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ABSTRACT

This thesis is concerned with the pathways for conversion of pyruvate 

and phosphoenolpyruvate (PEP) to carbohydrate in the light in CAM plants.

These 3-carbon substrates are produced by the decarboxylation of malic acid 

which accumulates in the dark in these plants. It  is shown that these 

3-carbon compounds are principally converted to carbohydrate by a reversal 

of glycolysis (gluconeogenesis) and that oxidative metabolism to CÔ , and 

refixation in photosynthesis is probably of minor significance.

Two approaches were used. In the f i r s t ,  ^CO^ or "*4C labelled pyruvate 

was fed to leaf slices during deacidification. The leaf slices in solution 

were shown to deacidify in the same way as intact tissues in air ,  and to 

display the same rates and products of ^CO^ fixation as intact tissues.

CAM plants in which deacidification involves NADP malic enzyme convert

2- ^C and 3-^4C pyruvate to carbohydrate much more readily than Ĉ  plants or 

than S tapelia ,, a CAM plant in which deacidification involves phosphoenol-
. . 14

pyruvate carboxykinase (PEPCK). A comparison of the products of 2- C- and 
143- C-pyruvate metabolism in Kalanchoe and Stapelia  suggests that pyruvate is 

converted to carbohydrate via gluconeogenesis in Kalanchoe, whilst in 

Stapelia  pyruvate is mainly metabolised within the mitochondria. The 

differences in pyruvate metabolism between the malic enzyme CAM plants

and PEPCK CAM plants are consistent with the observation that malic enzyme

CAM plants, which produce pyruvate during deacidification, possess pyruvate,

Pi diikinase which converts pyruvate to PEP, whereas the others do not. In

the absence of this enzyme pyruvate cannot enter the gluconeogenic reaction

sequence as PEP and is metabolised to organic acids rather than carbohydrates.
14In both Kalanchoe and Aloe, C-succinate is metabolised in mitochondria but 

is not cycled or oxidised via the TCA cycle to any significant extent.
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These studies with leaf slices were extended by the isolation of intact,

physiologically active mesophyll cells from Kalanchoe and S ta p e lia . Pyruvate 
14stimulated CQ̂ fixation by up to 50% in Kalanchoe cells but had no effect

on fixation by Stapelia  cells.  The difference is also consistent with

presence of pyruvate, Pi dikinase in Kalanchoe but not in S ta p e lia ,and

confirms that pyruvate is converted to PEP in Kalanchoe in  vivo. Although

PEP stimulated ^̂ CÔ  fixation in the light, 3-PGA did not. Both PEP and
143-PGA stimulated dark CO2  fixation implying that the glycolytic reaction 

3-PGA —*- PEP may not function in the light.

The second approach involved a survey of the activities of the 

enzymes involved in acidification, deacidification, pyruvate metabolism 

and glycolysis in the above plants. Glycolytic enzymes were assayed in the 

gluconeogenic direction wherever possible. The activity of these enzymes 

was adequate to account for the measured rates of deacidification, CO2  

fixation, and conversion of pyruvate or PEP to carbohydrate in  vivo. The 

presence of pyruvate, Pi dikinase in a range of malic enzyme CAM plants 

and i ts  absence in a range of PEPCK CAM plants was confirmed.

The activities of a number of photosynthetic and glycolytic enzymes

were measured during the induction of CAM in M. crystallinum  in an attempt

to assess their relative importance to the expression of CAM. The activity

of PEP carboxylase, NADP malic enzyme and pyruvate, Pi dikinase increased from 
+0 leveCs

low 1evels/adequate to account for the observed rates of acidification and 

deacidification as CAM was induced. With the notable exceptions of RuP̂  

carboxylase and FDPase, the activity of several other enzymes also increased 

during the induction period. The importance of these changes is unresolved 

because their original activities were already much greater than the maximum 

rates of acidification and deacidification attained after the induction of



CAM. In te res t ing ly ,  phosphoglyceromutase a c t i v i t y  increased 10 fold when 

assayed in the gluconeogenic d i rec t ion  but only 3 fo ld when assayed in the 

g lyco ly t ic  d i rec t ion .  This observation may be important with respect to the 

response of isolated ce l ls  to 3-PGA in the l i g h t ,  described above. NADP 

MDH had a surpr is ing ly  low pH optimum before induction of CAM but developed 

a c t i v i t y  at pH 8.0 during the induction period.

These resul ts  are consistent with the operation of gluconeogenesis 

in the l i g h t  during deac id i f ica t ion  in CAM plants. Schemes are presented 

ou t l in ing  the possible pathways of carbon f low during deac id i f ica t ion  in 

both malic enzyme and PEPCK CAM plants.  These are discussed in re la t ion  to 

our present understanding of enzyme loca l is a t io n ,  the transport of 

metaboli tes, energy requirements and charge balance. The impl icat ions 

of these schemes fo r  the regulat ion of  gl ucan and sucrose synthesis in 

the l i g h t ,  and the degradation in the dark in CAM plants,are discussed.
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1 CAM: A REVIEW OF THE LITERATURE

1.1 Introduction

Crassulacean acid metabolism (CAM) is  a term used to describe a set 

of physiological and biochemical propert ies o f  photosynthetic t issues of 

numerous lea f ,  stem and root succulent plants. The possession of CAM 

in fe rs  the a b i l i t y  of the t issue to f i x  CÔ  in the dark, resu l t ing in the 

synthesis, and subsequent accumulation, o f  free malic acid in the vacuole. 

The acid is decarboxylated in the fol lowing l i g h t  period and the CĈ  is 

re f ixed by the PCR (or Calvin) cycle. Both the CÔ  and the 3-carbon skeletoi 

produced during decarboxylation are converted to storage carbohydrates.

This biochemical rhythm is re f lected in a reciprocal day/night acid 

carbohydrate f luc tua t ion  and is integrated with stomata! opening during the 

night , and stomatal closure at least during the f i r s t  few hours o f  the l i g h t  

period. Although the phenomena of CAM is  defined in biochemical and 

physiological terms, the basic rhythm is modulated by a var ie ty  of develop

mental and environmental fac tors .  These factors include day/night 

temperatures, water stress, day length, l i g h t  in te n s i ty ,  le a f  age and 

prehis to ry , and the state of development of the p lant.  These factors 

regulate and determine both the da i ly  cycles and the overal l  to ta l  

expression of CAM.

The early investigations of  CAM, which were mainly concerned with the 

biochemistry and physiology o f  dark metabolism have been reviewed by Evans 

(1932), Bennett-Clark(1933), Burr is (1953), Bruinsma (1958), Wolf (1960), 

Ranson and Thomas (1960) and Walker (1962). CAM has since been the 

subject of a number of e i ther general reviews, or reviews which have, in 

the majo r i ty ,  re f lected the re la t i v e l y  recent trend towards ecophysiological 

studies (Ting, 1971; Ting et a l . 3 1972; Ting and Szarek, 1975; Marcel le, 197
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Kluge, 1976a, 1976b; Ting, 1976, Winter and Lüttge, 1976; Queiroz, 1977; 

Osmond, 1978; D i t t r i c h ,  1979; Queiroz, 1979; Kluge and Ting, 1979;

Osmond and Holtum, in prep.) .

The review by Osmond (1978) and the monograph by Kluge and Ting (1979) 

are probably the most informative general reviews, wh i ls t  Kluge (1976b) 

sunmarises the major schools of  thought concerning the day/night regulat ion 

of CAM. For discussions o f  the environmental and developmental factors 

a f fec t ing  CAM,the reader can re fe r  to reviews by Osmond (1978), Queiroz 

(1977, 1979) and Kluge and Ting (1979). The l a t t e r  authors have also 

discussed the taxonomic and geographic d is t r ib u t io n  of CAM plants,and 

species check l i s t s  have been produced by Black and Will iams (1976) and 

Szarek and Ting (1977). The former l i s t  however contains some m is in te r 

pretat ions and some non-CAM succulents are l i s te d  as CAM plants.

As the ecophysiological aspects of CAM have been both recently and 

adequately reviewed, the fol lowing l i t e ra tu re  review w i l l  be l im i ted to 

a discussion of biochemistry and physiology of  CAM and of those factors which 

regulate the da i ly  rhythm of CAM.

1.2 The Biochemistry and Physiology o f  CAM

At least four phases o f  CO2 assimila t ion can be dist inguished during 

the day/night rhythm of well-watered CAM plants (Figure 1 .1)(0smond, 1975). 

Even though three of these phases represent non steady state conditions 

and the overal l  magnitude of th e i r  expression is  determined by 

developmental and environmental fac tors ,  the biochemical events which 

take place during each phase are s u f f i c ie n t l y  d i s t i n c t  that they can be 

discussed separately. I t  is log ical to consider these in a sequence



Figure 1.1 Day/night fluctuations of CĈ  uptake, stomatal resistance and 
malic acid content in a well-watered CAM plant, showing the 4 
phases of CÔ assimilation described in the text (after Osmond, 
1978) .
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star t ing with the unique dark CÔ  f i x a t io n  processes which lead to malate 

synthesis as outl ined below. However, the experimental work described in 

th is  thesis re lates p r in c ip a l l y  to processes in phases 3 and 4 and is 

p r im ar i ly  concerned with pyruvate metabolism in the l i g h t .

1.2.1 The dark processes

1.2.1.1 CO£ fixation and malic acid synthesis (Phase 1)

A major d is t inguish ing feature o f  CAM plants is th e i r  a b i l i t y  to f i x  

CO2 in the dark and to accumulate the malic acid so synthesised. Tissue 

malate may f luc tuate  by as much as 200 yEq g "* f .w t  during a single 

diurnal period (eg. Kluge, 1968b). Although i t  is now well establ ished 

that malate is produced via the action of PEP carboxylase and NAD MDH 

according to equation 1 (c f .  Wolf, 1960; Ranson and Thomas, 1960; Walker, 

1962; Sutton, 1974; Kluge and Ting, 1979)

Mg2+ NADH NAD

PEP + C02 --------------- +- OAA + Pi MALATE (1)

PEP carboxylase NAD MDH

there has been a prolonged controversy as to whether a double carboxylation 

involving an e a r l ie r  carboxylat ion by RuP̂  carboxylase, occurs (Figure 1.2).

The double carboxylat ion hypothesis, o r ig in a l l y  suggested as a possible 

option by Beevers and Gibbs (1954) and Gibbs and Beevers (1955), was 

developed byBradbeeret at. (1958) to explain why the ra t io  of label between 

carbon$4 and 1 of dark label led malate was always about 2:1 (Varner 

and B u r re l l ,  1950; S t i l l e r ,  1959). One would predict tha t  ^CO^ sole ly 

incorporated by PEP carboxylase should resu l t  in malate label led only in 

the carbon-4 posi t ion. This 2:1 ra t io  has been frequent ly  observed (eg. 

Jolc ine, 1959; Bradbeer, 1963; Avadhani et al.3 1971). Recent investigation
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have unequivocally shown that although the 2:1 ratio is not an artefact,  

i t  is not the result of a double carboxylation. Short term feeding

experiments, in which ^C-malate was degraded using malic enzyme, 

demonstrated that after 1 minute labelling > 90% of the label was in the 

C-4 position although randomisation did occur after longer exposure time 

(Sutton and Osmond, 1972; Bradbeer e t  a l . 3 1975).

Cockburn and McAulay (1975a, 1 975b) showed, using mass spectrometry,
13that although malate was labelled in a 2:1 ratio after 12 hours CÔ

13fixation, no malate molecules contained C in both 1 and 4 carbons. They 

concluded that a single carboxylation occurred and this was followed by 

randomisation of the label. The same conclusion was reached by Kluge 

e t  a l . (1974, 1975) who demonstrated that exogenously applied PEP, although 

i t  stimulated carboxylation, did not al ter  the ratio.

13The low 6 C values, high CÔ affinity and the insensitivity of dark 

CO2 assimilation to 0̂  concentrations above 2% also support the sole 

participation of PEP carboxylase in dark C02 fixation, rather than a 

mechanism involving RuP£ carboxylase (Nalborcyzk e t  a l . 3 1975; Osmond 

and Björkman, 1975).

The randomisation of the 1 and 4 carbons of malate by fumarase activity

in the mitochondria, a possibility earl ier discounted by Bradbeer e t  a l .

(1958), was supported by Dittrich (1976) who showed that in K. fe d ts c h e n k o i
14cell aggregates (1) no 3-PGA was labelled during dark CÔ fixation, (2)

14Ru-5-P and R-5-P did not stimulate dark CÔ fixation, (3) randomisation 

was independent of fixation, (4) 4-^C-aspartate^i so gave rise to 2:1

labelled malate, and (5) the cells were capable of converting malate to 

fumarate. The fairly rapid randomisation of label suggeststhat a large
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proportion of mal ate enters the mitochondria before being stored in the 

vacuole. Recent studies have shown that isolated K. daigremontiana and 

Sednm praealtum mitochondria are highly permeable to mal ate (Arron e t a l . 3 

1979; Day, unpublished; Spalding e t al.> unpublished). The permeability 

of CAM mitochondria to malate probably also explains the small amount of 

label present in TCA cycle acids, serine and glycine often observed 

in dark labelling experiments (cf. Saltman e t a l. 3 1 957 ; Ting and

Dugger, 1968).

1.2.1.2 Provision o f substrates fo r  carboxylation

During the 1940's and 50's , investigators from several laboratories 

demonstrated that the carbon loss from starch was adequate to account 

for the increase of carbon in malic acid (Pucher e t al.> 1949; Vickery,

1953, 1957). Soluble sugar pools were shown to undergo l i t t l e  or no 

change and so were not considered as a source, although the possibility 

that they may be involved in the flow of carbon from starch to malate 

was not excluded. i

Sutton (1974, 1975a) however, observed that the carbon loss from 

starch, defined as perchloric acid-soluble polysaccharides which can be 

precipitated in iodine, in K. daigremontiana and B. tubiflorwn  accounted 

for only between 34% and 93% of the carbon required for the observed 

malic acid synthesis. He then demonstrated that the carbon shortfall is most 

probably supplied by perchloric acid soluble polysaccharides which do not 

co-precipitate with starch in the presence of iodine, and which appear 

to possess some of the characteristics of dextrins. The term glucan will 

henceforth be used to describe the combined fractions.
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The precise mechanism of glucan catabolism is uncertain. Initia lly,

K. daigremontiana and B. tubiflorum were observed to possess an active phos- 

phorylase whereas amylase was inactive and glucokinase activities were very 

low (Sutton, 1974, 1975b,c). This enzyme distribution was interpreted 

as further circumstantial proof that a major fraction of glucan consisted 

of ot-D-(l->4) linked glucose chains such as make up dextrins. However, in 

subsequent studies Vieweg and de Fekete (1977) and Dittrich (unpublished) 

demonstrated the presence of active a- and ß-amylases in K. daigvemontiana. 

Consequently the relative contributions of phosphorylase and amylase to 

glucan breakdown remains unresolved.

Sutton (1974, 1975b) was also able to demonstrate that the soluble 

sugar pools were not in the mainstream of carbon flow from glucan to 

mal ate. Furthermore, the low G-6-P dehydrogenase capacity in K. daigremon

tiana and b . tubiflorum compared to the higher glucose-phosphate isomerase 

and phosphofructokinase capacities indicated, in contrast to the findings 

of Beevers and Gibbs (1 954) and Sti l ler  (1959) who used glucose 

tracing techniques, that the pentose phosphate pathway is not involved to 

any great extent in dark mal ate synthesis.

Further support for the views of Sutton has been provided by Deleens
1 3and Garnier-Dardart (1977) who studied the 6 C values of various

1 3fractions isolated from K. daigremontiana and observed that the 6 C values 

of dark synthesised mal ate were not consistent with being derived from a 

sugar precursor, but were consistent with a glucan origin. Sutton (1974,

1975a,b) showed that the capacities of the various glycolytic enzymes in 

K. daigremontiana and B. tubiflorum are sufficient to convert glucan to PEP 

at the rates required for maximum acidification (about 0.5 ymolesmg chi min  ̂

and concluded that PEP was produced in the dark by glycolysis.
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1.2.1.3 Compartmentation

CAM chloroplasts commonly possess large numbers of starch grains 

(Kluge and Ting, 1979) and i t  is reasonable to assume that, in common 

with and plants, starch and the other polysaccharides which 

constitute the glucan fraction are synthesised in the chloroplasts.

Recent evidence on the compartmentation of enzymes in Sedum praealtum3 

K. daigremontiana and Ananas comosus indicates that, similar to 

plants, at least 90% of the PEP carboxylase is cytoplasmic (Spalding e t a l . 3 

1979; Dittrich, unpublished). In Sedum praealtum PGA-mutase and enolase 

also appear restricted to the cytoplasm and NAD MDH, as in Kalanchoe3 

was observed in both the cytoplasmic and mitochondrial fractions (Spalding 

e t  a l .3 1979). However, in contrast to NAD malic enzyme type plants, 

only 10-15% of the aspartate aminotransferase activity in K. daigremontiana 

is located in the mitochondria (D. Day, unpublished).

The view has long been held, withoutany experimentalbasis, that the 

malic acid synthesised and accumulated during dark C0£ fixation is stored 

in the vacuole. CAM cells are characterised by the possession of large 

vacuoles which occupy over 90% of their total cell volume and which can 

presumably adequately store the large volumes of acid accumulated nightly 

(cf. Kluge and Ting, 1979). Calculations based on leaf volumes and dark 

acid accumulation suggest that i f  the malic acid was stored in the cytoplasm 

the concentration would be 7-8 M as compared with 0.25 M i f  i t  was stored 

in the vacuole (S ti l le r ,  1959). Such high cytoplasmic concentrations would 

undoubtedly lower the pH and damage most cytoplasmic metabolism. Furthermore, 

"*̂C feeding experiments indicate that less than 30% of the malic acid in the 

dark is in equilibrium with the mitochondria in Bryophyllum ( MacLennan 

e t a l .3 1963). Kluge and Heininger (1973) demonstrated three malate
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containing compartments in mal ate efflux studies with K. daigremontiana 

leaf slices. Malate was rapidly released from the f i r s t  two compartments 

which the authors interpreted as representing the free space in the cell 

walls and cytoplasm respectively, but was only slowly released from the 

third compartment which was interpreted as being the vacuole. Although 

this study can be crit icised on methodological grounds (Osmond, 1978) i t  

indicates the presence of a large, malate containing compartment which is 

almost certainly the vacuole.

Intact vacuoles have been obtained from enzymatically isolated 

K. daigremontiana protoplasts by lysing the protoplasts with DEAE dextran 

(Buser and Matile, 1977). The vacuoles contained more than 84% of the 

malic acid present in the protoplasts. The vacuoles also contained 

60-80% of the potassium ions, 86-90% of the calcium ions and about 50% 

of the total amino acids. Although acid RNase and phosphatase were 

present, the vacuoles contained virtually no protein and no HADP malic 

enzyme or RNA. A subsequent investigation of vacuoles from Sedum telephium 

(Kenyon et d l .3 1978) demonstrated that vacuoles isolated in the light 

period contained about 0.02-0.04 nmole malic acid vacuole  ̂ whereas 

vacuoles isolated at the end of the dark period contained 0.5-0.75 nmoles 

malic acid vacuole"^. The isocitric acid levels remained constant at 

0.12 nmoles vacuole  ̂ throughout a 24 hour cycle. Moreover, vacuoles 

isolated from tissue fed i n the dark contained 46% of the label and

5% was in insolubles as compared with 4% in the vacuoles and 92% in 

insolubles in light fed tissue.

Figure 1.3 represents a scheme which incorporates present concepts 

of the compartmentation and biochemistry involved in dark C0£ fixation



Figure 1.3 Schematic representation of  the pr incipal processes, and th e i r  
possible compartmentation, involved in carbohydrate metabolism 

from glucan to malic acid synthesis in CAM plant in the dark.

Solid l ines ( ----- ) represent the most l i k e l y  processes, broken

l ines ( — ) represent processes of uncertain s ign if icance and open 
arrows (^J>) or (:;’>) denote transport across a membrane. The 

arrows do not imply the i r r e v e r s i b i l i t y  of reactions.

The enzymes involved in the various reactions are (1) phosphorylase 
(2) amylase (3) hexokinase (4) phosphoglucomutase (5) hexosephosphate 
isomerase (6) phosphofructokinase (7) aldolase (8) triosephosphate 
isomerase (9) G-3-P dehydrogenase (10) phosphoglycerokinase 
(11) phosphoglyceromutase (12) enolase (13) PEP carboxylase (14) 
carbonic anhydrase (15) malate dehydrogenase and (16) fumarase.
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and acid accumulation. The regulation of some of these processes will 

be considered in the following section.

1.2.1.4 Regulation

In this study I shall only discuss the short-term regulation of the 

dark processes, that is those factors which regulate the dark processes 

on a daily basis.

It is often noticed both in field and laboratory studies that the 

light intensity of the previous day determines the rate and total amount 

of acidification in the following dark period. Both dark CÔ  assimilation 

and acid synthesis are more rapid after bright days than after dull days. 

Osmond (1978) considers that the explanation is simply that high light 

intensities stimulate the rate of deacidification,and thus the tissues 

are able to both deacidify all the mal ate formed during the previous 

night,and to fix CO2 for longer periods in the late afternoon. Such 

conditions result in a larger carbohydrate pool being available for dark 

malate synthesis. For example, the tissue malate content of field grown 

Opuntia is usually much higher at the end of a cloudy day than at the end 

of a sunny day.

If the malate produced during dark carboxylation remained in the 

cytoplasm i t  would reach inhibitory concentrations within 10 minutes (Kluge 

and Osmond, 1972). It  follows that the rate of malate uptake into the 

vacuoles, and consequently any factors which regulate such uptake, will 

regulate the cytoplasmic malate concentration and thus will regulate 

dark C02 fixation. As the postulated mechanisms of malate influx and efflux 

the vacuole will be discussed in Section 1.2.2, i t  will
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suffice to state here that malate influx appears to be an active process and 

that the extent of dark CÔ  fixation appears to depend on the capacity of 

the vacuole to store malic acid. As the capacity of vacuoles to store 

malic acid becomes exhausted towards the end of the dark period the 

cytoplasmic malate concentration increases, due either to a reduced abili ty 

of the influx mechanism to pump malate against an ever increasing 

concentration gradient or to increased passive diffusion from the vacuoles. 

