿pm);
solution A, enough to make up 0.5 mì finar voìume;
0.4 mg of crude supernatant protein and varying
amounts of MgCl, as indicated. v is in
pm C0rlmg protein/hr. S is in mM of MSCì'.

Km = 0.30 ml4
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Figure 20. Effect of PEp concentration on the initial veìocity of
C0Z fixation by isoìated chloroplasts of maize
secondary I eaves.

Reaction systems (0.5 ml) contained in umoles the
foìlowing: NaHl4c0r,25 (to x .l06); t4gctr,5;
Solution A, enough to make up 0.5 nrl final voìume,
0.6 mg of crude chlorop'last protein and varying
amounts of pEp as indicated. v is in um cozlmg proteÍn/hr.
S is in ml4 of PEp.

Km = 2.04 ml4
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Figure 2l " Effect of sodium bicarbonate concentration on the
initial velocity of c0, fixation by isoìated chìoropìasts
of maize secondary leaves.
Reaction systems (0.5 mr ) contained in pmores the
following: PEp, B; I,lgCì 2, S; Solution A, enough to
make up 0.5 ml final volume; 0.6mg of crude chìoropìast
protein and varying amounts of NaHì4c0, u, indicated.
v is in ¡rm C)r/ns protei nlhr. S is in'ml4 of l,,taHl4COr.

Km = 0.67 mM
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tigure 22. Effect of magnesium chloride concentration on the
initiaì velocity of C0, fixation by isolated
chloroplasts of maize secondary leaves.
Reaction systems (O.S ml ) contained in ¡rmoìes
the following: pEp,8; t,laHl4c0r, ZS (>6 x 106 dpm);
Solution A, enough to make up 0.5 mì final voìume;
0.6 mg of crude chloroplast protein and varying
amounts of l4gCl, as indicated. v is in
pm C0rlmS protein/hr. S is in mM of MgClr.

Km = 2.22 nM
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Figure 23. Effect of PEp concentration on the initial
velocity of C0, fixation by the supernatant
fraction of maize secondary leaves.
Reaction systems (o.s m]) contained in ¡rmoìes the
foì I owing: NaHl4c0r, 25 (, 6 x ì o6 apm) ; t49Cì 2, S;
Solution A, enough to make up 0.5 ml final volume;
0.4 mg of crude supernatant protein and varying
amounts of pEp as indicated. v is in
um C0rlmS protein/hr. S is in ml'l of pEp.

(¡¡ = 2.44 nli
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Figure 24. Effect of sodium bicarbonate concentration on

the initial velocity of C0, fixation by the ,,,,,,,,,.,

supernatant fraction of maize secondary leaves.
Reaction systems (O.S ml) contained in ¡rmoìes the
folìowing: PEP,8; MgCl 2, 5; Solution A, enough

to make up 0.5 ml final volume; 0.4 mg crude 
,.,,,,;,,,,,,

supernatant protein and varying amounts of ' ".'.
NaHl4c0, as indicated. v is i
ym COrlmg protein/hr. S in in mM of ttaHt4cOr. ."'1"""

Krn = 0.40 mM
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Figure 25. Effect of magnesium chloride concentration on

the initial velocity of C0, fixation by the
supernatant fraction of maize secondary leaves.
Reaction systems. (0.5 Tl) contai'ned in umoles the
foìlowing: pEp, g; NaHl4c0r, zs'(>6 x .l06 

dpm);
Solution A, enough to make up 0.5 ml final volume;
0.4 mg of crude supernatant protein and varying
amounts of magnesium chloride as inclicated.
v is in um C0rlmg protein/hr. S is in mM of l4gCìr"

K¡n = 0.35rñ14
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Figure 26. Effect of temperature on COZ fixation capacity
primary leaf cellular fractions of maize grown

under 25oC day and 20o night temperatures.

a. Isolated chloroplasts

b. Supernatant
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Figure 27. Effect of temperature on c0, fixation capacity of
prilnary leaf ceìlular fractions of maize grown

under lsoc day and looC night temperatures.

a " Isol ated chì orop'lasts

b. Supernatant
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Figure 28. Effect of temperature on c0, fixation capacity of
.. secondary leaf cellular fractions of maize
. grown under ZsoC day and 20oC night temperatures.

a" Isoìated chìoroplasts

b. Supernatant
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Figure 29. Effect of temperature on c0, fixation capacity of
secondary leaf cellular fractions of maize
grown under lSoC day and lOoC night temperatures.

a. Isolated chloroplasts

b. Supernatant
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Figu6e 30. Effect of pEp concentration on the initiaì
velocity of pEp carboxyìase in isolated
chìoroplasts of maize primary leaves.
Reaction syitems (O.S ml) cilntained in pmoles
of the following: Tri-.-HCl pH 7.g, 100;
Nauì4cor,25 (>6 x 106 dpm); Mgcì 

2'" 
s; NADH,2;

malate dehydrogenase, excess, 0.6 mg crude
protein and varying amounts of pEp as indicated"
v is calculated as um COrlnS protein/hr, S

is in mM of pEp.