This causes PEP carboxylation to slow and eventually cease altogether 

(see Figure 1.1). Thus the increasing malate concentration at the site 

of PEP carboxylase may, at least in part,account for the gradually decreasing 

rate of net malate synthesis.

Phosphorylase and phosphofructokinase may be important in the regulation 

of the flow of carbon from glucan to PEP (Sutton, 1974, 1975b,c). Phos

phorylase from K. daigremontiana is inhibited 60% by 1 mM Pi, 20% by 

2 mM PEP and 40% by 4 mM glucose. However, speculations on the importance 

of the regulatory properties of phosphorylase must remain tentative as 

the relative contributions of phosphorylase and amylase to glucan breakdown 

are unknown (Sutton, 1974; Vieweg and de Fekete, 1977; Dittrich, unpublished). 

Phosphofructokinase, which is known to be an important glycolytic 

regulatory enzyme in animal tissues, has all the characteristics of a 

regulatory enzyme. It possesses allosteric regulatory properties, 

catalyses a physiologically irreversible reaction, and is present with an 

activity just sufficient to acconmodate starch degradation. The enzyme 

from different plant tissues exhibits either positive or negative co-

operativity towards the substrate F-6-P, inhibition by ATP when 
2 +[ATP]>[Mg ] and is regulated allosterically by a number of metabolites 

including glycol 1ate-2-phosphate, PEP, 2-PGA, 3-PGA, ci tra te ,  and Pi;
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Pi also relieves PEP inhibit ion (Kelly and Latzko, 1977a,b). Chloroplastic 

and cytoplasmic forms have been shown to be present in spinach (Kelly 

and Latzko, 1975). The enzyme from K. daigrem ontiana  is inhibited 40% 

by 4 mM mal ate and 70% by 1 mM PEP (with or without Pi),  although the 

enzyme is 100 fold less sensit ive to PEP at  low F6P concentrations, than 

the enzyme from the plant A tr ip le x  spongiosa  (Sutton, 1974, 1975c). I t  

is unlikely however that  e i ther  PEP or mal ate influences e i ther  phosphorylase 

or PFK in  v ivo  since, as shown in Figure 1.3, both are most likely to be 

chioroplastic  whilst PEP and malate are most l ike ly  to be formed in the 

cytoplasm. If  however, e i ther  malate enters the chloroplast during 

ac id if ica t ion  or OAA is converted to malate in chloroplasts ,  and i f  the 

chloropiasts of some CAM plants are capable of PEP exchange via a phosphate 

translocator (see Chapter 5), these metabolites may in te rac t  with PFK 

during glucan mobilisation. The PFK in the cytoplasm, which makes up 

about 70% of the spinach enzyme, is presumably readily modified by these 

e f f e c to r s .

G1ucose-6-phosphate concentration increases during the early part  of the 

dark period in both K. daigrem ontiana  and K. b lo s s fe ld ia n a  (Cockburn and 

McAuley, 1977; Pierre and Queiroz, 1979) and i t  has been suggested that  

this  increasedG-6-P concentration may activate  PEP carboxylase (Cockburn and 

McAuley, 1977). The suggestion depends upon whether G-6-P and PEP 

carboxylase are in the same compartment. Increases in chloroplastic  G-6-P 

concentration will not a f fec t  the cytoplasmic PEP carboxylase since chloro

piasts  are not readily. permeable to hexose phosphates (Walker, 1976).

G-6-P is par t icu la r ly  e f f ic ie n t  a t  rel ieving malate inhibit ion of CAM PEP 

carboxylase by lowering the Km PEP (Ting and Osmond, 1973; Nott ,•personal 

communication). This may be a more logical role again assuming i t  is in the 

same compartment.
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PEP carboyxlase is also subject to feedback inhibition by mal ate 

and activation by Pi (Kluge and Osmond, 1972). Recent evidence 

(Greenway e t  a l . 3 1978; Winter, unpublished) has shown that PEP carboxylase 

from CAM Mesembryanthemum crys ta llin u m  and Aloe arborescensj when assayed 

in the f i r s t  2-3 minutes following extraction, may exist in either a 

relatively malate insensitive state with a high PEP affinity or in a malate 

sensitive state with a lower PEP affinity. It is possible that such 

changes in characteristics may involve changes in the form of the enzyme.

Jones e t  a l .  (1978) purified PEP carboxylase from K. fed tsch en ko i and 

found no evidence of isoenzymes or sub-unit heterogeneity. They speculated 

that any regulation of,or by,PEP carboxylase would most probably involve 

reversible conformation changes.

It has been argued that two separate glycolytic pathways operate in CAM 

cells during the dark (Deleens and Garnier-Dardart, 1977). The proposal 

is that carbon for acidification is provided by the mobilisation of glucan and 

carbon for respiration is supplied from the soluble sugar pools. Bradbeer
. 14

and Ranson (1963) fed U- C labelled glucose to K. crenata  leaf fragments

in the dark and concluded that the glucose was metabolised via the TCA

cycle. However, after 5 minutes exposure all the detectable label was in

alanine and malate, and after 1 hour exposure 72% of the label wasin malate.

It  is possible that a proportion of the label in malate may have been due
14to the refixation of respired CÔ but the conclusion is equivocal.

Although the size of the soluble sugar pools in K, daigremontiana  does not 

change during the light, the sugars which were previously labelled by 

2 hours "̂ CÔ  fixation in the light lose ^C during the dark and a similar 

increase in the radioactivity of the citrate and isocitrate fractions is 

observed (Sutton, 1974, 1975a). Deleens and Garnier-Dardart (1977) 

interpreted this observation as evidence that soluble sugars are metabolised
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solely by the TCA cycle. This does not follow, since the pool sizes of 

the sugar and acid fractions may be different and a substantial part of 

the isocitric and possibly also the c i t r ic  acid pool is located in the 

vacuole, not in the mitochondria (Kenyon e t  a l . 3 1978). Furthermore, 

i t  is well know that there is a substantial transfer of label between 

malate and the TCA cycle acids. The reciprocal change in radioactivity of 

the two fractions may be nothing more than coincidence.

Another argument for the participation of two glycolytic pathways 

in the dark involves the observation that at high night temperatures 

both glucan degradation and malic acid synthesis cease but respiration 

continues at an increased rate (Sutton, 1974; Kaplan e t  a l . 3 1976).

The implication is that the carbon source for TCA cycle activity must be 

the soluble sugars. It is possible that the increased rate of respiration 

provides energy for the init iation or increase of malate decarboxylation 

which would in turn provide PEP or pyruvate for respiration, whilst 

simultaneously stopping any net malate synthesis.

It is hard to envisage how two glycolytic streams could be spatially 

separated within the cell ,  particularly since the PGA mutase, enolase,

PEP carboxylase and, presumably, also the pyruvate kinase are all 

cytoplasmic enzymes. Whereas in Ĉ  plants the carboxylating and decarboxy- 

lating enzymes are spatially separated, in CAM plants they are in the same 

cell and in the cases of PEP carboxylase, NADP malic enzyme and PEPCK, the 

same compartment. Presumably for net acid accumulation to occur either 

decarboxylation has to be suppressed, the rate of carboxylation must be 

greater than that of decarboxylation, or possibly the malate is rapidly 

removed to another compartment. The activi t ies  in the dark of the



14

decarboxylases involved in CAM are not known, although i t  is assumed that 

they w i l l  mainly be regulated by the a v a i la b i l i t y  of NAD, NADP and ATP 

rather than by the a v a i la b i l i t y  of substrates. However, as deac id if ica t ion  

does occur under conditions of continuous darkness, presumably these co

factors can be provided by dark re sp ira t ion . Dark deac id if ica t ion  can be 

in i t ia te d  in K. daigremontiana i l lum inated with fa r  red l ig h t  in the 

presence o f oxygen (Nalborcyzk et al . 3 1975). The deac id if ica t ion  depends on 

the continued presence o f fa r  red l ig h t .  This in te res ting  e ffe c t has yet to 

be explained or confirmed but presumably the requirement implies the 

involvement o f resp ira t ion . I t  is  not known whether mal ate e f f lu x  from the 

vacuoles is  stimulated or whether deac id if ica t ion  per se by NADP and/or 

NAD malic enzyme is involved. NADP malic enzyme from plants appears to be 

inactive in the dark, although th is  may be due to a re s tr ic te d  supply of 

NADP (Osmond, 1974).

Brandon (1967) observed tha t NADP malic enzyme and PEP carboxylase 

from B. tubiflorum have d i f fe re n t  thermal s ta b i l i t ie s .  He concluded that 

the common observation that dark a c id i f ic a t io n  is favoured by cooler night 

temperatures indicates that the short term regulation o f dark acid 

synthesis is determined by the re la t iv e  a c t iv i t ie s  of the carboxylating 

and decarboxylating enzymes. The e ffe c t o f temperature on the amplitude of 

CAM is probably due to other reasons since acid f luc tua tions  are often 

observed in plants growing under constant temperature conditions (Kluge,

1976). For example, a c id if ic a t io n  in f ie ld  grown Opuntia inermis which 

kept th e ir  stomata open throughout the n igh t, was insens it ive  to temperatures 

between 5 and 25°C (Osmond, 1978).

Osmond (1978) argues tha t i f  both carboxylation and decarboxylation 

rates are higher at increased temperatures then one would expect a



15

commensurate increase in glucan degradation. However, glucan mobilisation 

appears to decrease with increasing temperature (Kluge, 1969b; Sutton, 1974).

An increase in temperature is often accompanied by a decrease in net CĈ  

assimilat ion,  or sometimes even an efflux,  which is most probably due 

to an increase in dark respi rat ion which increases between 14°C and 24°C 

with a Q-jq of about 2.4 (Brunnhöfer e t  a l .  3 1968; Neales, 1973; Allaway 

e t  d l . 3 1 975 ; Kaplan e t  a l .  3 1 976).

Queiroz and co-workers have argued that  the regulation of both the

l ight  and dark processes of and CAM K. b lo s s f e ld ia n a  var. Tom Thumb

and possibly other CAM plants as well,  is under endogenous circadian

control (see Queiroz, 1979, for a recent review). The current concept

appears to be that  the daily CAM rhythm is dependent ("entrained") upon

the combined effects  of a dawn signal and a dusk signal driving two

di f ferent  "clock-controlled" osc i l l a t or s .  This can be observed on a

metabolic level as rhythmical, diurnal f luctuat ions in various glycolyt ic

metabolite levels  and in the crude ac t iv i t i e s  of PEPC, NADP malic enzyme,

aspartate aminotransferase and various glycolytic enzymes (Pierre and

Queiroz, 1979; Queiroz, 1979). The relevance of these rhythmical, diurnal

variat ions to the diurnal regulation of CAM is conjectural since the minimum

daily a c t i v i t i e s  of a l l  the enzymes studied,  with the exception of PFK

and NADP malic enzyme which are present in low a c t i v i t i e s ,  are between 12

and 150 times the maximum rates of dark acidi f icat ion (data from

Pierre and Queiroz (1979), assuming a fresh weight/dry weight rat io  of 10,

chlorophyll content of 0.4 mg chl~^ g~̂  f.wt,  and a maximum acidi f icat ion
-1 -1rate of 30 pmoles mg chi hr ). A major c r i t ic i sm of the report  of 

Pierre and Queiroz (1979) is that  although the enzyme rhythms were shown 

for K. b lo s s f e ld ia n a  during the development of CAM under short  day conditions,
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no data was presented on the rhythms in control plants kept under long 

day conditions fo r  a s im i la r  period of time, Such information is important 

so that the reader can assess the effects  o f  any developmental changes.

I t  also remains to be shown whether the rhythms observed in K. blossfeldiana 

var. Tom Thumb are observed in other CAM plants.

1,2,2 Vacuolar in f lu x  and e f f lu x

The accumulation of malic acid in the vacuoles requires the transport 

o f  mal ate from the cytoplasm against a s teadi ly  increasing concentration 

gradient, and implies the possession of an act ive pumping mechanism. The 

accumulation of malic acid is unusual in view of the amount of acid which
fr. vjf •

is accumulated (up to 20Ü yeqjj, the speed at which the acid is

accumulated, and because hydrogen malate (malate- ^) rather than the more
_2

common anionic malate (malate ), is accumulated (Osmond, 1978).

Llittge and Ball (1 979, in press) have proposed tha t ,  in K. daigvemontiana,

hydrogen malate is formed inside the vacuole and the actual pump involves

the active transport of protons coupled with a passive co-transport of 
2 _

malate . The energy requirements of the system are unknown.

The e f f lu x  of malic acid from the vacuoles, rather than requir ing a 

reversal o f  the in f lu x  mechanism, appears to be passive, i .e .  the in f lu x  

pump appears to be e i ther  deactivated or possibly less act ive in re la t ion  

to the e f f lu x  forces (Lli ttge and Ba l l ,  1974a, 1 977). In lea f  s l ices,  

malate e f f lu x  can be in i t i a t e d  by changing ce l l  turgor , but not by 

changing ce l l  water po ten t ia l .  The e f f lu x  is dependent on the turgor at 

any one time and is not tr iggered by trans ient  changes in ce l l  turgor 

(Llittge et al. 3 1 977). This model of  vacuolar control requires a, as 

yet unproven, sudden pressure dependent a l te ra t io n  of  the tonoplast
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permeability at a crit ical turgor pressure. The turgor effect has been 

demonstrated in  v i t r o  by Lüttge e t  a l .  (1975) who induced a diurnal 

rhythm of acid accumulation and loss in leaf slices from K. daigrem ontiana  

by varying the osmotic pressure of the suspension medium. Subsequent 

observations with intact Kalanchoe tissue indicated that although the malic 

acid rhythm contributed to a rhythm of water potential, the turgor remained 

practically unchanged during the diurnal cycle (Lüttge and Ball, 1977). 

Day/night acid fluctuations have also been observed in the field in water 

stressed CAM plants which kept their stomates shut throughout the day and 

night and which presumably remain at a constant low turgor (Szarek e t  a l . s 

1973).

Vacuolar influx and efflux is probably not under the singular control 

of turgor. Light/dark transients often trigger changes in tissue malate 

levels although i t  is unclear whether this is a direct light effect since 

there is usually a lag phase and such transients often induce changes in 

stomatal aperture. Moreover acid fluctuations have been observed during 

periods of continuous light (eg. Kluge, 1969c), and when stomates are contin

uously open or closed. Such observations are hard to interpret since 

periods of malate accumulation and loss (which are the only presently 

measureable parameters) may not be s tr ic t ly  related to changes in the 

tonoplast permeability, but are also functions of the availability of 

substrate and the relative activities of PEP carboxylase and the 

decarboxylating enzymes. The levels of adenylate and pyridine nucleotides, 

Pi and of other metabolites may be important in such regulation.
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1.2.3 The light processes

1.2.3.1 The i n i t i a l  b u rs t o f  CO  ̂ a s s im ila t io n  (Phase 2)

Many CAM plants, under both field and laboratory conditions, exhibit 

a burst of C02 fixation immediately after the onset of illumination which 

is independent of further stomatal opening (Phase 2, Figure 1.1). Carbon 4 

labelled malate is the principal product of ^C02 fixation during this 

period and, although the bulk of the label stays in malate,' there appears 

to be a slow transfer of label into sugars. This is probably due to either 

malate decarboxylation and subsequent ^C02 refixation by RuP2 carboxylase

or by fixation directly by RuP2 carboxylase (Osmond and Allaway, 1974) 
(Figure 1.4).

Except under certain environmental conditions, the tissue malate content 

appears to stay more or less constant during this period. Marcelle (1975) 

observed an increase in 02 and C02 evolution in K. daigrem ontiana  

tissue exposed to C02 free air  which demonstrated that some dark fixed 

malate is decarboxylated during this period. In contrast to plants 

exposed to long nights (16 hr), plants exposed to short nights (8 hr) 

show a lag before decarboxylation occurs (Marcelle, 1975). During this lag 

which lasts about 2 hours, the tissue malate content continued to increase 

due to the continual transfer of malate into the vacuoles. This indicates 

that malate leakage from vacuoles which are not near their storage capacity, 

is minimal. It also suggests that PEP is s t i l l  being supplied from storage 

carbohydrates i .e .  both the regulation of glucan degradation and vacuolar 

malate efflux are not directly controlled by light per se .

The period and magnitude of the C02 fixation burst, which commonly 

lasts between 30 minutes and 2 hours, is subject to regulation by a variety 

of environmental factors. However, in general, the effects can be explained



Figure 1.4 Diagramatic representat ion of the path of carbon during the 

i n i t i a l  l i g h t  f i x a t io n  burst (Phase 1) in a malic enzyme CAM 

plant (modified from Osmond>1976).

The thickness o f  the l ines represents the possible a c t i v i t y  of  the 
a l te rna t ive  pathways. Broken l ines represent uncertain processes. 
CO2  enclosed in a box represents endogenously produced CO2 , 3-PGA 
s im i la r ly  enclosed represents 3-PGA produced in the PCR cycle 
and malate, also boxed, represents malate stored in the vacuole.
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in terms of tissue malate levels and stomatal opening and closure. The 

illumination burst is both greater in magnitude and period under conditions 

in which dark malate accumulation has been inhibited by, for example, 

extremely low night temperatures (Kluge, 1968b), withholding CCL during 

the dark (Kluge, 1968b) or, as already mentioned, by shortening the dark 

period (Marcelle, 1975). These factors possibly stimulate the illumination 

burst because they result in low vacuolar malate contents during the l igh t 

period and consequently, as long as the substrate PEP is being produced, 

the tissue w ill pump ligh t synthesised malate into the vacuole. The effect 

of turgor on malate accumulation and its  possible role in regulating 

vacuolar in flux, efflux and stomatal opening and closure was discussed in 

Section 1.2.2.

The illumination burst, i f  not to ta l ly  suppressed, is smaller in 

magnitude and period when the previous night temperatures are high (Kluge, 

1968b), under long night conditions (Marcelle, 1975), in water stressed 

tissue (Kluge e t  a t . ,  1973) and under low lig h t conditions (Kluge e t  a l .,

1973; Nobel, 1976). Under long night conditions the vacuoles are probably 

f i l le d  to capacity and the cytoplasmic malate content w ill be high and thus 

PEP carboxylase w ill most l ik e ly  be inhibited. Under water stress conditions 

the stomates tend to either close rapidly upon illumination or remain 

closed throughout a 24 hour cycle. High night temperatures are known to 

inh ib it  glucan degradation and prevent any malate accumulation (Kluge, 1968b; 

Sutton, 1974) and i t  is possible under these conditions PEP is lim iting 

although one might expect CĈ  fixation by RuP̂  carboxylase. I t  is possible the 

i f  the stomates have been open during the previous night then the high 

temperatures could stimulate transpiration, and the resulting drop in 

leaf water potential may induce stomatal closure.
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As Kluge and Ting (1979) have observed, the mechanisms which control 

the burst of CO2 uptake will not be fully understood until i t  is known 

what controls both the efflux of malate from the vacuole and stomatal 

opening and closure, and why neither takes place until 30-60 minutes after 

the onset of illumination. A similar and probably related effect is also 

consistently observed by Winter (unpublished). PEP carboxylase from CAM 

Mesembryanthemwn c r y s ta l l in w i  and Aloe arborescens  switches from a malate 

insensitive tô jmalate sensitive form at the same time that efflux and 

deacidification begins. The switch is independent of illumination as i t  is 

also observed under continuous dark conditions when dark deacidification 

occurs.

1.2.3.2 D e a c id if ic a tio n  (Phase 3)

The dark synthesised and accumulated malic acid is decarboxylated

the period following the init ial  light C09 fixation burst (Phase 3 
, Figure 1.5 c

in Figure l.jj). During this deacidification period the stomates are closed, 

there is a minimal fixation of external CÔ , (cf. Kluge e t  a l . 3 1973;

Allaway e t  a l . 3 1974; Osmond and Allaway, 1974; Sutton, 1974; Neales, 1975) 

and, concomitant with the decrease in acid level there is an approximately 

equal increase in the amount of carbon in storage carbohydrates or 

glucan (Sutton, 1974).

CAM plants contain one or more of 3 malate or OAA decarboxylating 

enzymes similar in function to those reported in Ĉ  plants (Dittrich e t  a l . 3 

1973; Hatch e t  a l . 3 1975; Dittrich, 1976). The distribution of these 

enzymes between different species, particularly phosphoenolpyruvate 

carboxykinase (PEPCK), appears to be determined along taxonomic lines.

PEPCK is found in the Aselepiadaceae, Bromeliaceae, Euphorbiaceae,

Vitaceae and Portulacaceae, but is absent from the Agavaceae, Aizoaceae,
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Asteraceae, Cactaceae, Crassulaceae and the Orchidaceae. In the Liliaceae, 

Aloe arborescens  and Apiera s p i r a l i s  possess PEPCK but the enzyme is absent 

from two Sanseveria  species [S. hahnii and S. t r i f a s c i a t a ) . The 

d is t r ibut ion  of the other two decarboxylating enzymes, NADP and NAD malic 

enzymes, although also separated along taxonomic lines is not so d i s t in c t  

since a l l  CAM plants (or a t  leas t  the 31 surveyed for both enzymes by 

Dit tr ich (1976), and the 25 assayed solely for NADP malic enzyme 

(Dit tr ich  e t  a l . 3 1973) appear to possess some ac t iv i ty  of both enzymes. 

However, all  those species which do not possess PEPCK have high NADP malic 

enzyme capaci ties which are adequate to account for the maximum observed 

rates of deacidif ication.

The NADP malic enzyme capacities of PEPCK CAM plants are generally barely 

su ff ic ien t  to account for the maximum deacidification ra te s ,  except in the 

Euphorbiaceae which have high a c t iv i t i e s ,  but even in these plants the . 

a c t iv i t i e s  are only about 15% of the observed PEPCK a c t iv i t i e s .  NAD malic 

enzyme a c t iv i t i e s  are well below those required for deacidif ication,  except 

in the Crassulaceae, and in the Orchidaceae. On average, not counting the 

Crassulaceae and Orchidaceae, the NAD malic enzyme a c t iv i t i e s  are about 

40-50% of the NADP malic enzyme a c t iv i t i e s  in both PEPCK and in non-PEPCK 

CAM plants.

Strong circumstantial evidence exis ts  which shows that  the above- 

mentioned decarboxylases are involved in deacidification in the l igh t  although 

the re la t ive  contributions of d ifferent  decarboxylases,when more than one 

decarboxylating enzyme is present in a single t is sue ,a re  unknown. The 

evidence includes (1) radioact iv ity  from dark ^C labelled malate is released 

as ^CO^ from stripped leaves in the l igh t  (Kluge, 1968a); (2) a massive
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rise in internal C02 concentration, which is greater than can be expected 

from respiratory C02, occurs during deacidification (Cockburn e t  aZ.,,1979; 

Spalding e t  a l . 3 unpublished); (3) Milburn e t  a l . 3 (1968) observed that 

in Bryophyllum  pyruvate levels increased during deacidification; and (4) 

mitochondria isolated from K. daigremonticcna and S. praealtum  contain NAD 

malic enzyme, and are capable of decarboxylating malate at physiological 

rates (Day, unpublished; Spalding e t  a l . 3 unpublished).

The transfer of label from malate to carbohydrate has been verified
14in experiments which have shown that almost all the C from dark 

labelled malate appears in carbohydrates during the following light period 

(Kunitake and Saltman, 1958; Ting and Dugger, 1968; Sutton, 1974). There 

may, however, be some loss of C02 under high daytime temperature conditions 

particularly i f  the light intensity is high (Kluge e t  a l . 3 1973; Lange 

e t  a l . 3 1 975).

It is most likely that the C02 produced during deacidification is
14converted to glucan via the PCR cycle since the products of C02 

fixation during this period are characteristic of fixation by RuP2 carboxy

lase (Kluge, 1969; Avadhani e t  a l . 3 1971). PEP carboxylase is probably 

inhibited by the high cytoplasmic malate content which is most likely 

present during deacidification (Kluge and Osmond, 1972; Liittge and Ball, 1 974a 

1977). It  appears that both the C02 and the 3-carbon skeleton products during 

deacidification are converted to glucan rather than to soluble sugars (Kluge et 

a l .3 1 973; Sutton, 1974). The path by which the 3-carbon produces of decarboxy

lation, pyruvate and PEP, are converted to glucan is the principal concern 

of this thesis and is discussed in more detail below.



Figure 1.5 Diagrammatic representation of the path of carbon during
deacidification (Phase 3) in CAM plants in the light (modified 

from Osmond, 1976). Symbols same as in Figure 1.4.
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1.2.3.3 P o s t-d e a c id if ic a tio n  l ig h t  f i x a t io n  (Phase 4)

Steady state CC> 2  fixation in the light during the post-deacidification

period is often observed in CAM plants (Phase 4, Figure 1.1). Osmond

and Allaway (1974) demonstrated that in K. daigrem ontiana  the init ial

products (15 second exposure) of assimilation during this period

were 3-PGA and other phosphorylated compounds. In longer term feeding

experiments label accumulates in mal ate (Kluge, 1969c; Kluge e t  a l . 3

1973), particularly under low light intensities (Kluge, 1971b), however only
14between 35% and 55% of C mal ate is in the carbon 4 position which indicates

that a considerable proportion of the substrate PEP was previously labelled

(Osmond and Allaway, 1974). These observations suggest that a greater 
14part of CÔ  is fixed by RuP̂  carboxylase and a proportion of this carbon

14is released from the chloroplast into the cytoplasm as C-triose phosphate 

which can then be converted to PEP via a glycolytic sequence. Thus in this 

instance, PEP supply, unlike in the dark, is not provided by degradation of 

glucan but is dependent upon the rate of ^CO^ fixation by the PCR cycle.

As both Osmond (1978) and Kluge and Ting (1979) have pointed out, this 

proposed scheme of events (Figure 1.6) is similar to the double carboxylation 

scheme proposed by Bradbeer e t  a l . 3 (1958) for dark fixation of CO2  (see 

Figure 1.2).

The involvement of RUP2  carboxylase/oxygenase is also supported by the

observations that, during this period, CO2  fixation is O2  sensitive (Osmond

and Björkman, 1975). The C02 compensation point is 50 ppm in air (Allaway

e t  a l . 3 1 974), and when CO2  is provided to K. daigrem ontiana  plants only 
13in the light the 6 C values of -25.9%0 are characteristic of the fixation 

of CO2  by RUP2  carboxylase (Nalborcyzk e t  a l , 3 1975).



Figure 1.6 Diagrammatic representation of the path of carbon during la te  

l i g h t  CÔ  f i x a t io n  in malic enzyme CAM plants. (Modified from 

Osmond, 1976). Symbols as in Figure 1.4.
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As with the pre-deacidification burst of CO2  uptake, both the period 

and magnitude of steady-state post-deacidification CO2  fixation is 

regulated by a number of environmental factors which,in general, keep the 

stomates closed during this period. CÔ fixation is suppressed in water 

stressed tissue (Kluge e t a l .3 1973; Lange e t a l .3 1975; Osmond, 1979), and 

under conditions which suppress deacidification such as low light intensity 

(Kluge, 1971b; Kluge e t a l . 3 1 973).

1. 2 . 3.4  Photorespiration

CAM tissues possess all the necessary enzymatic and compartmental 

requirements for photorespiration. They possess chioroplasts, mitochondria 

and peroxisomes in close contact (Kapil e t a l .3 1975). Moreover RuP0 

carboxylase from K. daigremontiana also exhibits oxygenase activity 

(Badger e t a l .3 1975). Isolated peroxisomes from spinach and from CAM 

species, Crassula lycopodiodes3 Bryophyllum calycimoVi and Sedum rubiotine turn3 

contain glycollate oxidase, catalase, hydroxypyruvate reductase, glycine 

aminotransferase, serine-glyoxylate aminotransferase and aspartate amino

transferase (Herbert e t  a l .3 1978). Serine-glyoxylate and, in particular, 

glycine aminotransferase activities were much lower in the CAM tissue than 

in spinach. Adequate catalase, glyoxylate oxidase, and hydroxypyruvate reduc

tase capacities have also been observed in K. daigremontiana3 Aloe 

arborescens3 and in Sedum praealturn (Denius and Homann, 1972; Osmond, 1976; 

Spalding e t a l. 3 1979). Arron e t  ah (1979) reported low rates of glycine 

oxidation in mitochondria from Sedum praealtum  which they attributed to 

either a low inherent rate or to enzyme deactivation during isolation.

K.C. Woo (unpublished) observed an intact glycine decarboxylation system 

in mitochondria isolated from K, daigremontiana.
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The observation, described in the previous section, that during 

post-deacid i f icat ion l i g h t  C02 f ixa t io n  (Phase 4), CO2 f i x a t io n  is 

inh ib i ted by 02 concentrations above 2% is ind ica t ive of RuP2 carboxylase/ 

oxygenase a c t i v i t y  and photorespirat ion. However, high CÔ  concentrations 

do not completely reverse the 02 in h ib i t io n  (Bjö'rkman and Osmond, 1 974).

The same workers (Osmond and Björkman, 1975) observed that the post

i l  lumination burst in K. da igvem ontiana  was present even at low 02 concen

t ra t ions .  Crews e t  a l .  (1975, 1976) observed two post- i l lum inat ion  C02 

bursts. The f i r s t ,  which is present during deac id i f ica t ion  (Phase 3), 

is  insensi t ive to 02 and C02 and appears to be due to decarboxylation of 

malate, but the second, which is present during Phase 4, is suppressed 

by low 02 and high C02 .

Although the 02 levels in deacidifying t issues are higher than 

ambient (up to 26%), the C02 concentrations are up to about 12 times 

higher than ambient (up to .4%) and probably cancel out any e f fec t  of 02 

in h ib i t io n  on RuP2 carboxylase a c t i v i t y  during deac id i f ica t ion  (Osmond, 1976; 

Cockburn e t  a l . ,  1979; Spalding e t  d l . 3 unpublished).

Both Osmond (1978) and Kluge and Ting (1979) have concluded that 

CAM plants ac t ive ly  photorespire during the afternoon l i g h t  C02 f ixa t io n  

period but probably do not during deac id i f ica t ion .

1 .2.3.5 C om partm enta tion

There is no in te r c e l lu la r  separation of  the carboxylat ing and 

decarboxylating enzymes in CAM plants. In  s i t u  immunofl uorescent 

labe l l ing  of  RuP2 carboxylase/oxygenase with anti-RuP2 carboxylase/oxygenase 

demonstrated that RuP2 carboxylase/oxygenase was present in a l l  chloroplasts
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in K. daigremontiana leaves (Hattersley e t a l . 3 1977). Moreover, isolated

mesophyll ce l ls  from Sedum telephium, S. praealtum3 Opuntia polyeantha,
0. monocantha, K. daigremontiana and Stapelia gigantea are able to f ix CĈ

via PEP carboxylase or by RuP2 carboxylase, exhibit  CÔ  dependent
14 /evolution, synthesise malate and convert CÔ  to starch (Rouhani e t  a l . 3 

1973; Spalding and Edwards, 1978; Gerwick e t a l .3 1979; see also Chapter 3).

Some of the early reports on the localisa t ion  of enzymes based on 

mitochondrial or chloroplastic  isolat ion are now considered unreliable 

mainly on methodological grounds. Often isolat ion was performed using 

non-aqueous separation (eg. Garnier-Dardart, 1965; Mukerji and Ting, 1968a) a 

technique which has been shown to be prone to cytoplasmic contamination 

(Bird e t aZ.,1973). Brandon (1967) used an aqueous technique to iso la te  

mitochondria from B. tubiflorum  and reported the presence of PGA-mutase, 

enolase and possibly some RuP̂  carboxylase/oxygenase in these organelles. 

These three enzymes have since been shown to be non-mitochondrial in a 

number of C^, and CAM tissues .

The location of various photosynthetic, glycolytic and 

respira tory enzymes have recently been re-invest igated using more 

re l iab le  separation techniques which are now available.  Spalding e t a l . 3 

(1979) have shown that  NADP malic enzyme from S. praealtum is  solely 

r e s t r ic ted  to the cytoplasm, which is contrary to early reports for CAM 

plants (Brandon, 1967; Garnier-Dardart,1965; Mukerji and Ting 1968a; Khan 

e t a l . ,  1970). Although Khan e t a l. (1970) did find the majority of NADP 

malic enzyme from the cactus Nopalea dejecta  in the cytoplasm andJlukerji 

and Ting (1968a,b) observed chloroplast ic ,  cytoplasmic and mitochondrial 

isoenzymes in Opuntia phylloclades.
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NADP malic enzyme and PEPCK are also re s t r ic ted  to ta l ly  to the 

cytoplasm in K. daigrem ontiana  and Ananas comosus respectively (Dit t r ich ,  

unpublished). Hitherto no differences in enzyme locations have been 

reported for similar enzymes from CAM and plants.  The cytosolic 

location of CAM NADP malic enzyme has been considered to represent a major 

and unpredicted difference.  With hindsight, however, the cytosolic location 

of the CAM enzyme is not so unexpected since i t  has previously been 

recognised that  plant NADP malic enzymes can be categorised into the more 

general "Ĉ  + CAM" type, which has similar properties  to malic enzymes from 

non-photosynthetic t issues and vertebrates (Garnier-Dardart, 1965; Brandon 

and von Boekel-Mol, 1973; Pupillo and Bossi, 1979), and a "Ĉ  type", which 

has a higher a f f in i ty  for malate (Nishikido and Wada, 1974). The enzyme 

from corn root t ip s ,  which appears to be of the "Ĉ  + CAM" type is res t r ic ted  

to the soluble fraction (Danner and Ting, 1967), although animal t issues 

contain both soluble and mitochondrial forms (Li e t  a l . 3 1975). Pupillo 

and Bossi (197?) have demonstrated the presence of both forms, but 

predominantly the "Ĉ  + CAM" form,in e t io la ted  maize t issue .  With greening 

the t issue  synthesised the."C^ type" and a f t e r  6 days l igh t  treatment th is  

was the predominant form. I t  was suggested that  the Ĉ  form from e t io la ted  

leaves was in the cytoplasm.

The NAD malic enzyme from CAM plants is a mitochondrial enzyme 

(D i t t r ich ,  1976; Arron e t  a l . 3 1979; Day unpublished; Spalding e t  a l . 3 

unpublished) as is the Ĉ  enzyme (Hatch and Kagawa, 1974a,b). Khan e t  a l .  

(1970) has shown that  mitochondria from the cactus Nopalea d e jec tu s  

contain a regular complement of TCA cycle and respiratory chain enzymes, 

whilst as previously stated, K.C. Woo (unpublished) has observed a glycine 

decarboxylating system, similar to that  found in Ĉ  plants ,  in mitochondria
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isolated from K. daigrem ontiana. In S. praealtum pyruvate, Pi dikinase 

is restricted to chloroplasts as i t  is in plants (Spalding e t  a l . 3 

1979; Hatch et a l . s 1975).

Herbert e.t a l. (1 979 ) have demonstrated the presence of 2 distinct forms 

of each of the following enzymes from B. oalycinum: glucosephosphate

isomerase, phosphoglucomutase, G-6-P and 6-phosphoglucono dehydrogenase. 

Although the compartmentation of these enzymes has not been studied, 

the data is strongly suggestive of cytoplasmic and chloroplastic forms, 

since all 4 enzymes isolated from spinach in the same study had a 

chloroplastic and a non-chloroplastic form.

1.2.3.6 R egu la tion  and tra n sp o r t

It is commonly accepted that PEP carboxylase is active during Phases 

1 and 2 but is inactive during deacidification. I t  is also known that PEP 

carboxylase is inhibited by malate (cf. Kluge and Osmond, 1972), however 

i t  is becoming increasingly obvious that PEP carboxylase is subject to 

other forms of regulation about which there is both disagreement and 

ignoranee.

Queiroz and co-workers argue that feedback control of 

malate cannot, by i t se l f ,  explain the day/night rhythm of CAM 

and proposed that, in K. b lo s s fe ld ia n a 3 PEP carboxylase and 

NADP malic enzyme act as the two separate "clock-controlled" oscillators 

which are "entrained" by the combined effects of dusk and dawn signals.

(see recent review by Queiroz (1979)).

The most commonly accepted concept of PEP carboxylase regulation in the 

light is actually a flexible composite of several previously proposed schemes.
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Basically, i t  recognises the individual metabolic events which occur during 

each light phase. During Phase 2 PEP carboxylase is generally not 

inhibited but the activity of the enzyme is dependent upon the vacuolar 

malate content. During Phase 3, PEP carboxylase is inhibited by malate 

released from the vacuoles the control of which is possibly related to 

cell turgor (see Section 1.2.2). During Phase 4 PEP carboxylase is not 

inhibited per se  but i ts  activity is limited by the availability of 

substrate and malate accumulation is dependent upon the activity of the 

various decarboxylases.

The observation by Winter and co-workers (Greenway e t  a l . 3 1978;

Winter and Greenway, 1978) previously mentioned in relation to the regulation 

of PEP carboxylase in the dark, may be particularly relevent to the regulation 

of PEP carboxylase in the light. PEP carboxylase from CAM M. c ry s ta ll in w n  

and Aloe arborescens  at the onset of deacidification (which usually is 

associated with vacuolar efflux), both in the light and in continuous 

darkness, undergoes a change frcm a malateinsensitive form to a malate 

sensitive form (Winter, unpublished).

NADP malic enzyme, although important as a decarboxylase, does not 

appear to perform an important regulatory role. This also seems to be true 

of PEPCK and possibly also of NAD malic enzyme. NADP malic enzymes from 

CAM plants are, as already mentioned, similar in many respects to the Ĉ  

enzymes and are characterised by having a pH optimum around 7, and a Km 

malate of 0.3-1.0 mM (Walker, 1960; Brandon, 1967; Garnier-Dardart and 

Oueiroz, 1974; Brandon and van Boekel-Mol, 1973; Pupil 1o and Bossi, 1979).
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Although NADP malic enzyme from K. daigrem ontiana  appears to be subject

to complex regulatory control (Garnier-Dardart and Queiroz, 1974) much
2 +of the regulation involves variations in the Mg concentrations which are 

most probably of l i t t l e  physiological significance to a cytoplasmic enzyme.

The enzyme is also characterised by mal ate co-operativity at low mal ate 

and NADP concentrations. Two possibly important features of the enzyme 

are its  insensitivity to high malate concentrations, and its  rather 

broad pH optimum which is particularly evident at high malate concentrations 

(Kluge and Osmond, 1972; Garnier-Dardart and Queiroz, 1974; Holtum and 

Winter, unpublished). Such characteristics could enable the enzyme to 

operate, during Phase 3, in a cytoplasmic milieu that may well have a low 

pH and a high malate content due to the efflux of malic acid from the vacuole.

Brandon and van Boekel-Mol (1973) have reported that the NADP malic 

enzyme from B. tu b iflo vw n  increases in activity up to 55°C, and this 

activity is stimulated by high malate levels. The implication is that the 

decarboxylase is particularly active during the warm, daylight hours.

The generally low tissue pyruvate concentrations (Mil burn e t  a l . y 

1968; Cockburn and McAuley, 1977) coupled with both the efficient NADPH2 

oxidising system on the external walls of CAM mitochondria (Arron e t  a l . y 

1979; Day, unpublished) and the malate co-operativity at low malate and 

NADP concentrations, should ensure that the enzyme rarely, i f  ever, operates 

in a reverse direction. The same reasoning suggest that the enzyme could be 

active in the dark (see discussion in Section 1.2.1.4).

The PEPCK from Ananus comosus (pineapple), a CAM plant, appears to 

be similar to that extracted from Panicum maximumy a Ĉ  plant (Ray and
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Black, 1976a;Daley et al.3 1976). They have s im i la r  pH optima of  6.8-7.0 and 

the Km ATP and Km OAA are s im i la r  in the decarboxylating d i rec t ion .  Both 

enzymes appear to be capable of  decarboxylation using ADP but i t  is possible 

that th is  a c t i v i t y  is due to contamination by adenylate kinase. The

suggestion that ADP catalyses the converion of OAA ----- > pyruvate + C0£ as

has been observed in yeast, pig l i v e r  and avian l i v e r  (Chang et al.3 1966; 

Connata and DeFlombaum, 1974; Noce and Utter , 1975), has been tested and 

discounted by Hatch and Mau (1978). The CAM enzyme has lower a f f i n i t i e s  

for  ADP, HCÔ - and PEP (K^'s o f  0.13 mM, 34 mM and 5 mM respectively) 

compared with the Ĉ  enzyme (0.05 mM, 11 mM, 0.38 mM respectively) in the 

carboxylating d i rec t ion .  The CAM enzyme is also sensi t ive to temperatures 

below 15°C at which point there is a large increase in the energy o f  

act iva t ion (from -  12-13 to — 80 kca l .mol ^ ).

The cytoplasmic location o f  PEPCK in CAM plants (D i t t r i c h ,  unpublished) 

may be problematical since i t  is thought that the cytoplasmic pH is low, 

due to the high malate concentration during deac id i f ica t ion .  Although 

the enzyme has a narrow pH optimum (Daley et al. 3 1976), PEPCK a c t i v i t i e s
tr

are always much high'than required by deac id i f ica t ion  (D i t t r i c h  et al.3 
1973) and even at pH 6.0 i t  is mostly l i k e l y  the a c t i v i t y  would be s u f f i c ie n t .

Mitochondria isolated from NAD malic enzyme containing CAM plants 

are capable of high rates of Pi-dependent malate decarboxylation.

These rates can be fu r the r  stimulated by ADP, NAD, OAA, aspartate and 

oxoglutarate, or uncouplers of oxidative phosphorylation such as FCCP 

(Day, unpublished, Spalding et al.3 unpublished). I t  has yet to be 

shown, however, that  the mitochondria contr ibute to deac id i f ica t ion  in 
vivo. This question is p a r t i c u la r ly  relevent in the l i g h t  o f  recent reports
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(Cockburn e t  a l . 3 1979; Spalding e t a l . 3 unpublished) that  the internal 

C02 concentration during deacidif icat ion in CAM plants may be as high as 

0.4%. In contrast  to NADP malic enzyme which appears to be rela t ive ly  

insensi t ive to C02 concentration (Hatch, pers. comm.; Walker, 1960) 

decarboxylation by both NAD malic enzyme and isolated mitochondria from 

A trip lex  spongiosa, a NAD malic enzyme plant,  is strongly inhibi ted by 

HCÔ - (Hatch e t a l . 3 1974; Chapman and Hatch, 1977). This inhibi t ion 

appears to be competitive with mal ate.  The enzyme from Panicum miliaeeum , 

also a Ĉ  plant ,  is r e l a t i ve ly  insensi t ive to HCÔ " and in the presence of 

5 mM mal ate and 20 mM HCÔ ' is only inhibited by 7% compared with 95% 

for the A. spongiosa enzyme. The enzyme from the CAM plant S. praealtum3 

l ike that  from P. miliaceum3 is re la t ive ly  insensi t ive to HCÔ ” inhibi t ion 

(Spalding e t a l . 3 unpublished). This insens i t iv i ty  is most pronounced at  

high malate concentrations and may r e f le c t  the sigmoidal response to 

increased malate concentration which has been observed in both Sedum and 

Kalanchoe (Di t t r ich,  1976; Day, unpublished; Spalding e t a l . 3 unpublished).

However, despite these in  v itro  observations,  a simple, a lbe i t  rough, 

calculat ion suggeststhat  the observed internal C02 concentration in 

deacidifying CAM t issue will not s igni f icant ly a f fec t  the a c t iv i ty  of NAD 

malic enzyme. If  we assume that ,  a t  25°C, 330 ppm CÔ  is equivalent to 

9.9 yM C02 (Ku and Edwards, 1977) and deacidifying CAM t issue contains 

about 4,000 yl C02/1 (4,000 ppm C02), then the C02 concentration of the 

i n t e r ce l l u l a r  spaces will be about 0.13 mM. The inhibi tory effect  of 

this  low C02 concentration,  which represents the maximum observed concentration 

in a number of t issues (and is equivalent to abo.ut 0.93 mM NaHCÔ  in an 

aqueous medium at  25°C, pH 7.2) ,  will be minimal and will presumably be 

of f se t  by the high t issue malate contents which are present during this  period.
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For example, the data of Spalding et a l predicts that 0.13 mM CO2  in the 

presence of 2.5 mM or 0.5 mM malate (in an aqueous medium of pH 7.2) 

will inhibit NAD malic enzyme from s. praealtum by only 10% and 15% 

respectively. It is possible, however, that the mitochondrial malate 

concentration may be very different to the cytoplasmic concentration.