Kn = 10"00 mM
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Figure 3l " Effect of sodium bicarbonate concentration on the
initial velocity of pEp carboxylase in isolated 

:,,,,,,,,chìoroplasts from maize primary leaves
Reaction systems (O.S ml) contained in umoles
of the following: Tris-HCl pH 7.9, .l00; pEp, B;
MgClr, 5; NADH, 2; maìate dehydrogenase, excess ; 

,,,,,.,.,0.6 mg crude protein and varying amounts of ,,',,,.:,r A :.r .::

NaH'*CO, as indicated. v is i n vm C}r/mg protein/hr" ,.:,:,
s is in"mg of NaHl4co^. 

-z' "'J 'vve rrrl r'r 
' ':.'.-J

\

Km = 0"43 mM

'..::
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Figure 32. Effect of magnesium chlroide concentration on the 
,:.,,:,,initial velocity of pEp carboxylase in isolated

chloroplasts from primary leaves of maize.
Reaction systems (0.5 ml) contained in ymoìes of the
fol I owi ng : Tri s-HCl pH 7 . g, ì 0O; pEp, B; NaHl4C0, , 25 

,,1,; ,,,,

(16 x tO6 Apm), NADH,2; malate dehydrogenase, ei..rr; ,:',.:r,

0.6 mg of crude protein and varying amounts of MgCl 2 ..:.,,i
as indicated. v is i n vn Clr/mg protei n/hr, S ls ín '-',''1:,.

mM of MgCì,

Km = 4"00 mM
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Figure 33. Effect of PEp concentration on the initial
velocity of pEp carboxyìase in supernatant of maize
primary leaves

Reaction systems (o.s ml) contained in pmoìes of the
following: Tris-HCl pH 7.8, lO0; NaHl4CO 3, ZS

(t6 x lO6 Apm), MgClr,5; NADH, Z; malate dehydrogen-
ase, excess; 0.4 mg crude protein and varying
amounts of pEp as indicated. v is in um C0rlm9
proteÍn/hr. S is in mM of pEp.

Km = 10.00 mM
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Figure 34. Effect of sodium bicarbonate concentration of
the initial velocity of pEp carboxylase in
supernatant of maize primary leaves"
Reaction systems (o.s mr ) contained in ¡rmores of
the folìowing: Tris-HCt pH 7.g, 100; pEp, g;
MgClr, 5; NADH, 2; ma]ate dehydrogenase, excess;
0.4 mg of crude protein and varying amounts of
ttaul4co¡ as indicated. v is in um cOrlmg proteÍ nlhr.
S is inJml4 of ttaHl4co,

ì

Km = 0.44 ml4
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Figure 35. Effect of magnesium chloride concentration on the
initial velocity of pEp carboxyìase in supernatant
of maize primary leaves.
Reaction systems (0.S ml) contained in umoles of
the folìowing: Tris-HCl pH 7.g, 100; pEp, g;

NADH, 2; NaHl4c0r, 25 (t6 x to6 apm); malate
dehydrogenase, excess, 0.4 mg crude protein and

varying amounts of MgCl, as indicated. v is in
um COrlmg protein/hr. S is in mM of MgClr.

Km = l.l4 mM
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Figure 36. Effect of PEp concentration on the initiaì velocity
of PEP carboxyìase in isolated chloroplasts from
maize secondary leaves.
Reaction systems (O.S ml) contained in ¡rmoìes of
the following: Tris-HCl pH 7"9, .l00; 

MgClr,5;
NaHl4c0r, 25 (16 x 106 apm); NADH, 2; matate
dehydrogenase, excess, 0.6 mg crude protein and

varying amounts of pEp as indicated. v is is
pm C0rlm9 protein/hr. S is in mM of pEp.

Km = 'l .40 mM



198

oo
o

o

V

I
PEP ( mM)



199

Figure 37. Effect of sodium bicarbonate concentration on the
initial velocity of pEp carboxy'lase in isolated
chloroplasts from maize secondary leaves.
Reaction systems (O.S ml) contained in pmoìes

of the following: Tris-HCl pH 7.9, 100; pEp,B;

MSCìr, 5; NADH, 2; malate dehydrogenase, excess;
0.6 ng of crude protein and varying amounts of
t'taHl4co, as indicated. v is in ¡rm clz/ng protei n/hr.
S is in mM of I',laH'-C0,

Km = 0.27 mM
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Figure 38. Effect of magnesium chroride concentration on the
initiaì veìocity of pEp carboxyrase in isorated
chloroplasts from maize secondary leaves.
The reaction systems (o.s mt ) contained in ¡.rmo1es

the folìowing: Tris-HCl pH 7.8, lO0; pEp, g;
NaHl4cor, 2s (16 x to6 opm); ruADH, á; malate
dehydrogenase, excess; 0.6 mg crude protein and

varying amounts of MgCì, as indicated. v is in
yn ClrlnS protein/hr. S is in mM of MgC'lr.