Spalding et al. (unpublished) demonstrated that after 5 minutes

U-"^C-malate incorporation by decarboxylating mitochondria (pH of the

medium was 7.2) from S. praealtum nearly all the non-malate label was
14observed in pyruvate and CÔ . As partate was the next most heavily 

1abelled compound.

In mitochondria isolated from K. daigremontiana the relative carbon 

fluxes through NAD malic enzyme and NAD malate dehydrogenase are affected 

by the pH of the external medium (Day, unpublished). At a pH below 

7.2-7.4 pyruvate is the principal product but above pH 7.4 there is a 

rapid shift towards OAA production. This pH sensitivity is not reflected 

in the pH response of the isolated enzyme and may indicate an 

in vivo mechanism of mitochondrial regulation. If, during deacidification 

the cytoplasmic pH is reduced by malate efflux from the vacuole, then 

pyruvate production via NAD malic enzyme would be stimulated. However, 

once the vacuolar malate has been decarboxylated, the cytoplasmic pH may 

increase and normal TCA cycle activity will be favoured.

Nothing is known of the transport capabilities of CAM chloroplasts 

as intact, photosynthetically active chloroplasts have yet to be isolated 

from a CAM plant. Levi and Gibbs (1975) isolated chloroplasts from 

K. daigremontiana with CÔ fixation rates of only 0.95 pmoles CO2  mg chi  ̂

hour"\ and Nishida and Sanada (1977) isolated K. daigremontiana chloroplasts,
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a f te r  a 14 day dark period to reduce the starch content, and obtained a 

maximal rate of only 3 .2 ymol es CÔ  mg chi  ̂ hour \

1.3 The Metabolism of Pyruvate and PEP during Deacidif icat ion 

1.3.1 Unresolved questions

As mentioned in the preceding sections, i t  has been establ ished that 

a l l  4 carbons o f  dark synthesised mal ate are converted to glucan during 

Phase 3 in the fol lowing l i g h t  period (Pucher et al. 3 1947; Kunitake and 

Saltman, 1958; Ting and Dugger, 1968; Sutton, 1974). The f i r s t  step 

of th is  conversion appears to involve the decarboxylation o f  malate to 

produce CĈ  and a 3-carbon compound e i ther  pyruvate or PEP, depending upon 

the pa r t icu la r  decarboxylating enzyme involved. The CĈ  is ref ixed by 

RuP2 carboxylase and converted to glucan via the PCR cycle. However the 

route by which the 3-carbon compounds PEP and pyruvate are converted to 

glucan . is  uncertain.

The d is t r ib u t io n  of in glucose, derived from starch formed in the
14 14l i g h t  from dark C label led malate, suggests that the transfer  of C

most l i k e l y  involves both a decarboxylation step and a reversal of

g lyco lys is ,  rather than e i ther  the d i rec t  reduction of malic acid to

glucan or an oxidation of malic acid to CC>2 fol lowed by re f ixa t ion  and

conversion to glucan via the PCR cycle (Varner and B ur re l l ,  1950). This

conclusion was supported by Haidri (1955a, b) who attempted to trace 
14 14the fate of 2- C-pyruvate and 2- C-malate in the l i g h t  in B. calyoinwn 

and Nicotiana leaves (Table 1.1). The leaves were label led in the dark, 

i l luminated fo r  3 hours, and the d is t r ib u t io n  of in glucose isolated 

from starch was measured.
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Table 1.1 Distribution of 4C in glucose isolated from starch in
B. calyoiniwi mesophyl 1 tissue fed 2-^C-pyruvate in the light. 
(Data of Haidrf, 1955a)

Position of ^4C 
in glucose

% distribution of "*4C
in B. calycinum

Carbons 3-4 28-33
2-5 43-46
1-6 25-28

14The occurrence of the highest C concentration in carbons 2 and 5
14suggests that a major part of the 2- C acids were converted to starch via a

reversal of the glycolytic pathway. That the next highest concentration

of 14C is in carbons 3 and 4 suggests either that some of the acid was

oxidised and the CÔ was refixed or, alternatively, some randomisation

occurred. These interpretations are however, equivocal for although 
14assimilation of C0? by the PCR cycle should produce glucose with the 

14highest C concentration in carbons 3 and 4 one would also expect the

remaining label to be equally distributed between carbons 1,2,5 and 6

(Bassham, 1965). If the carbon 1 and 6 figures are subtracted from the

carbon 2 and 5 figures, acid metabolism via a reverse glycolytic

(or gluconeogenic) pathway begins to appear small. Neal and Beevers (1960)

showed that in castor-bean endosperm slices, which are known to convert
14fats via pyruvate to sugars by gluconeogenesis, only 9 % of the C 

incorporated into glucose after 4 hours 3-^4C-pyruvate incorporation in 

the dark was in carbons 3 and 4.
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The data of Haidri (1955a,b) is also puzzling insomuch as that there
14is virtually no variation in the labelling patterns of both 2- C-malate 

14and 2- C-pyruvate between B. calycinum 3 a CAM plant, and both N iootiana  sp. 

and Avena sp., two plants. This is particularly so since B. ca lyo in w i 

probably possesses pyruvate, Pi dikinase (Kluge and Osmond, 1971;

Chapter 4.1), an enzyme that converts pyruvate ---- > PEP, and which is

absent from Ĉ  plants. There is no indication however, whether the

Bryophyllum  plants were actively deaciditying, and converting malate ---- >

glucan, during the experiments. Moreover, i t  is possible that since a dark/ 

light transition was involved,a large proportion of the experimental light 

period was spent undergoing Phase 2 metabolism which may involve the 

conversion of pyruvate to PEP to malate, followed by randomisation of the 

label in malate prior to decarboxylation.

Moyse and co-workers (Moyse e t  a l . 3 1958; Champigny e t  a l . , 1958) 

suggested that, during deacidification, malate may be completely oxidised 

to CC>2 prior to starch formation. They suggested that the in  v ivo  

equilibrium of the reaction PGA PEP is towards PEP formation and thus 

the gluconeogenic formation of sugars was unlikely. These conclusions were 

supported by Champigny (1960, unseen, cited by Kluge and Ting, 1979).

Although CAM plants possess conventional TCA cycles in the dark 

(Bradbeer, 1963; Bradbeer and Ranson, 1963; Kaplan e t  a l . 3 1976), Milburn 

e t  a l .  (1968) and Denius and Homann (1972), using intact B. ealycinw n  

leaves and leaf slices from Aloe arboreseens  respectively, showed that the 

maximal rates of 02 uptake in the light were between 10 and 2.5 times less 

than those required for the complete oxidation of malate. Although 02 

evolution increased with increasing tissue acidity in Aloe  leaf slices
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(Denius and Homann, 1972),the reverse was observed in Opuntia stem 

tissue (Szarek and Ting, 1974). In both tissues increasing temperature 

increased 0̂  consumption in the light. Unfortunately, simultaneous 

deacidification and 02 exchange rates were not measured in either study and 

moreover, in the Opuntia study a proportion of the tissue was non-chlorophyllous 

pith tissue. Recent studies (Cockburn e t at,*  1979; Spalding e t  a l unpub

lished) have established that during deacidification, the tissue 0  ̂ concen

tration may be as high as 40% which indicates that the net oxygen uptake at 

higher acid levels observed by Szarek and Ting (1974) may be an artefact.

It is evident that opinion is divided as to the pathways by which 

PEP and pyruvate are converted to glucan in the light. Although mal ate 

is obviously not directly converted to glucan, CAM plants may have the 

abili ty to convert pyruvate or PEP to carbohydrate via a gluconeogenic 

sequence. The early data of Varner and Burrell (1950) and Haidri (1955a) 

however, are based on long term feeding experiments in which the flow 

of carbon through intermediates was not studied. These data need to 

be confirmed and expanded. CAM plants also appear to have the capacity 

to oxidise at least a proportion of the carbon via the TCA cycle, this 

capacity needs to be investigated with relation to any gluconeogenic 

capacity.

1.3.2 Aim of thesis and working hypothesis

In the following dissertation I shall attempt to test the hypothesis 

that CAM plants convert the bulk of the pyruvate and PEP formed during 

deacidification directly to glucan via a mechanism akin to gluconeogenesis.

This hypothesis, presented in the schemes in Figure 1.7, suggests that 

in malic enzyme plants, the flow of carbon from pyruvate to carbohydrate



Figure 1.7 Possible pathways of  pyruvate and PEP metabolism in malic enzyme

and PEPCK CAM plants during deac id i f ica t ion  (Phase 3) in the l i g h t .

The thickness of the l ines represents the proposed re la t ive  
a c t i v i t i e s  of  a l te rna t ive  processes. Broken l ines represent 
processes o f  uncertain s ignif icance.
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wil l depend on the relative act iv i t ies  of pyruvate kinase, which is 

present in low act iv i t ies  in K. d a ig re m o n tia n a  (Sutton, 1974, 1975b), 

and pyruvate, Pi dikinase, which is present in 5-6 fold higher act iv i t ies 

in K. d a ig re m o n tia n a  (Kluge and Osmond, 1971; Sugiyama and Laetsch, 1975).

The schemes also predict that PEP carboxylase must either be inactivated 

or compartmented away from the site of PEP formation to prevent a fu t i le  

cycle, and that the glycolytic enzymes are capable of converting 

PEP ------ ► glucan.

In PEPCK plants the carbon flow w i l l  depend upon the relative act iv i t ies  

of PEP carboxylase, pyruvate kinase and enolase all  of which are 

cytoplasmic and use PEP as a substrate. I f  pyruvate, Pi dikinase is 

present in these plants i t  may well reverse any pyruvate kinase act iv i ty .

The metabolism of pyruvate and PEP in the l igh t  wi l l  be investigated

in deaciditying tissue slices from malic enzyme and PEPCK CAM plants.

In i t ia l l y ,  i t  wil l  be shown that the tissue slices behave, in terms of

their malate content, deacidification capacities, and ^CO^ assimilation

capacities and products, s imilar ly to intact tissues. The tissue slice

system wil l  then be used to examine the short term labelled products
14formed from the metabolism of variously labelled C-pyruvate during

deacidification in the l igh t .  Figure 1.7 predicts that, i f  gluconeogenesis

occurs in CAM plants possessing malic enzyme, ^C-pyruvate w i l l  be rapidly

converted to glucan via phosphorylated compounds. TCA cycle acids wi l l

be the in i t ia l  products of incorporation of ^C-pyruvate by the mitochondria.
14The rate of mitochondrial CÔ evolution, and thus refixation by RuP£ 

carboxylase, w i l l  depend upon the position of the label in the pyruvate.

In PEPCK plants, the conversion of exogenously labelled pyruvate to PEP wi l l
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depend on the presence of pyruvate, Pi dikinase which has not yet been 

observed in any of these species.

The metabolism of ^C-pyruvate in and CAM M. c ry s ta llin u m  will 

also be studied. Just as one might expect differences in the capacity 

to metabolise pyruvate, and possibly also differences in the pathways 

or pyruvate metabolism, between malic enzyme species which produce 

pyruvate during deacidification and PEPCK plants which produce PEP, 

one might possibly expect similar differences in the metabolism of pyruvate 

by and CAM M. c ry s ta llin u m  plants.

A survey will be presented of the capacities of various enzymes 

involved in carboxylation, decarboxylation, and pyruvate and PEP metabolism 

as well as the capacities of the various glycolytic enzymes to operate 

in a gluconeogenic direction in several malic enzyme plants, PEPCK 

plants, and in Ĉ  and CAM Mesembryanthemwi. The survey will be used to 

demonstrate the capacities of the various experimental tissues to convert 

pyruvate and PEP to glucan.
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CHAPTER 2 THE METABOLISM OF PYRUVATE, MALATE AND C02 DURING DEACIDIFICATION

2.1 D e a c i d i f i c a t i o n  in I n t a c t  T i s s ues  and in Leaf S l i c e s

2.1.1 I n t r o d u c t i o n

I f  one i s  to use l e a f  s l i c e  da t a  to  e x p l a i n  even t s  which occur  in 

i n t a c t  t i s s u e  i t  i s  ne c e s s a r y  to  show t h a t ,  under  the  exper imenta l  c o n d i t i o n s  

used,  the  l e a f  s l i c e s  behave in a s i m i l a r  manner t o  i n t a c t  t i s s u e .  Recent  

s t u d i e s ,  us ing a c i d i f i e d  l e a f  s l i c e s  o f  Bryophyllwm tubiflorum, Kalanchoe 

daigremontiana and K. blossfeldiana have shown t h a t  mal a t e  e f f l u x  i n c r e a s e s  

e x p o n e n t i a l l y  wi th i n c r e a s i n g  washing t ime (Kluge and He in i nger ,  1973) ,  

d ec r e a se s  wi th i n c r e a s i n g  osmot ic  p r e s s u r e  of  t he  e x t e r na l  medium ( Lü t t ge  

and B a l l ,  1974a,  1977; Lüt tge  et at. 1975,  1977) ,  but  i s  i n s e n s i t i v e  to  

l i g h t  ( Lü t t ge  and B a l l ,  1974a;  Lüt tge  et a t . ,  1975) ,  independent  o f  t he  pH 

of  t he  ex t e r n a l  medium between pH 4 and pH 8 ,  and i s  i n s e n s i t i v e  to  FCCP 

an uncoupler  of  o x i d a t i v e  and pho t ophospho r y l a t i on  ( Lü t t ge  and B a l l ,  1977) .

In c o n t r a s t ,  d e a c i d i f i c a t i o n  i s  l i g h t  s t i m u l a t e d  and dependent  upon the  

t i s s u e  ma la t e  c o n t e n t ,  but  i s  i ndependent  of  change in t h e  osmot ic  p r e s s u r e  

of  t he  medium.

In t h i s  s e c t i o n  t he  r a t e s  o f  d e a c i d i f i c a t i o n  in t he  l i g h t ,  which should 

be s t o i c h i o m e t r i c a l l y  r e l a t e d  to  pyruvate  p r oduc t i on  in ma l i c  enzyme CAM 

p l a n t s ,  a r e  examined in l e a f  s l i c e s  and in i n t a c t  t i s s u e  from severa l  CAM 

and Ĉ  p l a n t s .  The e f f e c t  of  varying both pH and osmot i c  p r e s s u r e  of  the  

e x t e r n a l  medium on d e a c i d i f i c a t i o n  and ma l a t e  e f f l u x  in a c i d i f i e d  

K. daigremontiana l e a f  s l i c e s  i s  a l so  b r i e f l y  i n v e s t i g a t e d .

2 . 1 . 2  M a t e r i a l s  and methods

2 . 1 . 2 . 1  Experimental material

Aloe arborescens ( Figure 2.1A), Bryophyllwn tubiflorum (Fioure 2 . IB) , and 

Kalanchoe daigremontiana (F igure  2.1C) were grown from pi an t i  e t s ,  and Stapelia



F i g u r e  2.1 A. Aloe arboresoens

B. Bryophyllnm tubiflorum

C . Kalanchoe daigvemontiana

D. Stapelia gigantea

E . Hoya carnosa
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gigantea. (Figure 2.ID) and Hoya ca m o sa  (Figure 2.1 E) were grown from stem 

cuttings, under natural light and daylength in a glasshouse.

The plants were placed in a growth cabinet (10 hour day, 400 peinstein 

m-  ̂ s " \  23°C, 60% relative humidity/14 hour night, 17°C, 75% relative 

humidity) at least 10 days before experiments were to be performed, and 

were watered daily and given nutrient solution (i  strength Hoaglands) three 

times a week.

Mesembryccnthemum was grown from seed in a greenhouse. The seedlings 

were watered daily. After about 3 weeks seedlings, which were selected for

their healthy appearance and uniformity of size, were transferred to a
- 2  -1growth cabinet (12 hour day, 400 peinstein m s , 25°C, - 60% relative 

humidity/12 hour night, 15°C, - 75% relative humidity) and were grown in 

water culture. The culture medium contained 3 mM KNÔ , 2 mM Ca(N03)2,

0.5 mM NH4H2P04, 0.5 mM (NH4)2HP04, 0.5 mM MgS04, 12.5 pM H3B04, 1 pM 

MnS04, 1 pM ZnS04 , 0.25 pM CuS04> 0.25 pM H2Mo04, 10 pM FeH2~EDTA and 100 

mM NaCl (modified after Johnson, 1957). Each pot was aerated and contained 

5 plants in 6 l i t res  of nutrient medium which was changed every 7 days.

When the plants were about 7 weeks old the NaCl concentration was increased 

in some pots in daily steps of 50 mM to a final concentration of 400 mM. 

Tissue was not used for experiments until at least 7 days after the 

plants had been in 400 mM NaCl.

Plants grown in 100 mM NaCl exhibit characteristics of Ĉ  photosynthesis 

whilst plants grown in 400 mM NaCl fix substantial amounts of carbon in 

the dark and exhibit the large day/night malic acid fluctuations charac

te r is t ic  of CAM plants (Winter and LUttge, 1976b). Consequently for
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convenience, 100 mM NaCl grown Mesembryanthemum will be called Mesembry

anthemum ■ and 400 mM NaCl grown plants will be called CAM Mesembryanthemum.

Spinach was grown hydroponically in full strength Hoaglands solution 

under natural light and daylength in a greenhouse.

2.1.2.2 Preparation o f  lea f s lic e s

The age of the experimental tissue varied between species due to 

differences in growth rate, growth media and in growth habit. As a 

consequence the tissue used in these studies was standardised for each 

species as follows:

Aloe arborescens -  The third to sixth phyllodes were used. The basal 

1 cm and the thorns were discarded. Each leaf was then cut laterally and 

the adhering water tissue was gently scraped away using a scalpel.

Bryophyllum pimatum -  The third and fourth fully expanded leaf pairs 

were used. The midribs and leaf margins were discarded.

Bryophyllum tubiflorum - The fourth to tenth whorls were used.

Hoya camosa -  Fully expanded green leaves from anywhere along the 

vine, except the basal leaves, were used. The midribs and leaf margins were 

discarded.

Kalanchoe daigremontiana -  The third and fourth fully expanded leaf 

pairs were used. The midribs, leaf margins and lower epidermis were 

removed.

Mesembryanthemum crystallinum  - The third and fourth expanded foliar 

leaves were used from both Ĉ  and CAM Mesembryanthemum (cf. Winter, 1973a). 

The midribs were discarded,

Spinacea oleracea (spinach) - The second fully expanded leaf pair was 

used. The midribs were discarded.
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Stapelia gigantea  -  The t issue  between about 1 cm below the t ip  and 

1-2 cm above the base of act ively growing stems was used. The central 

pith was careful ly  removed using a scalpel.

Transverse sl ices of the above t issues (approximately 0.5-1 mm 

thick and 1-1.5 cm long) were placed, as they were s l iced,  in a petr i  dish 

containing 50 mM HEPES-NaOH pH 7.5, 0.1 mM CaSÔ  and0.3M Mannitol (0.6 M 

mannitol in the cases of spinach and CAM Mesembryanthemum (Winter, 1973a). The 

s l ices  were then dried on paper towelling and placed in preweighed 15 ml glass 

vials (0.6-1 g t issue per v ia l ) .  The vials  were quickly reweighed and 

3.0 ml of a suspension medium was added before sealing with Nescofilm.

The medium consisted of e i ther  25 mM HEPES-NaOH pH 7.5 or 25 mM MES-NaOH pH 6.0, 

0.1 mM CaSÔ  and varying concentrations of mannitol (precise contents 

are given in the appropriate f igures) .
i

2.1 .2 .3  Malate estimation

After appropriate illumination the t issue was quickly washed with 

H20 and then extracted for 10 minutes in boiling 20% EtOH. The supernatant 

was decanted and the t issue was re-extracted in boiling H20 for a further  

10 minutes. The supernatants were then pooled. I f ,  in leaf  s l ice  

experiments, the malate content of the suspension medium was to be 

measured the Ĥ O washings were added to the suspension medium which was 

then boiled for 5 minutes, cooled and stored frozen until required for the 

assay.

T it ra tab le  acidity  was determined by t i t r a t i n g  the pooled super

natants against 50 mM K0H to an endpoint of pH 7.3. Acidity was expressed 

as ^equivalents g  ̂ fresh weight (2 ^equivalents e 1 ymole malate).

Malate was determined enzymatically using the method of Hohorst (1963).
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2.1.2.4 Chlorophyll estimation

Intact tissues or leaf slices (1 g) were ground with a known volume 

of 100% acetone in a glass homogeniser. The extract was transferred to a 

centrifuge tube and spun for 5 minutes at maximum speed (about 4,000 rpm) 

in a MSE benchtop centrifuge. The supernatant was decanted, and made up 

to 80% acetone with Ĥ O.

The absorbance spectrum was measured using a Varian series 634 dual 

beam spectrophotometer, and chlorophyll content was calculated using the 

following formula (Arnon, 1949):

(20.2 x ODĝ g + 8.0 x 0Dgg3) x V 

1000 x W
chlorophyll content (mg chi g fwt

where V = total volume of extract in ml and W = weight of tissue in grams.

2.1.3 Results and discussion

Day/night fluctuation of t i t ratable acidity, a characteristic of CAM 

tissue, was observed in intact tissue from all plants used in these 

studies with the exception of Mesembryanthemum and spinach (Figure 2.2A 

and B). Net malate consumption in the light by leaf slices of acidified 

A. arborescens3 B. tubif lorumK. daigremontiana3 S. gigantea and CAM 

Mesembryanthemum tissue is shown in Figures 2.3A and B and 2.4. The 

malate content of the Ĉ  Mesembryanthemum and spinach slices was low 

throughout every experiment and in fact tended to increase slightly with 

exposure to light (Figure 2.4). The decrease in tissue malate content 

observed in the CAM tissue was due to the in vivo consumption of malate 

and not due to efflux of malate into the bathing medium (Figures 2.3A and B).



Figure 2.2 A. Diurnal variation in t i t ratable acidity in intact leaves of
three NADP ME CAM plants: Bvyophyllum pinnatum ■ -----■
Bryophyllum tubiflorum • —— $ j  and Kalanchoe daigremontiana 
o ----- o.

B. Diurnal variation in t i t ratable acidity in intact leaves of
three PEPCK CAM plants: Aloe arborescens ■----■ Hoya
camosa • ----®, and Stapelia gigantea o ----- o. The Aloe
and Stapelia data have been corrected for the presence of 
water tissue.

All points are the means of duplicate samples.
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Figure 2.3 A. Change of malate content in acidif ied Kalanchoe daigrem ontiana  

leaf  s l i c e s }and in the bathing medium (broken l ines ) ; under 
di f ferent  osmotic and pH conditions.

0 M mannitol , pH 4.0 9 — — 9

0 M mannitol, PH 6.2 9 — — O

0 M mannitol , pH 7.5 o —— 0
0 M mannitol , pH 6.0 ▲ ▲

0.1 M mannitol , pH 6.0 □ —— □
0.3 M mannitol , PH 6.0 H —— ■

B. Change of malate content in acidif ied leaf  s l i ce s ; and in the
bathing medium (broken l i n e ) ; from the three species of CAM plant .

Aloe arborescens 0 M mannitol , pH 6.0 • - — •
Aloe arborescens 0 M mannitol , pH 6.0 o - --- O
Aloe arborescens 0 M mannitol, pH 6.0 ■ --- ■
Aloe arborescens 0 M mannitol, pH 6.0 □ - --- □
Aloe arborescens 0 M mannitol , pH 6.2 9 - --- 9

S ta p e lia  g igan tea 0 M mannitol, pH 6.0 ▲ - - ▲

Bryophyllum tu b iflo ru m 0 M mannitol, pH 6.0 A --- A

The posit ion H on the mantissa denotes malate content of in tact  
t i ssue at  time of harvest.

All data points the mean of e i ther  duplicate or t r i p l i c a t e  
samples.
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Figure 2.4 Change of malate content in lea f  s l ices of 100 mM NaCl grown or

( ■ -----■ ) ,  and 400 mM NaCl grown or CAM (•  ------t) M. crystallinwn3
and in lea f  s l ices of spinach ( a ------a ) .

All data point are the means of dupl icate samples. The posit ion 

H on the mantissa denotes the malate content of in tac t  t issue at the 
time of  harvesting.
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In leaf slices from Kalanchoe, mal ate consumption and efflux are not 

affected by changing the pH of the external medium from pH 7.5 to pH 4.0, 

nor are they affected by increasing the osmotic pressure of the medium 

from 0 to - -7.5 bar by increasing the mannitol concentration from 

0 to 0.3 M (Figure 2.3A). The low rates of malate efflux and the lack 

of any effect of increasing the osmotic pressure of the external medium 

on malate efflux observed in these experiments do not necessarily contradict 

the observations of Liittge and his co-workers (Liittge and Ball, 1974a, 1977a) 

as, in their studies, malate efflux across the plasmalemma may have been 

a r t i f ic ia l ly  stimulated by washing the slices in a large external aqueous 

phase. In the present studies the volume of the bathing medium was purposely 

kept very small because I wished to feed C intermediates of the maximum 

possible specific activity in later experiments.

In a subsequent study, Liittge, Ball and Greenway (1977) measured 

malate efflux from leaf slices in media containing 0 and -5 bar mannitol, 

a slowly permeating osmoticum which affects both water and turgor potential, 

or -5 bar ethylene glycol a rapidly permeating osmoticum which changes water 

potential but only transiently effects turgor potential. Malate efflux 

which occurred at 0 bar was halted by mannitol at -5 bar but not by 

ethylene glycol. The authors concluded that malate efflux depended on 

turgor potential only, not water potential. Moreover, efflux was a function 

of the turgor at any one time i.e .  transient fluctuations in turgor 

potential cannot act as a trigger for longer term changes in malate efflux.

The init ial  tissue malate content varied between experiments presumably 

due to a variety of factors such as natural variations between plants or 

even leaves on the same plant, differences in prehistory, age, .leaf
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shading, the exact time of harvesting, and the time taken between 

harvesting the tissue and beginning each experiment. In Aloe and, in 

particular, S tapelia , the init ial tissue weights varied depending upon 

the amount of water tissue s t i l l  adhering to the slices. Nevertheless, 

as shown in Table 2.1, the average maximum rates of decarboxylation by leaf 

slices were similar to, or more often higher than, those observed in intact 

tissue. These higher rates are most likely due to the higher light 

intensity used in the in  v itro  experiments. In the leaf slices from CAM 

tissue the maximum rates of decarboxylation are the rates observed over 

the f i r s t  40 to 60 minutes of each experiment. In both intact tissues 

and leaf slices, the rates of decarboxylation constantly decreased with 

decreasing internal mal ate content and increasing time of exposure to 

light. This agrees with the observations of Denius and Homann (1972) that 

photosynthetic 02 production by Aloe leaf slices is linearly related to 

tissue malate content.

The preceding data suggests that malate decarboxylation is not 

affected by the mannitol concentrations or pH's of the external media used 

in this study. It does not necessarily follow, however, that the 

consumption of the products of malate decarboxylation, that is, C02 and 

the relevant 3 carbon compound (s), are not affected. For example Jones 

(1973) observed 15% inhibition of "^C02 fixation by 0.3 M mannitol in leaf 

slices of cotton, and variation in the products of ^C02 fixation have been 

reported in spinach leaf slices in media of different pH (Bocher and Kluge, 

1977) and in K. daigremontiana leaf slices in media of varying osmotic 

pressure (Kluge and Heininger, 1973).
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2.1.4 Conclusions

Malate decarboxylation occurs in acidified isolated leaf slices at 

rates similar to or higher than those observed in intact tissue. The 

higher rates are probably due to the high light intensity used in the 

leaf slice experiments. In contrast to many reports in the li terature 

no significant malate efflux was observed from leaf slices suspended in 

media of low osmotic pressure. This is most likely due to the high 

tissue to volume ratio used in my experiments.

During periods of maximum deacidification, assuming a stoichiometric 

production of pyruvate or PEP from malate, Kalccnohoe daigrem ontiana  and 

Bryophyllum tu b iflo rw n  produce about 45 pmoles pyruvate mg chi  ̂ hr ^, 

Aloe arborescens  and S ta p e lia  g igan tea  produce about 100-110 pmoles of 

PEP (and possibly pyruvate) mg chl”  ̂ hr~^, and CAM Mesembryanthemum 

produces about 26 pmoles pyruvate mg c h i h r " ^ .  These rates are 

certainly minimum estimates as one would expect that under natural 

conditions of high sunlight and high day temperatures deacidification 

rates would be increased.

Although conventional malate decarboxylation occurs in leaf slices 

this does not necessarily imply that the pyruvate and CO2 consumption 

mechanisms are functioning similarly. This will be one of the problems 

investigated in the next section.
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2.2 Metabolism of 14C0o During Deacidification 

2.2.1 Introduction

The rates and pathways of CĈ  production and consumption in the

light in CAM tissue are functions of the tissue prehistory, tissue mal ate

content, PEP concentration, stomata! resistance, light intensity, and the

relative activi t ies of the two carboxylases and the decarboxylases which

reside in each cell .  It is nevertheless possible, as described in

Section 1.2, to recognise 3 dist inct CĈ  fixation phases in the light.

In this section, fixation during the deacidification phase (Phase 3)

will be examined in acidified Kalanchoe and Stapelia  leaf slices. Some

data on dark fixation by deacidified leaf slices will also be presented for

comparative purposes. To the best of my knowledge this is the f i r s t  time 
14that CÔ fixation in the light has been reported in PEPCK CAM plants.

A study of the products of "^CÔ  fixation during deacidification in 

leaf slices may
141. Indicate, by comparison with the products of CÔ fixation in 

deacidifying intact tissue, whether the CÔ  consuming pathways in leaf 

slices are functioning similarly to intact tissue.

2. Indicate whether NADP malic enzyme and PEPCK CAM tissues have 

similar CÔ fixing pathways during deacidification.

3. Show whether the rates of CÔ fixation are adequate to fix the 

CÔ produced during deacidification.
144. Indicate, by the distribution of label among C labelled products, 

the relative in  vivo  activity of PEP carboxylase during deacidification.

If any malate is formed one should be able to estimate the extent of any 

mixing of the cytoplasmic and vacuolar malate pools, and
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5. Establish whether there is any substantial diversion of photo

synthetic intermediates, via glycolysis or otherwise, through the TCA 

cycle. If this occurs one might be able to estimate the extent of any 

such transfer of carbon between the mitochondria and the cytoplasm.

2.2.2 Materials and methods
142.2.2.1 CO £ labelling  and extraction

Plants were grown and leaf slices prepared as described in Sections

2.1.2.1 and 2. The leaf slices were suspended in 3.0 ml of a medium contain

ing 25 mM HEPES-NaOH pH 7.5, 0.1 mM CaSÔ  and 0.25 M mannitol. The 

sealed vials containing the slices were preincubated for 10 minutes at

room temperature in a shaker (about 100 strokes per minute). The vials
-2 -1were illuminated with a quantum flux density of 1,200 yeinstein m s

at vial top height by a Philips 1000 W HPLR high pressure mercury 

fluorescent lamp shining through 5 cm of water. Dark labelling 

experiments were performed in a dark room. Light, which was necessary 

for experimental manipulations, was provided by a torch f it ted with a 

green f i l t e r .  Tissue in control flasks was killed by boiling for 2-3 

minutes prior to preincubation.
I A C

After preincubation 30 ymoles NaH 00  ̂ (usually about 1.4 x 10 dpm
1 14ymole ) in 0.1 ml was injected into each vial to give a final NaH 00^

concentration of 10 mM. The tissue was removed from the vials-after

appropriate intervals, and plunged into 20 ml of boiling 80% EtOH. About

10 to 15 seconds elapsed between removal of the slices from the vials

and killing the tissues. During this time the tissue was exposed to low

laboratory light conditions. When the volume had halved, the extraction

medium was made up to 20 ml with H20 and boiled again for 5 minutes
Ten-Broeckbefore being ground in a 15 ml glass homogeniser and fi ltered under
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vacuum through glass microfibre f i l t e r  paper (Whatman GF/C, 5.5 cm).

The residue was washed with hot ĤO and then with EtOH before drying 

and counting. The f i l t r a te  was dried in a rotary evaporator at 33°C and 

resuspended in 10% isopropanol.

In experiments in which the labelled products were identified by

paper or by thin layer chromatography, the f i l t r a te  was extracted with

chloroform prior to rotary evaporation as described in Section 2.3.2.4.
A flow chart il lustrating the extraction procedure is given in Figure 2.5.

2 . 2 . 2.2 Ion exchange chromatography

The resuspended extract was passed through a cation column (7 cm x 

0.5 cm diam, Dowex 50W 200-400 mesh, hydrogen form) and an anion column 

(5 cm x 0.5 cm diam, Biorad AG1 x 8 200-400 mesh, formate form) prepared 

as follows:

Cation column. The resin was thoroughly washed two to four times 

with 10-20 bed volumes of ĤO and stored in 2N HC1 at 4°C until required. 

The resin was then brought to room temperature, pippetted into columns 

and washed with about 5 volumes of Ĥ 0 and 5 volumes of 2N HC1. The 

columns were then washed with ĤO until the eluant pH > 5.5.

Anion column. The methods of washing, storing, pouring and charging 

the anion columns were identical to those used for the cation columns 

except that IN formic acid was used instead of 2N HC1.

The anion columns were attached to the bottom of the cation columns 

with tubing and the air space between the columns was f il led with Ĥ O.

The tissue extract was passed through the connected columns followed by
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7 ml H20. The cation columns were then disconnected and the anion columns 

were washed with a further  3 ml H20. The eluant contained sugars and 

other uncharged compounds. Amino acids and other basic compounds were 

eluted from the cation columns with 10 ml of 10% (v/v) NĤ OH. Organic 

acids and phosphorylated compounds were eluted from the anion columns 

with 10 ml 6N formic acid and 10 ml 2N HC1 respect ively.  Whenever chroma

tographic separation of phosphorylated compounds was required the 

phosphorylated compounds were eluted with 10 ml of 15 N formic acid since 

HC1 sa l t s ,  formed during subsequent rotary evaporation, caused ta i l ing  

of chromatograms. "*4C was measured in samples from the in i t i a l  and the 

eluted fract ions , and occasionally the resins were also checked for any 

non-eluted radioact iv i ty .

2 . 2 . 2.3 Paper and th in  layer chromatography

When necessary the ion exchange fract ions were rotary evaporated, 

resuspended in 200 pi 10% (v/v) isoproponal and separated and ident if ied  

using one or more of the following chromatographic techniques:

Amino acids. (A) Two dimensional ascending paper chromatography 

with 1 MM or 3 MM Whatman paper (10 cm x 10 cm). The papers were run for 

3 hours in the f i r s t  dimension in EtOH/NĤ OH/b^O (4:1:1) and for about 3 

hours in the second dimension in diethyl ether/formic acid/-H20 (7:2:1) 

(Osmond, 1974). (B) One dimensional descending paper chromatography using

Whatman 1MM or 3 MM paper (46 cm x 57 cm) in acetone/triethylamine/H20 

(16:3:1) for 7-8 hours (Wright and Stadtman, 1956). (C) One dimensional

thin layer chromatography. Merck prelayered HPTLC s i l i c a  60 plates 

were run twice for about 6 hours in a n-propanol/NH^OH (7:3).
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Organic a c id s  and phosphoryla ted  compounds. (A) See solvent 

system A above. (B) One dimensional descending paper chromatography 

using Whatman 1 MM or 3 MM paper (46 cm x 57 cm) (Walker, 1957).

Tert iary amyl alcohol, formic acid and water (3:1:3) were mixed in a 

separating column and allowed to stand for 4-5 hours. The lower phase 

was decanted and placed in the bottom of the chromatography tank. The 

chromatograms were equilibrated for an hour in the tank before being 

run overnight in the upper phase. (C) One dimensional thin layer 

chromatography. Thin layer plates (10 cm x 10 cm) were spread with 

a 0.3 mm layer of cel lulose  (15 g Machery and Nagel MN300 cellulose 

homogenised in 90 ml Ĥ O. Approximately 20 ml per plate.)and dried for 

2-3 days at  room temperature. The plates were run twice for 6-8 hours 

in the same direction in a solvent mixture containing 33% (v/v)

NH^0H/n-propanol/isopropanol/n-butanol/iso-butyric acid/H^O 

(4:14:3:3:100:38) and EDTA (0.3 g l ' 1 solvent) (Feige e t  1969).

Sugars. (A) See solvent (a) for amino acids. (B) One dimension 

descending paper chromatography using Whatman 1 MM or 3 MM paper 

(46 cm x 57 cm) twice for 20 hours in butanol/pyridine/H^O (10:3:3) 

(Hough and Jones, 1962).

2.2.2.4 C olourim etric  d e te c tio n

The following sprays were used to ident ify  non-radioactive 

chromatogram spots.

Amino a c id s . A ninhydrin spray was prepared containing 28 ml 

acetic acid and 1 g ninhydrin made up to 400 ml with acetone. The 

chromatograms were l igh t ly  sprayed and dried for 10 minutes in a fume 

hood. They were then placed in an oven and heated at  70°C until  the 

spots had developed the i r  full  colour. Amino acids showed up as purple, 

blue, yellow or brown spots on a white background.
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Organic acids. A conrnercially prepared bromocresol green spray 

(Merck) was used. Organic acids appeared as blue or yellow spots 

against a green background.

Phosphorylated compounds. A modified Hanes-Isherwood Reagent 

(Aronoff, 1961) was used. The spray consisted of 1 g ammonium molybdate 

dissolved in 8 ml Ĥ O containing 3 ml concentrated HC1. 3 ml of 70%

perchloric acid was then added and the solution was made up to 100 ml 

with acetone. The chromatograms were l ig h t ly  sprayed, dried a t  70°C 

for 5 minutes,and developed for i  hour under u l t rav io le t  l ig h t .  Organic 

phosphates showed op as dark blue spots on a l igh t  blue background. This 

spray affected the chromatograms by making the paper very f rag i le .

Sugars. Two sprays were used. In the f i r s t  spray 20 ml of 10%

(w/v) ammoniurn. molybdate was added to 3 ml of concentrated HC1. The 

solution was shaken and 5 g of NĤ Cl was added. The chromatogram was 

sprayed l igh t ly  and heated for 20 minutes a t  70°C in the dark. Sugars 

showed up as blue spots, phosphates as yellow spots and phosphorylated 

reducing compounds were green. In the second spray 1 g p-anisidine 

and 3 g t r ich loroacet ic  acid was dissolved in 70% EtOH. The chromatograms 

were sprayed and heated a t  70°C for 5-10 minutes. Sugars appeared as 

brown or yellow spots on a white background (Aronoff, 1961).

2 . 2 . 2.5 Autoradiography

The chromatograms were marked on the corners with radioactive ink
36(Indian ink with added Na Cl) and la id  face down on sheets of e i ther  

Kodirex or Ilford Rapid R Type S 25 FW x-ray film. Each chromatogram was 

separated by a cardboard spacer and each block of chromatograms was 

covered by a wooden board and stored in a deep freeze for 2-3 weeks.

The films were then developed, the ink marks on the chromatograms were
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aligned with the corresponding marks on the f i lm ,  and the positions 

o f the labelled compounds were marked on the chromatograms. The spots 

were then removed and e ith e r counted in non-aqueous f lu o r  or eluted 

and rechromatographed in another solvent system.

14Spots on chromatograms that contained large amounts of C were 

id e n t i f ie d  using a s t r ip  counter (Berthold; Dünnschicht-Scanner I I ) .

2 . 2 . 2 . 6  ^ C  determinations

Two s c in t i l la t io n  f luo rs  were used, one fo r  aqueous samples 

(5 g PPO 1 to lu e n e /tr i to n  x 100 (2 :1)) and one fo r  non-aqueous samples 

(5 g PPO 1”  ̂ toluene). When aqueous samples were counted 1 ml of sample 

was added to 9 ml f lu o r .

Amino acid f ra c t io n s , which contained 10% (v /v ) NhLOH, and 

chloroform samples caused strong quenching. This was overcome by 

drying the samples on f i l t e r  paper and counting the f i l t e r  paper in 

the non-aqueous f lu o r .

Samples were counted a f te r  15 minutes dark storage in a s c in t i l la t io n

counter (Nuclear Chicago Delta 300). Quench curves were constructed fo r
14each sample type and f lu o r  and a l l  C measurements were corrected fo r  

machine counting e f f ic ie n cy  and sample quenching.

2.2.3 Results and discussion

The incorporation of in the l ig h t  by deacid ify ing

K. daigremontiana and S. gigantea le a f s lices was l in e a r  (Figure 2.5).

The rates, o f about 80 pmoles C0£ fixed mg chi  ̂ hr  ̂ in Kalanchoe



Figure 2.6 A. f ixat ion by acidi f ied Kalanchoe l eaf  sl ices in the l ight  
o ---- o, and deacidified Kalanchoe leaf  s l ices  in the dark
• -----9 .

B. "^COp f ixat ion by acidi f ied S ta p e lia  leaf  sl ices  in the l ight  
o ---- o, and deacidified S ta p e lia  leaf s l i ces  in the dark
• ----  9 .
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and about 110 ymoles mg chi hr~̂  in S ta p e lia , are more than adequate 

to account for the refixation of all the CO2  produced during the periods

of maximum deacidification in leaf slices from both species (viz - 45
-1 -1 -1 -1pmoles mg chi hr for Kalanchoe and - 100 ymoles mg chi hr for

S tapelia ). These rates are minimum estimates since the specific activity 
14of the CÔ will most likely be reduced due to dilution of the labelled 

CO2  by unlabelled CÔ produced during deacidification. The rates of 

dark ^̂ CÔ  fixation by deacidified tissue were only slightly lower than 

the light rates (Figure 2.6).

14Although Stapelia  exhibits higher rates of light and dark CÔ

fixation on a chlorophyll basis the distribution of in labelled products

was similar for each treatment in both species (Figures 2.7 and 2.8). The

principal labelled products in both species after 2 minutes

exposure in the light were phosphorylated compounds and carbohydrates.

The organic acid and amino acid fractions contained only 24% and 7%

respectively of the total label in Kalanchoe and 17% and 4% respectively
14of the label in S tapelia . In contrast, when CÔ  was fed to deacidified 

Kalanchoe and Stapelia  leaf slices in the dark the organic acid fractions 

contained 66% and 82% respectively of the total label and 32% and 17% 

respectively was in amino acids (Figure 2.9).

The percentage of the total light assimilated label in the carbo

hydrate fraction increased with exposure time so that, after 40 minutes,.

85% - 90% of the total label in both species was in the carbohydrate 

fraction, 5% - 10% was in phosphorylated compounds, 3% - 5% was in
14organic acids and only about 1% was in amino acids. The amount of C 

in the organic acids appeared to be close to saturation after 40 minutes.



Figure 2.7 A. Distribution of in products of light fixation by
deacidifying Kalanchoe leaf slices. • ----• sugars plus
starch (carbohydrate), o ----o phosphorylated compounds, a-----▲
organic acids, ■----■ amino acids.

14B. Distribution of C in products of light COo fixation by
deacidifying Stapelia  leaf slices. • ----• sugars plus
starch (carbohydrate), o ----o phosphorylated compounds,
a----Aorganic acids, n -----«amino acids.
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14 14Figure 2.8 A. Percentage distribution of C in products of CĈ
assimilation in the l igh t  by deacidifying Kalanchoe  leaf
slices. • ---- • sugars and starch (carbohydrates), o ------o
phosphorylated compounds, ▲ ----  ▲ organic acids, ■ ---- ■
amino acids.

14 14B. Percentage distribution of C in products of CÔ assimilation
in the l igh t  by deacidifying S ta p e lia  leaf slices. • ----  •
sugars and starch (carbohydrate), o ---- o phosphorylated compounds,
▲-----  A organic acids, e ---- a amino acids.
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Figure 2.9 A. Percentage d i s t r ibut ion of in products of dark ^COo
incorporation by deacidified Kalanchoe leaf  s l ices  • ---- •
sugars and starch (carbohydrate),  A ---- - A organic acids,

■---- ■ amino acids.
14 14B. Percentage of C in products of dark CÔ  incorporation by

deacidified Stapelia  l eaf  s l ices  • ----  ® sugars and starch
(carbohydrate),  A -----A organic acids,, n ------ra amino acids.
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However, a closer examination of the label in individual organic acids

in Kalanohoe (Figure 2.10) shows that although the amount of C in

malate had saturated, the amount of label in c i t r a te  and isoc i t ra te

was slowly increasing, and the amount of label in fumarate and

14succinate was increasing rap id ly .  Only about 1% o f  the C in the 

acid f ra c t ion  of dark label led Kalanchoe was in fumarate and succinate 

a f te r  40 minutes compared with about 45% (equivalent to 1.3% of the 

to ta l  carbon f ixed) in l i g h t  exposed t issue.