Km = 5.7ì mM
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Figure 39. Effect of PEP concentration on the initial velocity
. of PEP carboxylase in supernatant of maize

secondary leaves.

Reaction systems (0.5 ml) contained in úfnoles the
following: Tris-HCl pH 7.8, lO0; NaHl4COr, 25

(>6 x lO6 Opm); MgCl 2, 5i NADH, 2; malate dehydro-
genase, excess; 0.4 mg crude protein and varying
amounts of PEP as indicated. v is in
¡m COrlm9 protein/hr. S is in ml'l of PEP.

Km = 3.85 mM
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Figure 40. Effect of sodium bicarbonate concentration on

the inÍtial velocity of PEP carboxyìase in
supernatant of maize secondary leaves.

Reaction systems (0.5 ml ) contained in umoìes

the folllowing: Tris-HCl pH 7.8, 100; PEP, 8;

MgCìr, 5; NADH, 2; malate dehydrogenase, excess;

0.4 mg of crude protein and varying amounts of
ttaHl4CO, as indicated. v is in
pm COrlñs protein/hr. S is in mM of t'tattl4cor.

ì

Krn = 1.33 mM
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Figure 4ì. Effect of magnesium chroride concentration on the
initia'l velocity of pEp carboxylase in supernatant ;,.,,.,,:.

of maize secondary leaves. ,,"
Reaction systems (O.S ml) contained in ¡rmoìes of
the following: Tris-HCl pH 7.gi pEp, g; NaHl4C0r,
25 (>6 x 106 dpm); NADH, 2; malate dehydrog.nurãi .,,,,,,i,
excess; 0.4 mg of crude protein and varyîng ,,',,,,..'.',

amounts of MgCì, as indicated. v is in
yn C02/ mg protãf nlhr. S is in mM of MgCìr. ,.'..,..l,.:..'

Krn = 0.2.l mM
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Figure 42. Effect of incubation temperature on pEp carboxylase
and RuDP carboxylase activities in primary ìeaf
cellular fractions of maize grown under ZsoC day

and 20oC night temperatures.

a. Isolated Chloroplasts

O = PEP carboxylase activity

O = RuDP carboxyìase activity

b. Supernatant

O = PEP carboxyì ase act'ivi ty

A = RuDP carboxyìase activity
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Figure 43. Effect of incubation temperature on pEp carboxylase
and RuDP carboxyìase activities in primary ìeaf
cellular fractions of maize grob,n under ìsoc day
and lOoC night temperatures.

a. Isolated chìoropìasts

O = PEP carboxylase activity

O = RuDP carboxyìase act,ivity

b" Supernatant :

'

O = PEP carboxyìase activity

A = RUDP carboxyìase activity 
¡.,,;¡;:;:::,
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Figure 44. Effect of incubation temperature on pEp carboxylase
and RUDP carboxylase activitise of åecondary leaf
cellular fractions of maize grown under 25oc day
and 20oC night temperatures.

a" Isoìated Chìoroplasts

PEP carboxy'lase acti vi ty

RUDP carboxyìase activity

b. Supernatant

0 = PEP carboxyìase activity

A = RuDP carboxyìase activity

o=
o=
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Figure 45. Effect of incubation temperature on pEp carboxyìase
and RuDP carboxyìase activities of secondary Ieaf
cellular fractions of maize grourn under r5oc day
and lOoC night temperatures.

a. Isolated Chloropìasts

O = PEP carboxylase activity

O = RuDP carboxyìase activity

b. Supernatant

O = PEP carboxyìase activity

ô = RuDP carboxylase activity
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Plate '1. Sample radioautogram of the products
in the organic acid fraction of leaf
disc extracts.

ISL = Isocitrate lactone
I'IAL = Malate

PGA = 3-phosphoglyceric acid
SMP = Sugar monophosphates

SDP = Sugar diphosphates
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Plate 2. Sampìe radioautogram of the products
in the amino acid fraction of leaf
disc extracts.

ALA = Aìanine

ASP = Aspartate
GLU = Glutamate

GLY = Glycine

SER = Serine

UN = Unidentified
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Plate 3. " Sampìe radioautogram of
in the sugar fraction
disc extracts.

.the products

of I eaf

GLU = Gl ucose

FRU = Fructose

SUC = Sucrose
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Plate 4. Sampìe radioautogram of the products

in the organìc acid fraction of chloropìast
extracts.

GLYCE = Glycerate \

GLYCO = Glyco'late

SMP = Sugar monophosphates
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Plate 5. Sample radioautogram of the products
in the amino ac'id fraction of
ch'l oropì ast extracts .

ASP = Aspartate
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Plate 6. Sampìe radioautogram of the products
in the sugar fractìon of chìoroplast
extracts,

DHA = Dihydroxyacetone

GLY = G'lyceraìdehyde

PEN = Pentose

HEX = Hexoses

SUC = Sucrose

POL = Poìysaccharide
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