In Kalanchoe si ices,alanine was the major l i g h t  label led amino

acid a f te r  5 minutes exposure, and whereas the amount of label in

a spar tä te /glutamate saturated a f te r  about 5 minutes and the amount in

glycine and serine only slowly increased, the amount in alanine continued

to increase l in e a r l y  fo r  at least  45 minutes (Figure 2.11). Aspartate/

glutamate were the major dark label led amino acids in deacid if ied

Kalanchoe sl ices and a f te r  5 minutes exposure contained almost 400 
14 -1nmoles C mg chi which was about 88% of the label in the amino

acids f ra c t ion .  The remaining 50 nmoles mg chi  ̂ was in alanine.

The amount of label in aspartate/glutamate s teadi ly  declined however

and a f te r  30 minutes exposure contained o n ly ,250 nmoles mg chi \
In contrast  the label in alanine s teadi ly  increased un t i l  a f te r  30

14 -1minutes alanine contained about 140 nmoles C mg chi . No label was 

detected in glycine and serine in the dark.

In both species the d is t r ib u t io n  of  label in the l i g h t  amongst the 

various metabol ites is very s im i la r  to that reported by Kluge (1969c) 

fo r  detached deacidity ing phyllodes of B. tub iflo rum , and by Osmond and 

Allaway (1974) in pulse chase experiments with the plant A tv ip lex



Figure 2.10 Distribution of in various organic acids during
assimilat ion in the l ight  f ixat ion by deaciditying Kalanchoe
l ea f  s l i ces .  • ---- • malate, o -----o c i t r a t e ,  plus i soc i t r a t e ,
A ----  A fumarate and succinate.
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Figure 2.11 Distribution of in various amino acids during
assimilation in the light by deacidifying Kalanchoe leaf slices 
(open symbols) and during dark by deacidified Kalanchoe  leaf 
slices (closed symbols), o ----o, • -----§ aspartate plus glu
tamate, □----□ , B---- a alanine, A----  A, A ---- A glycine
plus serine.
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patula  and with deacidified Kalanchoe daigremontiana leaf strips under

going steady state photosynthesis. In both these studies phosphorylated 

compounds and sugars were the major labelled metabolites and l i t t l e  label 

was observed in malate, ci trate and in the amino acids. The authors 

concluded that RuP̂  carboxylase was the principal carboxylating enzyme. 

That is, in the case of the CAM tissue, PEP carboxylase was in some way 

inhibited or PEP was limiting. Another possibility is that PEP 

carboxylase is indeed functioning but the malate is rapidly being 

decarboxylated. This is not a possibility in investigations by Osmond 

and Allaway as they used a pulse-chase technique. Although I cannot 

unequivocally dismiss this possibility in my experiments, there is 

reasonable in  v itro  evidence that i t  is unlikely to be of major 

importance.

Partially purified PEP carboxylase is competitively inhibited by 

malate and possibly by pyruvate (Kluge and Osmond, 1972). If the 

vacuolar malate efflux during deacidification is a passive process and 

thus the cytoplasmic malate concentration more or less reflects the 

vacuolar concentration, then one would expect that the cytoplasmic malate 

concentration during deacidification would be many times greater 

than the K̂ (malate),observed by Kluge and Osmond, of 3 mM. Indeed, 

recent experiments (K. Winter, unpublished) with PEP carboxylase from 

Aloe and Mesemhryanthemwn suggest that the K_j (malate) during deacidifi

cation is much lower than previously thought and may even be less than 

1 yM.

In Kalanchoe,m] ate appears to saturate at around 0.7-0.8 ymol es 

14C mg chi after about 20 minutes exposure. This suggests that there
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is effectively no mixing of the cytoplasmic and vacuolar malate pools.

The observation (Figure 2.10) that malate is labelled before there is

substantial labelling in ci tra te ,  fumarate and succinate is also relevant

to the question of compartmentation. Increases in the label in

fumarate and succinate and, to a lesser extent, ci trate are not
14paralleled by an increase in the C content of malate, which suggests 

f i r s t ly  that there may be an exchange of malate between the cytoplasm and 

the mitochondrion and secondly that malate in the mitochondrion maybe 

turning over rapidly. I t  is tempting to speculate that some malate 

from the cytoplasm enters the mitochondria where i t  is decarboxylated 

by NAD malic enzyme and the resulting pyruvate is transported out of 

the mitochondria. Isolated mitochondria from the same Kalanc'hoe 

population have been shown to convert malate to pyruvate at about half 

the rates of deacidification observed in intact tissue (D. Day, personal 

communication). It also appears that very l i t t l e  of the pyruvate is 

metabolised within the mitochondria if the pH of the external medium is 

below about pH 7.4.

The present investigations do not, however, indicate whether the

TCA cycle per se is, or is not, functioning in the light. Certainly
14if  i t  is functional, i t  metabolises l i t t l e  label from CO2 . Oxygen 

exchange studies using Aloe leaf slices showed that net oxygen 

evolution during deacidification was inhibited 80% by 1.5 mM amytal,

10 mM fluoroacetate and 10 mM diethyl malonate, all inhibitors of 

mitochondrial electron transport and the TCA cycle (Denius and Homann, 

1972). The authors concluded that both electron transport and the TCA 

cycle functioned in the light and provided energy for decarboxylation. 

However,* i t  is puzzling that the same inhibitors had no effect on dark 

respiration.
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2.2.4 Conclusions

Both Kalanchoe and Stccpelia appear to have similar CO2  fixing

mechanisms in the light and the dark. Presumably PEP is not limiting

in the dark. The rates of light CÔ  fixation by deacidifying leaf slices

are adequate to account for fixation of all CO2  produced even during times

of maximum deacidification. RuP̂  carboxylase seems to be the major primary
14carboxylase although PEP carboxylase may account for some of the CĈ

fixation. It is hard to assess how this compares with the in  vivo

situation as fixation of external CCU is very low during deacidification

because the stomates are tightly closed. The only report in the l i terature 
14of short-term CĈ  labelling of deacidifying detached leaves suggests 

that possibly 10-15% of the CO2  was fixed by PEP carboxylase (Avadhani 

e t a l . ,  1971). In v itro  experiments, in which mal ate inhibition of 

PEP carboxylase have been studied, suggest that the contribution of PEP 

carboxylase to carbon fixation during deacidification

should be less than this.  One can conclude that i t  is uncertain whether 

the apparent PEP carboxylase activity truly represents the in  vivo  

situation or whether i t  is,  at least in part, an experimentally produced 

artefact.  Certainly refixation of carbon by PEP carboxylase during 

deacidification is a fut i le and energetically wasteful cycle.

There appears to be l i t t l e  mixing of cytoplasmic and vacuolar malate 

but some mixing of cytoplasmic and mitochondrial malate. Fumarate and 

succinate, the mitochondrial pools of which are most probably smaller 

than ci trate and isocitrate,  are more rapidly labelled than ci trate plus 

isocitrate.  This observation suggests that ci t rate and isocitrate are not 

precursors of fumarate and succinate, and indicates that the label may 

enter the la t te r  compounds from malate which may, in turn, enter the
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mitochondria from the cytoplasm. It is unlikely that C-pyruvate 

derived from photosynthetic products is a major source of label for the TCA 

cycle acids since labelling of citrate plus isocitrate and fumarate plus 

succinate continues to increase over a period of at least 45 minutes, 

long after photosynthetic intermediates and non-vacuolar malate pools are 

saturated.

2.3 Pyruvate Metabolism in Deacidifying CAM Tissue 

2.3.1 Introduction

Pyruvate is an important biological intermediate. It is the only 

substrate common to the EMP pathway and the TCA cycle; i t  is closely 

associated with fat metabolism, nitrogen metabolism and alcoholic 

fermentation. Pyruvate is also the product of malate decarboxylation 

by NADP and l\!AD malic enzymes in CAM plants. In intact Bryophyllum  

cvenata  and B. calycinum  leaves the pyruvate pools are small but increase 

during deacidification from 50 to 100 nmoles g~̂  fr .  wt. and from 

200 to 350 nmoles g-  ̂ fr .wt. ,  respectively, although between 100 and 150 

ymoles malate g’ 1 fr.wt. is decarboxylated during the same period (Milburn 

e t  a l .  1963). Obviously the pyruvate formed during decarboxylation is 

rapidly metabolised.

Tissues of CAM plants appear to be capable of metabolising pyruvate 

by at least four pathways in the light. Pyruvate may be oxidised by the 

TCA cycle and the C0̂  so produced may be refixed by the PCR cycle 

(Champigny e t  a l . 3 1958; Moyse e t  d l . 3 1958). Pyruvate may be converted 

to alanine (Walker and Ranson, 1958) or to PEP. If i t  is converted to PEP 

via pyruvate, Pi dikinase (Kluge and Osmond, 1971; Sugiyama and Laetsch, 1975) 

the PEP may be subsequently converted to glucan by gluconeogenesis (Haidri, 

1955a) or be carboxylated to malate via PEP carboxylase. The la tter

14
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possibility is probably only of minor importance during deacidification 

(Phase 3) since there is a wealth of evidence which shows that all four 

carbons of malate are converted to carbohydrate in the light (Wolf, 1938; 

Pucher e t  al.  , 1949a, 1949b;Vickery, 1954b; Haidri, 1955a; Sutton, 1974), and 

that PEP carboxylase activity is most probably inhibited during deacidifi

cation (Kluge and Osmond, 1972 ).

One way of studying the fate of pyruvate during deacidification in the 
14light is to feed C labelled pyruvate to deaciditying CAM tissues and

to observe the products of incorporation. In Sections 2.1 and 2.2 i t  was

shown that acidified leaf slices from various malic enzyme and PEPCK CAM

plants deacidify in the light, and possess CÔ  assimilation characteristics

similar to those previously reported for intact tissues. Deacidifying

leaf slices thus appear to be a useful experimental system in which to

examine the metabolism of ^C pyruvate. Experiments in which 1-^C-,
14 142- C- and 3- C-pyruvate were fed in the light to deacidifying leaf 

slices from CAM plants, and also to leaf slices from Ĉ  plants, will be 

described in this section. The aim was to examine the short-term products 

as likely indicators of any gross differences in the pathways of 

metabolising pyruvate in a number of photosynthetic tissues containing 

different pathways of carbon assimilation viz. Kalanchoe daigrem ontiana3 

a malic enzyme CAM plant, S ta p e lia  g igan tea3 a PEPCK CAM plant, Ĉ  and CAM 

Mesembvyanthemwn crysta llin n m  and Spinacia o le ra c e a , a Ĉ  plant. The 

advantages of using the aforementioned tissues is that comparisons of the 

metabolism of ^C pyruvate can be made both between Ĉ  and CAM tissues and 

between CAM tissues containing different decarboxylating enzymes. One might 

expect that i f ,  in CAM tissues, pyruvate is converted to glucan via
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gl uconeogenesis (see Chapter 1.4), then differences in pyruvate 

metabolism may not only exist between CAM and C3 plants, but may also 

exist between malic enzyme CAM plants, which produce pyruvate during 

deacidification and PEPCK CAM plants which produce PEP.

Mesembryanthemwn crystallinw n  is particularly suited to comparative 

studies as the pathway of carbon assimilation in mature leaves may be 

altered from exclusively C3 to Ĉ  + CAM by changing the growth conditions.

Any changes which may occur in the metabolism of pyruvate during the 

change from C3 to C3 + CAM will most likely be related to changes in the 

pathway of carbon assimilation rather than to other factors which may 

complicate interpretations of interspecific comparisons.

succinate
1,4- ^C- and 2,3-^C^were also fed to deacidifying leaf slices of 

Kalanchoe, a malic enzyme CAM plant, and Aloe , a PEPCK CAM plant, in an 

attempt to gather information on the operation of the TCA cycle in the 

light,  and to assess whether a significant amount of carbon other than 

C02 is exported from the mitochondria.

2.3.2 Materials and methods

2.3.2.1 Experimental m aterial

Plants were grown and leaf slices prepared as described in Section 

2.1.2. Tissue was harvested between 40 and 90 minutes after illumination.

The mal ate content was measured at harvest and at the beginning, 

midpoint and endpoint of each experiment as described in Section 2.1.2.

1-^C-, 2-^C- and 3-^C-pyruvate (sodium salts) ,  and 1,4-^C- and 
142,3- C-succinate were obtained from the Radiochemical Centre, Amersham, U.K.
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142 . 3 . 2.2 C-pyruvate labelling  and extraction

Acidified leaf slices were suspended in 3 ml of a medium containing

25 mM MES-NaOH, pH-6.0 and 0.1 mM CaS04- Pyruvate labelled in (1-14C), 

(2-^4C) or (3-^4C) position was mixed with unlabelled carrier pyruvate and 

added after a 10 minutes preincubation in the light to give a final 

concentration of 2 mM (6 pmoles in 100 y l ; specific activity 1.5-2.0 x 10̂  

dpm ymole \  unless specified otherwise).

•After various intervals, the tissue was flushed from the vials with 

Ĥ O, quickly washed with two changes of ĤO and plunged into 20 ml of a 

boiling solution of 0.1% (w/v) 2,4 di ni tophenyl hydrazine (2,4DNPH) in 

85% EtOH (v/v) acidified with 0.5 N formic acid. Approximately 15-20 

seconds elapsed between removal of the tissue from the vials and killing 

the tissues. During this time the slices were exposed to low 

laboratory light. The slices were boiled for 3-4 minutes, cooled to room 

temperature and ground in a 15 ml Ten-Broek glass homogeniser. The extract 

was allowed to stand at room temperature for 30 minutes. The residue, 

which had settled, was resuspended by gently swirling the flasks and the 

extract was filtered, under vacuum, through a 5.5 cm diameter glass 

microfibre f i l t e r  paper (Whatman GF/C, 5.5 cm). The f i l t e r  paper was 

washed with 10 ml EtOH, 2 ml CHCl ŝ 2 ml EtOH, 5 ml H£0 and 2 ml EtOH 

respectively. These f i l t ra te s  were combined as the "ethanolic extract".

The glass fibre disc which contained the residue, was boiled in ĤO for 

15 minutes. The disc was then removed and spun dry in a centrifuge tube.

The combined aqueous extracts were again fil tered through a glass fibre disc

and washed.
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The "aqueous f i l t r a t e " ,  with the "ethanolic ext ract" ,  were l a t e r  

extracted with chloroform. The insoluble residues on the two glass 

f ibre  discs were dried and counted.

24
2.3.2.3 C-succinate labelling and extraction

14 141,4- C- and 2,3- C-succinate were fed under similar conditions to 
14those described for C-pyruvate label l ing.  The suspension medium

contained 1 mM succinate.  (The specif ic a c t i v i t y  of 1,4-^C-succinate

was 2.5 x 10^ dpm ymole the specific ac t iv i t y  of 2 , 3-^C-succinate
6 -Iwas 1.6 x 10 dpm ymole ). The t issue was ki l led in boiling EtOH, rather 

than 2,4 DNPH.

2 . 3 . 2.4 Chloroform separation

The aqueous f i l t r a t e s  and ethanolic extracts  were extracted with 

chloroform to remove l ip ids ,  waxes, chlorophyll and, when present,

2.4 DNP hydrazones and unreacted 2,4 DNP hydrazine.

Water or ethanol was added to bring the f ract ions to the same 

volume. They were then pooled in a 250 ml glass separating column and

chloroform was added to give a 1:1:1 ra t i o .  The column was shaken

and the two phases allowed to separate for  10-20 minutes. If phase 

separation was not complete a small amount of e i t he r  ĥ O or EtOH was 

added and the column was reshaken. The lower chloroform phase was 

decanted and the upper phase was re-extracted with EtOH and CHCl^. The 

resul t ing clear  upper layer was placed in a 250 ml rotary evaporation 

f lask and fur ther  c la r i f i ed  by storage overnight a t  -20°C. Any 

precipi ta te  was careful ly removed with a pippet te and the supernatant 

was spun at  12,000 x g for 10 minutes a t  0-4°C. The supernatant was 

decanted, rotary evaporated to dryness, and resuspended in 10 ml of 10% (v/v) 

isopropanol.
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2.3.2.5 Separation and identification o f compounds

Methods used for the separation and identification of labelled and 

unlabelled metabolites were identical to those described in Sections 

2.2.2.3 to 6.

The identity of three of the most heavily labelled amino acids, 

glutamate, alanine and aspartate was verified from mass spectra of 

their n-butyl esters (prepared after Darbre, 1978) using a gas chroma

tograph mass spectrometer.

2,4 DNP hydrazine and hydrazones were identified using one 

dimensional, descending paper chromatography (Whatman 3 mM paper,

46 cm x 57 cm). The samples were run for 7 hours in Butanol/Et0H/0.5 N 

NH4CH (7:1:2)(Block et at. , 1958).

2.3.2.6 Evaluation o f labelling and extraction methods

The tissue suspension medium was kept at acid pH because i t  is well 

documented that alkaline solutions of a-keto acids undergo aldol type 

condensation to form polymers (cf. Von Korff, 1964). The polymerisation 

of pyruvate to form a dimer, parapyruvate (y-methyl-y-hydroxy-a-keto 

glutarate), which has been reported to inhibit a-ketoglutarate dehydro

genase and to interrupt TCA oxidations, is catalysed by alkaline pH and 

tends to be autocatalytic (Montgomery and Webb, 1956; Von Korff, 1964). 

Sodium pyruvate is more unstable than pure pyruvic acid, particularly 

when frozen at -20°C. However, at acidic pH the formation of parapyruvate

is greatly reduced. Consequently in all experiments involving ^C-pyruvate 
14labelling, fresh C-pyruvate stock solution was prepared between 30 to 60

minutes before labelling.
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A second reason for keeping the suspension medium at acid pH is that 

membranes are more permeable to associated acids than to disassociated 

acids. It  is not feasible, however, to feed associated pyruvate as the pKa 

pyruvate is 2.5. Lüttge and Ball (1977) have shown that below pH 4.5 

K. daigremontiana leaf slices are wilted, appear to lack turgor and begin 

to lose anthocyanin from the vacuoles. Malate uptake by K. daigremontiana 

leaf slices from an external solution is independent of pH above 5 as well 

as being independent of the osmotic pressure of the medium between 0 and -5 

bar.

The pyruvate concentration of the external medium was kept low 

(2 mM) although one might expect that pyruvate uptake would increase 

exponentially with increasing external pyruvate concentration in a 

manner similar to that reported for malate uptake (Lüttge and Ball, 1977b). 

Since pyruvate uptake is very slow and, in the present study, the products 

were being examined over relatively short time periods i t  was important 

to feed the maximum amount of tissue with pyruvate of very high specific 

activity. This is also the reason for the high tissue to volume ratio 

(0.6 - 1.0 g in 3 ml) used in this study. Furthermore, high external 

pyruvate concentrations can result in the internal production of ethanol, 

CO2 and, occasionally, lactate which cause large increases in the 

respiratory quotient (Neal and Beevers , 1960). Stimulation of 0̂  uptake 

has also been observed (Laties, 1949a, 1949b). According to Neal and 

Beevers 2 mM pyruvate is well below this level for B. calycinum leaf 

tissue.

14The purity of the variously labelled C-pyruvates was checked by
14comparing the 2,4 DNP hydrazones of C-pyruvate with authentic pyruvate
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2.4 DNP hydrazones (Figure 2.12). The two major labelled spots correspond 

to the cis and trans forms of the hydrazones. The identity of the minor 

labelled spot, which contained less than 0.05% of the label, is unknown. 

The three labelled spots correspond exactly with three coloured spots on 

both the test  and the control chromatograms. A fourth coloured spot 

which was unlabelled and ran with the solvent front in both chromatograms 

corresponds to unreacted 2,4 DNPH.

In ^C-pyruvate labelling experiments large amounts of 4C-pyruvate

remained in the tissue extracts even after washing the slices prior to
14kill ing. It is probable that this residual C-pyruvate is located in the 

intercel1ular spaces and is not unmetabolised intracellular ^C-pyruvate, 

since, as mentioned beforehand, pyruvate is rapidly metabolised and the 

internal pyruvate pools are small even during maximum deacidification.

This residual 1̂ C-pyruvate interfered with assimilation measurements 

and tended to swamp chromatograms. Consequently tissue was killed in a

2.4 DNPH solution and the pyruvate and other keto-acid hydrazones were 

extracted in CHC1 ^* Chloroform extraction removed pigments such as 

chlorophyll and lipids, which also interefere in chromatography. 

Conversely, nearly all PCR, TCA and glycolytic pathway intermediates are 

insoluble in CHCl .̂ Keto acids such as OAA and a-ketoglutarate, which 

would be removed with pyruvate, are unlikely to contain large amounts of 

label .

Both 2,4 DNP hydrazine and i ts hydrazones strongly interfere 

with 14C determination by scinti l lat ion counting as a result of both 

colour quenching and chemiluminescence. I t  is thus very important to 

remove all the 2,4 DNP hydrazones and unreacted hydrazine from the extract.



Figure 2.12 The d is t r ib u t io n  of ra d io a c t iv i t y  and colour in a chromatographed
14sample of the 2,4 DNP hydrazone of  2- C-pyruvate.
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It  is also necessary to show that the products of labelling in tissue 

killed in EtOH/2,4 DNPH are similar to the products in tissue killed in 

boiling EtOH and that the subsequent chloroform extraction only removes 

unwanted compounds. The EtOH/2,4 DNPH extraction solution was acidified 

with formic acid, not with HC1 as is more commonly used, because the HC1 

salt  which remained after rotary evaporation interfered with subsequent 

chromatography.

14Although the total C incorporated was the same when Kalanchoe 

tissue was fed and killed either in boiling 80% EtOH or in boiling

EtOH/2,4 DNPHa greater percentage of the label was in the insoluble 

fraction in the EtOH/2,4 DNPH killed tissue. However, when the insoluble 

fractions were re-extracted in boiling Ê O and refil tered as described 

in Section 2.3.2.2, the distribution between aqueous and insoluble 

fractions was similar for both treatments (Table 2.2).

acid
Perchloric .extraction of the insoluble residue (as described by

. 14
Sutton, 1974) from tissue labelled with 3- C-pyruvate showed that 

after 30 minutes exposure 93-95% of the label in the residue was in 

starch and acid soluble carbohydrate i .e.  glucan (Table 2.3). For 

convenience, throughout the rest of this study the term carbohydrate will 

refer to the label in the insoluble residue fraction plus the label in 

the neutral sugar fraction, whilst the term glucan will be used solely 

to refer to the insoluble fraction.

When 3-^C-pyruvate labelled stapelia  tissue was killed in EtOH and

extracted with CHC1  ̂ prior to ion exchange chromatography, the acid
14fraction contained a large amount of C, the majority of which proved to
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Table 2.2 Effect of ki l l ing Kalanchoe leaf  s l ices  in EtOH and in 2,4 DNP 
hydrazine and re-extract ing the insoluble fract ion in boiling 
Ĥ O on the percentage dis t r ibut ion of products of f ixat ion.

Treatment Exposure Distribution in original Distribution in re-extracted
fract ions fract ions

Soluble Insoluble Soluble Insoluble
(min) e*) w

1 96.7 3.3 98.6 1.4
EtOH
kil led 3 93.6 6.4 97.6 2.3

7 78.1 21 .9 90.4 9.7

2,4 DNP 1 89.3 10.7 96.5 3.5
hydrazine 3 83.1 16.9 93.7 5.5
ki l led 7 79.4 20.6 90.5 9.5
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Table 2.3 Distribution of C in the in i t i a l  and in the perchloric
extract  of the insoluble residue from deacidifying S ta p e lia  and 
Kalanchoe lea f  s l ices  fed 3-^C-pyruvate in the l igh t .

Species Exposure
time
(min)

In i t ia l
residue

Perchloric acid 
Sol ubl e

pmoles mg chi

extraction
Insoluble

Recov.

%

Kalanchoe 30 0.098 0.091 0.002 95
60 0.122 0.113 0.005 97

120 0.337 0.321 0.009 98

S ta p e lia 30 0.297 0.269 0.007 93
60 0.403 ‘ 0.379 0.012 97

120 0.891 0.847 0.026 98
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be in pyruvate (Table 2.4). The amount of ^4C in the acid fraction was not

related to the time of exposure. However, when Stapelia  tissue was fed 
14with 3- C- pyruvate and then extracted in EtOH/2,4 DNPH,the majority

of the 14C was in the chloroform fraction (Table 2.4). Chromatography

showed that over 98% of the label was present as pyruvate hydrazones.
14In contrast, the acid fraction contained small amounts of C, the amounts

being proportional to the time of exposure. Chromatography of this fraction

showed no ^4C-pyruvate or ^4C-pyruvate hydrazones. Similar observations 
14were made for C-pyruvate labelled Kalanchoe tissue.

The above data are reinforced by the observations presented in Table 2.5 

which show the partitioning of various ^ - l a b e l l e d  compounds between 

residue, CHCl  ̂ and aqueous fractions after EtOH/2,4 DNPH extraction and 

CHC12 separation. Only pyruvate is present in the CHC13 fraction. Some 

F-6-P and F - l ,6-P2 adheres to the residue. This particular experiment, 

however, was performed before the residue was routinely re-extracted 

in boiling Ĥ O, as suggested previously in this section, and i t  is 

probable that with further extraction these sugar phosphates would be 

solubilised.

2.3.3 Results
142.3.3.1 Metabolism o f 3- C-pyruvate

The incorporation of 3-"* 4C-pyruvate in the light by deacidifying 

Kalanchoe and Stapelia  leaf slices, and by spinach leaf slices, was linear 

with exposure time and tissue weight (Figure 2.13). The chlorophyll 

content of the tissues varied but, on average, Kalanchoe contained 

about 0.4-0.45 mg chi g"  ̂ fr .wt. ,  Stapelia  contained about 0.2-0.25 mg chi 

g~̂  fr .wt. ,  and spinach contained about 1.3 mg chi g  ̂ fr.wt. The
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Table 2.4 Effect of chloroform extraction on the d is t r ibut ion  of C a
in Stagelia  gigantea lea f  s l ices fed 3-1 ^C-pyruvate and killed 
in e i ther  80% EtOH or 2,4 DNP hydrazine.

Exposure
time

(min)

Chloroform
fraction

Residue
+

neutral

Acid
fraction

n moles mg~

Ami no 
acids

 ̂ chi

Total 14C in non
chloroform fraction

a) EtOH killed t issue

5 4.9 16.7 2443 2.8 2463
10 3.2 29.7 2264 2.0 2296
20 9.5 68.0 3553 7.9 3629
40 8.4 67.0 2083 9.5 2160

b) Distribution of label in 2,4 DNP hydrazine killed tissue

10 6473 54.3 155.6 44.1 254.0
30 9564 112.9 198.9 29.7 341 .5
60 15624 230.5 369.5 49.0 649.0

120 7945 513.7 360.0 70.9 944.6

(a) The uptake rates are not s t r i c t l y  comparable as the EtOH killed t issue 
was fed 0.7 mM 3-I^C-pyruvate (sp act - 3.2 x 10^ dpm ymole~1) and the 
24 DNPH kil led t issue  was fed 3 mM 3-1^C-pyruvate (1.1 x 10^ dpm ymole“1)
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Table 2.5  Effect of 2,4 DNP hydrazine extract ion and chloroform separation 
on the pa r t i t ion ing  of various '^C-label led compounds between 
residue, chloroform and aqueous f ra c t io n s .3

Compound Concentration
mM

Chloroform
%

Residue
%

Aqueous
%

3-^C-pyruvate 3.0 96.3 0.3 3.5

U-^C-malate 2.5 ND 1.4 98.6

14U- C-aspartate 2.5 ND 2.2 97.8

D-(U-^4C)-glucose 2.5 ND 0.2 99.8

L-(U-14C)-3-PGA 2.5 ND 6.3 93.7

D-(U-14C)-F-6-Pb 2.5 TRACE 32.5 77.5

D-(U-14C)-F-1,6-P2 2.5 TRACE 21 .0 79.0

14a the C-label led compounds were extracted with previously k i l le d  un
label led t issue and treated as described in Section 2.3.2

b separate experiment



Figure 2.13 Incorporation of 3-^C-pyruvate in the light by deacidifying
Kalanchoe daigvemontiana ( • ) ,  Stapelia gigantea (o) and by
spinach (A) leaf slices.
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Chlorophyll content of Stapelia  is probably an underestimate due to

differing amounts of chlorophyll-less pith tissue which remained attached
14to the slices. However, as shown in Table 2.6, C-pyruvate is not 

incorporated into pith tissue.

The rates of pyruvate incorporation, of about 0.5 ymoles mg chi hr"  ̂

in all tissues studied, are comparable to those reported for malate and 

Cl influx in Kalanchoe (- 0.4 ymoles mg chi~ h r )  but less than that 

reported for K+/^°Rb+ influx (- 1.5 ymoles mg chi  ̂ hr”^) (Liittge and Ball, 

1974b, 1977). They are, however, very low when compared with the rates of 

deacidification and CO2 fixation, of 26-100 ymoles mg chl-  ̂ hr-  ̂ and 

80-110 ymoles mg chi  ̂ hr~̂  respectively, observed in the CAM tissues used 

in this study (Sections 2.1 and 2.2). Since the rates of pyruvate incor

poration are linear, but well below the act ivi t ies of the pyruvate consuming 

mechanisms (Milburn e t a l . 3 1968), i t  can be assumed that ^C-pyruvate 

incorporation is limited by the rate of pyruvate entry into the cells. 

Pyruvate entry into the cells will depend upon the length of the 

diffusion pathways and upon the rates of diffusion of pyruvate (1) across 

the boundary layers surrounding the leaf slices, (2) through the unstirred 

intercellular spaces, and (3) across the plasmalemma.

Although detailed quantitative interpretation of the labelling data 

is made diff icul t  by the low rates of 3-^C-pyruvate incorporation 

(due presumably to low uptake), certain dist inct  patterns can be distinguished 

in the distribution of label amongst the products of ^C-pyruvate metabolism 

in the different tissues. The major difference in the distribution of label 

between Kalanchoe and Stapelia  tissues was in the proportion of label in 

the organic acid and carbohydrate fractions. In Kalanchoe, label from
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Table 2.6 Incorporation of 3-^C-pyruvate into leaf  sl ices  and pith 
t issue from S ta p e lia  g igan tea  during the l ight .

Tissue 10 minutes 30 minutes

Residue Aqueous3
(n mol es mg~

Residue 
1 chi)

Aqueous

Leaf s l i ces 4.9 119.2 42.0 202.8

Pith si ices NDb ND ND < 0.1

a

a a f t e r  chloroform extraction 
b ND - not detected
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3- ^C-pyruvate was rapidly incorporated into carbohydrates (Figures 

2.14 and 2.15). The init ial rate of incorporation of label into 

carbohydrates and phosphorylated compounds was about 3 to 4 times more 

rapid than in Stapelia . In the la t te r  species, organic acids (mainly 

malate and ci trate/ isocitrate)  were the major init ial products of 

pyruvate metabolism and were labelled twice as rapidly as in Kalanchoe. 

These differences are clearly demonstrated in Figure 2.16 which shows 

the proportion of label in organic acids and in carbohydrates observed 

in a number of experiments.

The relative contributions of labelled glucan and sugars (mostly 

sucrose), to the total carbohydrate fraction varied considerably, but 

was not significantly different between the two species. There may 

be a trend for proportionally more label to be in the sugar fraction 

in S tapelia  and proportionally more label to be in the glucan fraction in 

Kalanchoe (Figure 2.17).

Label in phosphorylated compounds in Stapelia  was negligible but 

in Kalanchoe this fraction contained 13% of the label after 5 minutes, 

declining to 3% after 40 minutes. In both species the init ial proportion 

of label in amino acids was similar, about 25%, but declined to only 11% 

at the end of the experiment (Figures 2.14 and 2.15).

Differences were also observed in the distribution of label in 
14the products of 3- C-pyruvate metabolism by and CAM Mesembryanthemum.

14Incorporation of 3- C-pyruvate was linear and, for 20 minutes at least,  

similar on a chlorophyll basis (Figures 2.18). The CAM tissue contained 

about 10% more chlorophyll per gram fresh weight than the Ĉ  tissue.



Figure 2.14 A. Incorporation of 3- C-pyruvate in the light by deaciditying 
Kalanchoe daigremontiana leaf slices into carbohydrates (•),  
organic acids (A), phosphorylated compounds (■) and amino 
acids (A).

14B. Incorporation of 3- C-pyruvate in the light by deacidifying 
Stapelia  gigantea leaf slices into carbohydrates (•),  organic 
acids (A) and amino acids (A).

C. Incorporation of 3-^C-pyruvate in the light by spinach leaf 
slices into carbohydrates (•),  organic acids (A) and amino 
acids (A).

14
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Figure 2.15 A. Percentage dis t r ibut ion of in the products of 3-^C-
pyruvate incorporation in the l ight  by deacidifying 
Kalanohoe daigvemontiana l eaf  s l i ces .  Carbohydrates (•) 
organic acids ( A ) ,  phosphorylated compounds (□), amino 
acids (v).

B. Percentage dis t r ibut ion of in the products of 3-^C-  
pyruvate incorporation in the l ight  by deacidifying 
Stapelia gigantea l eaf  s l i ces .  Carbohydrates ( • ) ,  organic 
acids ( A ) ,  amino acids ( v ) .

14 14C. Percentage d i s t r ibut ion  of C in the products of 3- C- 
pyruvate incorporation in the l i gh t  by spinach leaf  s l i ces .  
Carbohydrates (C>), organic acids ( A ) ,  amino acids ( v ) .
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Figure 2.16 A. The distribution of 'C, expressed as a percentage of the
14total 3- C-pyruvate incorporated in the carbohydrate 

fractions from deacidifying Kalanchoe daigvemontiana (•) and 
Stapelia  gigantea (o) leaf slices fed 3-^C-pyruvate in 
the 1ight .

14B. The distribution of C, expressed as a percentage of the 
total 3-^C-pyruvate incorporated, in organic acids in 
deacidifying Kalanchoe daigremontiana (•) and Stapelia  
gigantea (o) leaf slices fed 3-^C-pyruvate in the light.

NB. Data from 4 experiments with Stapelia  and 2 experiments 
with Kalanchoe tissue. All data points are the mean of 
duplicates.
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14Figure 2.17 A. Distribution of C expressed as a percentage of the total 
3-^C-pyruvate incorporated, in glucan (•) and in soluble 
sugar (o) fraction from S ta p e lia  g igan tea .

14B. Distribution of C, expressed as a percentage of the total 
3-^C-pyruvate incorporated, in glucan (t) and soluble sugar 
(o) fractions from Kalanchoe daigrem ontiana.
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Figure 2.18 A. Incorporation of 3- ^C-pyruvate in the l ight  by (100 mM
NaCl grown) (o) and CAM (400 mM NaCl grown)(•) Mesembryanthemum 

c r y s ta l l in u m .

14 /B. Incorporation of 3- C-pyruvate in the l ight  by Ĉ  (100 mM
NaCl grown) Mesembryanthemum c ry s ta llin u m  leaf  s l i ces  into 
carbohydrates ( • ) ,  organic acids ( A ) ,  phosphorylated compounds 
(□), and amino acids (V).

C. ‘ Incorporation of 3-^C-pyruvate in the l ight  by CAM (400 mM
NaCl grown) Mesembryanthemum c ry s ta llin u m  leaf  s l i ces  into 
carbohydrates ( • ) ,  organic acids ( A)  phosphorylated compounds 
(□) and amino acids (V).
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Although in both Mesembryanthemum tissues organic acids (mostly mal ate 

and ci tra te/ isocitrate)  were the major early labelled products, the CAM 

tissue accumulated label in carbohydrates about 3 times more rapidly than 

did the tissue (Figures 2.18 and 2.19). In both tissues the 

phosphorylated compounds never contained more than 5% of the total 

incorporated, and the distribution of label in amino acids was similar 

to that observed in Kalanchoe and Stapelia.

14In the plant spinach, 3- C-pyruvate is rapidly and continuously 

incorporated into amino acids (Figures 2.14 and 2.15). The principal 

amino acids being alanine and glutamate, and to a lesser extent 

aspartate, serine and glycine. Label is converted to carbohydrate, in i t ia l ly  

about 1.3 times as rapidly as S tapelia , but less than half the rate 

observed in Kalanchoe. Similarly organic acids were in i t ia l ly  labelled 

at about one half and one third the rates observed in Kalanchoe and 

Stapelia  respectively.

14The gluconeogenic conversion of C-pyruvate to carbohydrate requires

the init ial conversion of ^C-pyruvate to triose and hexose phosphates
14followed by accumulation of C in carbohydrates. The observation that

phosphorylated compounds and carbohydrates are much more rapidly labelled in

Kalanchoe than in Stapelia  is consistent with the operation of a glucon-
14eogenic pathway in Kalanchoe. If C-pyruvate is metabolised via the

TCA cycle, label should in i t ia l ly  appear in TCA cycle acids and only slowly
14appear in phosphorylated compounds and in carbohydrates, after CĈ  

evolved during the second turn of the TCA cycle is refixed via the PCR cycle. 

Such a pattern was observed in Stapelia  and in Ĉ  Mesembryanthemum.

Although in CAM Mesembryanthemum the distribution of label between organic



14 14Figure 2.19 Distribution of C expressed as a percentage of the total C
incorporated, in the carbohydrate and organic acid fractions
from and CAM Mesembryanthemum cvystallinum  leaf slices fed
3-^C-pyruvate in the light.

Key

100 mM 400 mM
carbohydrate • ■
organic acids o □
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acids and carbohydrates is intermediate between that observed for 

Kalanchoe and S ta p e l ia , 3-^4C-pyruvate is converted to carbohydrate 

3 times more rapidly in the CAM tissue than in the tissue. This 

difference is unlikely to be due to differences in pool sizes of the 

intermediates since, i f  this were so, one would expect the CAM tissue to 

have smaller pools of phosphorylated compounds and the Ĉ  tissue to have 

large TCA cycle acid pools. Although nothing is known about the phos

phorylated compound pool sizes in Ĉ  and CAM Mesembryanthemum , in C3 

and CAM K. b lo s s fe ld ian a  the pool sizes of triose and hexose phosphates 

involved in glycolysis and the PCR cycle are either similar or slightly 

larger in the CAM tissue during deacidification (Pierre and Queiroz, 1979). 

Malate is obviously present in a larger pool in CAM Mesembryanthemum.

There is no reason to suspect that the pool sizes of the other TCA cycle 

acids are smaller in CAM than in Ĉ  Mesembryanthemum, although they have 

not been measured. The possible effects of the different capacities of 

glycolytic enzymes in Ĉ  and CAM Mesembryanthemum will be discussed in 

Section 4.3.

It is important to consider the effect of the dilution of exogenously

supplied 14C-pyruvate by internally produced unlabelled pyruvate in relation

to the amounts and relative proportions of label incorporated into organic
14acids and carbohydrates in the various tissues studied. Dilution of C-

14
pyruvate within a cell will depend upon the rate of entry of 'C-pyruvate 

into the cell ,  the internal pyruvate pool size, the rate at which 

endogenous pyruvate is synthesised, and the rate at which pyruvate is 

metabolised (Figure 2.20). Since, as stated previously, the rates of 

^C-pyruvate incorporation are much slower than the known capacities of 

the various tissues to metabolise pyruvate (Mil burn e t  al . >  1968; Kluge



14Figure 2.20 Scheme showing the relationship between the uptake of C- 
pyruvate, the internal pyruvate pool, and the major internal 
sources and sinks of pyruvate in deacidifying CAM tissue.
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and Osmond, 1971; see also Chapters 4.1 and 4.3), i t  i.s reasonable to

assume that the observed rates of ^C-pyruvate incorporation are limited

by the rates of ^C-pyruvate entry into the tissue. This deduction is
14further supported by the observation that the rates of C-pyruvate 

incorporation were similar in a ll and CAM tissues studied, irrespective 

of the ir relative capacities to produce and metabolise pyruvate.

I f  we accept that the low ^C-pyruvate incorporation rates reflect 
14low C-pyruvate uptake rates, then we would expect to see a lag in the rate 

14of C incorporation which should last until the internal pyruvate pools 

reach the ir maximum attainable specific ac t iv i t ie s .  This lag period 

was not observed in the present experiments (Figures 2.13 and 2.21), most 

probably because internal pyruvate pools are small. These small pools, 

of about 0.1 to 0.7 ymoles mg chi~^ in 3 species of Crassulaceae (Milburn 

e t a l . j  1968; Cockburn and McAulay, 1977), have short turnover times 

and had presumably already reached the ir maximum attainable specific 

ac tiv it ies  by the time the f i r s t  samples were taken (2-5 minutes after 

exposure to C-pyruvate). Shorter sampling times were not feasible 

because the amount of ^C incorporated was low and because residual 

2,4 DNPH in the extracts introduced errors in sc in t i l la t io n  counting.

14Since the internal pyruvate pools are small and the C-pyruvate uptake
14rates are low, the specific ac t iv ity  of the C-pyruvate being metabolised

within the tissue w ill be determined by the flux of endogenous pyruvate.
14However, as long as uptake of exogenous C-pyruvate and the pyruvate

14pool sizes remain constant, the rate of accumulation of C in the end- 

products of ^C-pyruvate metabolism w ill be the same irrespective of any 

changes in the rate of endogenous pyruvate production. This is because any
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increase or decrease in the rate of endogenous pyruvate production will result 

in a respective decrease or increase in the specific activity of the internal 

pyruvate pool.

During deacidification in Kalccnohoe and in CAM Mesembryanthemum3

up to 44 pmoles pyruvate mg chi~^ hr”  ̂ and 26 pmoles pyruvate mg chi  ̂ hr ^,

respectively, is produced endogenously. However, in S tapelia , PEP is

probably the main decarboxylation product, and endogenous pyruvate production
14would be much lower. Thus, although the C-pyruvate incorporation rates 

are similar for the 3 CAM tissues the amount of label in the end products 

is probably derived from ^C-pyruvate of very different specific 

activities .  If the dilution of exogenous ^C-pyruvate by endogenous 

pyruvate is taken into account, and i f  we assume that (1) the pyruvate 

pool sizes are small and more or less similar in all tissues, (2) no 

pyruvate is produced by malic enzyme in S ta p elia , a PEPCK CAM plant, and 

(3) the rate of production of endogenous pyruvate from other, non

decarboxylation sources is similar in all tissues; then i t  is possible 

to estimate the rate of transfer of pyruvate into carbohydrates and other 

end-products (Table 2.7). Kalanchoe and CAM Mesembryanthemum, both malic 

enzyme CAM plants, convert pyruvate to carbohydrates more rapidly than 

Stapelia , a PEPCK CAM plant, and Ĉ  Mesembryanthemum. Kalanchoe converts 

pyruvate to carbohydrate over 200 times more rapidly than S tapelia , and 

the rate of conversion by CM] Mesembryanthemum is over 400 times faster than 

that by Ĉ  Mesembryanthemum. The CAM Mesembryanthemum rate is also over 

40 times more rapid than the Stapelia  rate.

14 142.3.3.2 The metabolism o f  2 - C- and 3 - C-pyruvate

A major advantage of feeding tissues differentially labelled pyruvates 

is that comparisons can be made of the labelling patterns within a single



82

c
o

CO
s-
O)
> csc o  
o
cj - a  

c :
4 -  03 
O

CO 
CU C_>

4- >
03 "O
5 - SC

4->
so
O)
J -
03
CL
CL
03

CU
JC
4-1

SO
o

CU
4->
03
>

Ö
* S

&
+3
CO

Q)
O

S ?
<0
g

t-J

3
=3
%- 01
> 1  C

• s

Ö
+3
CO
S3

<0

2 :
< :
C_)

CU 
I + - )  

O  03 
JO  S- 
S- X3 
03

CJ JO

CJ
•I— CO 
SC T3 
03 ,r_  
O l  CJ 
S- 03 

O

LO
O  CO
I—  S '

O  CO

cn S '
o  r o

o  r -

£
0)

S i
4-3
S
Ö
S3

CO
4 »

I
o

JO
S_
03

O

OO
C_)

CU
4- 1 
03
5 - 

TJ
> 1

JO

CO
o  o
C\J C\J
o  o

o  o

0
•I— CO
SC T3 
03 “ 1— 
CD O  
S- 03 

O

CO
CO CO
CO CO
o  o

o  o

> 1  
- O  4 —
<D T -  

1—  T3

CU cj

4-1
(J
Z3

*U
o
s-

_Q 03 CU SO.
03 CU 1 4-> CVl

r— TO O  03 1— 03 so
c JO S- OsJ LT> •1—
0  so i -  -O • •

•1— 0) 03 > ) 0 03 0
CO S <_j _ c 1— S '
Z5 CO r S r—
O  -O 0)
so •<- g SO X
CU CJ 8 0
O l 03 r -3 CJ •1—
O •i— cn CO 4-1

* 0  O SO -O LD I-''. 03
£0 *r- 03 •'— O 1— C-
cu sc c n  c j • • O

03 S- 03 O LO CL
>> 0 3 O S- -—-

JO s_ . O —
O  4-1 CJ 1

CU JO c s-
4-1 "O 03 •r— -C
03 £C •!—
>  03 r— CU 1—
13 4-1 1
S- CU CU 03 1—
> > 4-> JO > JO
a  03 4-> cu CO O CJ
1 s- 1 4-1 *5f 'S ' S-

U  T 3 SO O  03 03 0 3 >1 c n
S ' >5 *r- JO S- O O SO. E
— JO S- 00 • • 1

1 O  CO Ö 03 >3 O O 0 CO
CO JO cu • s O  JO S ' CU

S- CJ V-3 1— 1—
4— 03 ‘r~ 0) 1 0
O  CJ r— a , CO E

CO 8 O CO 0 L
c  0 43 •1— CO CO CO CO <—-
0  4- 1 4 - to SO T 3 03 03 cu

•r— SO 03 03 ‘i— r — 1--- 4-1 "O
4-1 T "  (U c n  O • • 05 CU
O  1— S- 03 O 0 C 4-1

r— CU O •1— 03
•1- 4-1 g E 1—
■ a 03 3 >1

>  £ O X
CU 05 Q) ■S' O

JO S— 3 - JO
4-1 >•) 4-3 c . C-

c l  K cu 03
4 -  1 Ö 4-1 CJ
O  O  S 3 4- CU

S '  ?H 03 - 0
4—lr— rC)
O  t £ C\J - a cu
CU CO 00 cu cu 4-1

4-  C0 r— 4-1 C- 03
4- 4- 0) CU 03 13 1—
LU 0 4-1 s- CO 03

03 03 21
%- X 3 cu

CU E II
• TO 4->

0 0 CU 03 cu a
> r—- 4-1 4-

<u s- Z3 03 O
1— cu CJ CC cc
jQ CO 1—
03 JO 03

1— 0 CJ 1— c \

S-
j c

J O
CJ

cn
E
co
CU

o
E
CL

- a
cu

4->
03s-
o
CL
s -
o
CJso

cu
4->
03
>
C3s_
> >
CL

c :
o

•1—  
4-> 
CJ 
=3 

X3 
O  
s_
CL

cu
4- 1 
03 
>  
33
5- 
> 1  
CL

03
C
S-
cu

4->
c

o
c

CD
c

•I—

E
=3
CO
CO

<

(



83

tissue. Such comparisons minimise the uncertainties, due to factors such 

as d iffering rates of pyruvate u til isa tion  and different pool sizes, when 

comparing the labelling patterns of tissues from different species.

I f  pyruvate is oxidised via TCA cycle reactions, then the distribution

of label between organic acids and carbohydrates should vary depending upon
14 1 4 1 4the position of C within the pyruvate molecules. The C in 1- C-

14pyruvate w ill be released as C0o immediately the pyruvate enters the TCA
14cycle,,whereas the label from 2- and 3- C-pyruvate w ill be released at

14a slower rate. Label from 3- C-pyruvate w il l  be released more slowly

than label from 2-^C-pyruvate. Conversely, i f  the pyruvate is

metabolised gluconeogenically, the d istribution of label amongst the

products should be independent of the position of ^C in the pyruvate

skeleton since condensation of two complete pyruvate molecules is
14involved rather than the evolution of CĈ .

14Unfortunately, up to 1.9% of the 1- C-pyruvate was non-enzymatically

decarboxylated after 30 minutes (Tables 2.8 and 9). This decarboxylation was more

rapid than observed by Neal and Beevers (1960) who noted that a maximum of

0.35% of 1-^C-pyruvate was spontaneously decarboxyl ated after 24 hours at
14pH 5.0. In the present study a greater amount of CÔ was evolved in

flasks containing 1- ^C-pyruvate and boiled Stapelia  mesophyll cells

(see Section 3.2 for details of preparation) than was evolved in the dark

or in the l ig h t by liv ing material (Table 2.8). Similarly, a large amount

of ^4C, in the form of ^CO^, was evolved from flasks containing boiled

Kalanchoe leaf slices than was incorporated into non-organic acid fractions
14by liv ing  tissue (Table 2.9). Obviously both externally evolved CÔ 

and 1 -^C-pyruvate w ill be metabolised by the slices. The incorporation
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14 14Table 2.8 Evolution of CO2 from 1- C-pyruvate by isolated Stapelia
gigantea mesophyll cel l s  in the l ight  and in the dark compared 
with evolution by boiled cel l s .

Exposure
time
(min)

Boiled 
14CÔ  evolved

, n4 cpm x 10

cel 1 s
Evolved ^C0£ 
as % of total 
1 -^C-pyruvate 
in medium

Living ce l l s  

Light Dark

cpm x

5 5.7 0.6 0.9 2.3

10 11.6 1.2 1.4 2.8

30 19.0 1.9 3.8 3.8

14 14Table 2.9 Evolution of C02 from 1- C-pyruvate by boiled Kalanchoe 
daigvemontiana l ea f  s l ices  compared with the amount of ^C 
incorporated in non-organic acid f ract ions by deacidifying leaf  
s l i ces  in the l ight .

Exposure 
time 
(mi n)

Boiled 
U C02 evolved

4
cpm x 10

t issue
Evolved ^4C02 
as % of total  
1-1^C-pyruvate 
in medium

Living t issue 
14C in non organic^ 
fract ions

4
cpm x 10

10

20

9.6 0.8 3.9

14.9 1.2

1 .930 17.8 10.8
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of by deacidffying leaf slices is, as shown earlier, much more
14rapid than the observed rates of C-pyruvate uptake. The rapid refixation

of this externally produced combined with the slow rate of ^C-

pyruvate uptake precluded the collection of meaningful data from

1 -^C-pyruvate feeding experiments. In spite of this, comparisons of the 
14 14products of 2- C- and 3- C-pyruvate metabolism remain relevant.

The incorporation of 2-^C- and 3-^C-pyruvate was linear with time in 

both Kalanchoe and Stapelia  (Figure 2.21). The distribution of in 

the carbohydrate and organic acid fractions from both tissues is shown in 

Figures 2.22.

In Kalanchoe, fed with either 2 -^ ’C- or 3-^C-pyruvate, the amount and

distribution of in the carbohydrate fractions was similar (Figure

2.22A). The organic acid fractions contain slightly more label when fed

3-^C-pyruvate but the difference i s marginal, particularly when expressed on

a chlorophyll basis (Figure 2.22C). In contrast, there were appreciable

differences in the amount and distribution of label in the carbohydrate

and organic acid fractions from Stapelia  labelled with 2-^C- or 3-^C-

pyruvate (Figures 2.22B and D). After 40 minutes exposure 56% of the label
14incorporated from 2- C-pyruvate was in carbohydrates compared with 31% when 

14 14fed 3- C-pyruvate. Conversely, in 2- C-pyruvate labelled tissue only
1434% of the label was in organic acids compared with 61% in the 3- C- 

pyruvate labelled tissue.

These data are interpreted as follows. If 3-14C-pyruvate is metabolised 

via the TCA cycle, i t  will enter the cycle as carbon-2 of citrate which is 

not released as C02 during the f i r s t  two turns of the cycle. However due to



Figure 2.21 A. Incorporation of 2-^C-pyruvate (o) and 3- ^C-pyruvate (•) 
in the light by deacidifying Kalanohoe daigremontiana leaf 
si ices.

B. Incorporation of 2-^C-pyruvate (o) and 3-^4C-pyruvate (•) 
in the light by deacidifying Stccpelia gigantea leaf slices
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F i g u r e  2 . 2 2  A. I n c o r p o r a t i o n  o f  2 -  ^ C - p y r u v a t e  ( o )  a n d  3 - ^ C - p y r u v a t e  ( • )  

i n t o  c a r b o h y d r a t e s  i n  t h e  l i g h t  by  d e a c i d i f y i n g  Kalanchoe 
daigremontiana l e a f  s l i c e s .

B. I n c o r p o r a t i o n  o f  2 - ^ C - p y r u v a t e  ( o )  a n d  3 - ^ C - p y r u v a t e  ( • )  

i n t o  c a r b o h y d r a t e s  i n  t h e  l i g h t  by  d e a c i d i f y i n g  S ta p e lia  
gigantea  l e a f  s l i c e s .

C. I n c o r p o r a t i o n  o f  2 - ^ C - p y r u v a t e  ( o )  a n d  3 - ^ C - p y r u v a t e  ( • )  

i n t o  o r g a n i c  a c i d s  i n  t h e  l i g h t  b y  d e a c i d i f y i n g  Kalanchoe 
daigremontiana l e a f  s l i c e s .

D. I n c o r p o r a t i o n  o f  2 - ^ C - p y r u v a t e  ( o )  a n d  3 - ^ C - p y r u v a t e  ( • )  

i n t o  o r g a n i c  a c i d s  i n  t h e  l i g h t  by  d e a c i d i f y i n g  S ta p e lia  
gigantea  l e a f  s l i c e s .
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randomisation of the 1 and 4 carbons of succinate and fumarate by succinic
14thiokinase and fumarase, half the C will be evolved during the third turn 

of the cycle by isocitrate dehydrogenase and a-ketoglutarate dehydrogenase, 

and half the remainder will be evolved during each successive turn. 2-^C- 

pyruvate will enter the cycle as the terminal carbon-1 which is liberated as 

CO2  by isocitrate dehydrogenase and a-ketoglutarate dehydrogenase during the 

second turn of the cycle. Therefore, until the TCA cycle acids are saturated 

with 14C from 3-^4C-pyruvate, 4̂CC> 2 will be evolved more rapidly when 2-^4C- 

pyruvate is metabolised via the TCA cycle than when 3-^4C-pyruvate is metabol

ised. Consequently, in tissue in which pyruvate is predominantly metabolised 

via the TCA cycle, carbohydrates would be expected to be more rapidly labelled 

when fed 2-^4C-pyruvate than when fed 3-^4C-pyruvate. Moreover, until the 

acid pools became saturated, a greater proportion of the label would appear 

in TCA cycle acids in 3-"*4C-pyruvate labelled tissue than in 2-^4C-pyruvate 

labelled tissue. This is precisely the pattern observed in deacidifying 

S tapelia  tissue (Figures 2.22D). The amount of label in the TCA cycle

acids in the 3-"*4C-pyruvate fed tissue had not saturated by the end of the
14experiments, whilst the amount of label in the acid pools in the 2- C- 

pyruvate fed tissue appeared to be reaching saturation.

Gluconeogenic metabolism of pyruvate involves the condensation of

complete pyruvate molecules. Therefore no differences would be expected
14 14in the distribution of label in the products of 2- C- or 3- C-pyruvate 

metabolism. This is what is observed in Kalanchoe (Figure 2.22A and C).

14 142.3.3.3 Metabolism o f  134- C- and 233- C-succinate

Labelled succinate was fed to deacidifying Kalanchoe and Aloe leaf 

slices in an attempt to confirm indications that the TCA cycle may be
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active in the light and to ascertain whether there was any export of 

carbon, in a form other than CÔ , out of the mitochondria. Succinate 

is thought to be metabolised exclusively in the mitochondria (Chapman 

and Osmond, 1974). If 14C-succinate is metabolised via the TCA cycle then

14 14C from 1,4- C-succinate will be released during the first turn of
14 14the cycle ( Figure 2.23 ). No C from 2,3- C-succinate will be 

released during the first turn,however 50% will be released during 

the second turn and 50% of the remainder will be released during 

each subsequent turn.

The incorporation of 1 ,4 -1 and 2,3-^C-succinate by Kalanohoe leaf

slices and of 1,4-^C-succinate by Aloe leaf slices in the light is shown 

in Figure 2.24. Succinate incorporation was linear after an init ial phase 

of rapid incorporation but the absolute rates varied between treatments.

I have no explanation for the variation observed in the incorporation of

1.4- 14C- and 2,3-l4C-succinate by Kalanchoe tissue, although i t  may be 

due merely to differences in the leaf tissue used in the two experiments.

The rates of ^4C-succinate incorporation were very low and were between one 

sixth and one third of those observed for ^4C-pyruvate incorporation.

14The distribution of label amongst the products of C-succinate 

metabolism is shown in Table 2.10. Although the data must be interpreted 

cautiously due to the irregular rates of incorporation certain general

isations can be made. Label from both 1,4-^4C- and 2,3-^4C-succinate is 

almost equally converted to carbohydrates. Since, in Kalanchoe, label from

1.4- 4̂C-succinate is converted to carbohydrates more slowly than from 

2,3-^4C-succinate, i t  is possible that ^4C is being exported from the



Figure 2.23 Scheme showing the predicted transfer  of 
141,4- C-succinate wi th in the TCA cycle.

14C from
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Figure 2.24 The incorporation of  1,4-^C-succinate  ( • )  and 2 ,3 -^C -
succinate (o) by deacidify ing Kalanchoe lea f  s l ices and of 
1,4-^C-succinate  (A) by deacidify ing Aloe lea f  s l ices in the 
1ight .
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14mitochondria in a metabolite rather than as CÔ . The low amount of

label in ci tra te / isocitra te  and the absence of label in glutamate suggest

that succinate does not proceed to citrate and a-ketoglutarate. It

appears likely that the route of carbohydrate labelling from succinate

does not involve the complete cycling of carbon through the TCA cycle.

As mal ate and fumarate, but not c i t r ä te / isocit r ä t e , contain substantial 
14amounts of C i t  is possible that malate, OAA, or some derivative of 

malate or OAA such as pyruvate, is labelled from ^C-succinate and exported 

from the mitochondria.

The data broadly agree with the observations of Chapman and

Osmond (1 974) who fed 1,4-^C- and 2,3-^C-succinate in the light and in

the dark to leaf slices of the NAD malic enzyme plant, Atriplex

spongiosa. Both 1,4-^C- and 2,3-^C-succinate were converted to sucrose

and other photosynthetic products at about equal rates in the light.

This conversion was however, considerably more rapid than the rate of "̂ COg

release in the dark and i t  was suggested that even if  ^C02 release continued
14unabated in the light the refixation of CÔ  during photosynthesis could

not account for the observed labelling patterns, particularly in the case 
14of 2,3- C-succinate. The authors concluded that the most plausible

explanation, as i t  seems to be in the present study, was that ^C-succinate
14 14was not metabolised beyond C-malate or C-OAA in the TCA cycle. Presumably 

malate can either be decarboxylated by NAD malic enzyme in the mitochondria 

or i t  can be exported to the cytoplasm and decarboxylated there.

2.3.4 Discussion

The distribution of label in the products of ^C-pyruvate metabolism is 

consistent with the conversion of pyruvate to carbohydrate via a gluconeogenic
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mechanism in Kalanchoe and probably also in CAM Mesembryanthemum. The 

data does not support the gluconeogenic conversion of pyruvate to carbo

hydrates in Stapelia , Mesembryanthemum or in spinach. It is possible 

that S tapelia , a PEPCK CAM plant which produces PEP but not pyruvate 

during deacidification, can convert PEP to carbohydrate but is unable to 

convert pyruvate to carbohydrate. The conversion of pyruvate to PEP as the 

f i r s t  step in gluconeogenesis requires an enzyme such as pyruvate, Pi

dikinase to reverse the physiologically irreversible pyruvate kinase 
ADP ATP

reaction PEP -----------------► PYRUVATE. Pyruvate, Pi dikinase has been reported

to be present in Kalanchoe (Kluge and Osmond, 1971; Sugiyama and Laetsch,

1975) but, as will be shown in Chapter 4.1, is absent from Stapelia .

In S tapelia , and to a lesser extent in Kalanchoe, a substantial 

proportion of the label from 3-^C-pyruvate rapidly appears in the organic 

acid fraction, principally in malate and ci tra te / isocitra te .  The differences 

in the amount of radioactivity in the carbohydrate and organic acid fractions 

from tissues fed either 2- ^C- or 3-^C-pyruvate suggests that, in Stapelia , 

TCA cycle reactions may be important in pyruvate metabolism. The d i s t r i 

bution of label in the fractions from Kalanchoe indicates that only a 

small proportion is metabolised by this means. In spinach,the bulk of the 

label from ^C-pyruvate was in alanine and glutamate which suggests that 

pyruvate was metabolised principally via transamination, not by the TCA 

cycle or gluconeogenesis.

14 14This interpretation of the distribution of C in products of C-pyruvat 

metabolism is,  however, based on two assumptions. The f i r s t  is that during
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14 14C-pyruvate feeding, C-pyruvate is the only labelled compound fed to the 

tissue. The second is that is only exported from the mitochondria as

14The 1- C-pyruvate data suggests that a small proportion of external

pyruvate is non-enzymatically decarboxylated. The most probable

2-carbon product is ^C-acetate. Acetate is rapidly taken up by tissues

and is metabolised within the mitochondria. I t  is thus possible that a

small proportion of the init ial  label in TCA cycle acids and subsequently

in both acids and carbohydrate is due to the incorporation of ^C-acetate,
14 14not C-pyruvate. A small amount of C-acetate incorporation does not 

significantly al ter  the interpretation of the data. In Kalanchoe,, 

allowance for ^C-acetate incorporation suggests that a greater proportion 

of the label from ^C-pyruvate was converted directly to carbohydrates than 

was in i t ia l ly  indicated i.e. i t  strengthens the evidence for a glucon

eogenic mechanism. In Stapelia , . although any allowance for ^C-acetate

incorporation would lower the init ial  apparent amount of label from 
14C-pyruvate in the organic acid fraction, the acids are s t i l l  easily

the heaviest labelled fraction. In fact, the metabolism of ^C-acetate

by TCA cycle reactions should be almost identical to the mitochondrial 
14metabolism of C-pyruvate and the relative proportions of label in the acid 

and carbohydrate fractions should remain constant.

14Both the C-succinate data and observations with isolated CAM mito

chondria, mentioned earlier, suggest that malate, pyruvate and OAA (as 

well as aspartate, a-ketoglutarate and glutamate) can cross the mitochondrial 

membrane. If such export occurs then the labelling pattern observed in 

Kalanchoe would only be observed i f  the exported metabolite was rapidly
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converted in  to to  to carbohydrate, which again implicates a gluconeogenic

pathway. The distribution of label in the products of ^C-pyruvate

metabolism in Stapelia  could only occur if  the exported metabolite was
14decarboxylated and the CÔ , but not the 3-carbon skeleton, was converted 

to carbohydrate. If the 3-carbon skeleton was directly converted to 

carbohydrate one would not expect to observe either such a large proportion

of the label in organic acids, or a distribution of amongst the
14 14products of C-pyruvate which is dependent upon the position of the C

in the labelled pyruvate. This evidence plus the observations that PEPCK

plants have low malic enzyme activities (Dittrich e t a l . 3 1973; Dittrich,

1976) suggests that any produced internally from ^C-pyruvate is

done so in the mitochondria, most probably from TCA cycle reactions.

Unfortunately, due to the uncertainties caused by the internal dilution 

of ^C-pyruvate, i t  is difficult  to estimate the relative rates of TCA 

cycle activity in Stapelia  and Kalanchoe. The observation that label in 

^C-succinate is exported from the mitochondria suggests that if  the TCA 

cycle is to function as a cycle then a TCA cycle carbon acceptor must 

replace the carbon which is exported. Since PEPCK seems to be the principal 

decarboxylating enzyme in Stapelia  i t  is possible that the activity of the 

TCA cycle may be adequate to oxidise the small amounts of pyruvate which may 

be produced during deacidification by NADP malic enzyme. However, the slow 

rate of conversion of ^C-pyruvate to carbohydrates and the low activity of 

pyruvate kinase in CAM plants (Sutton, 1974, 1975b) make i t  unlikely that 

the PEP formed during the same period is converted to pyruvate then oxidised.

14It is also possible that some exogenously supplied C-pyruvate may be 

directly converted to mal ate in the cytoplasm. In Kalanchoe this could
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occur via pyruvate, Pi dikinase and PEP carboxylase if  the la t te r  enzyme

retains any activity, although such a conversion would result in a futi le

cycle. It  is hard to envisage how this would occur in S ta p e lia  particularly

when one considers the differences in the distribution of label from 
14 142- C- and 3- C- fed tissue.

The distribution of amongst the products of 3-^C-pyruvate

metabolism in C3 Mesembryanthemum is similar to that observed in S ta p e lia >

14whilst the distribution of C in CAM Mesembryanthemum is intermediate between
14S ta p e lia  and Kalanchoe. However, when the internal dilution of C-pyruvate 

is taken into account CAM Mesembryanthemum quite obviously has a far greater 

capacity to convert pyruvate to carbohydrate than Ĉ  Mesembryanthemum.

This capacity is not matched by the rates of dark respiration observed in 

leaf slices (Winter, personal communication).

It is difficult  to understand why the organic acid fractions were so 

heavily labelled in CAM Mesembryanthemum. Interpretation is complicated 

by the high NaCl content of the tissue which interfered with the 

chromatography of malate and citrate  in particular, and which made the two 

acids run as a single spot. It is possible that PEP carboxylase may have 

been s t i l l  significantly active and may have converted PEP, which could be 

formed from pyruvate (see Chapter 4.3), to malate. Unfortunately, for 

purely circumstantial reasons, I was unable to distinguish between 

respiratory and non-respiratory pyruvate metabolism by feeding 2-^C- 

and 3- C-pyruvate to both C3 and CAM tissues. I t  is probably reasonable 

to state that, in lieu of a more detailed investigation, the CAM tissue 

has a far greater capacity to convert 3-^C-pyruvate to carbohydrate 

than the C3 tissue and this observation, coupled with the relatively lower
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respirat ion rates, suggests that pyruvate is  rap id ly  converted to 

carbohydrate in CAM Mesembryanthemum by a non-respiratory process, 

a process w i l l  most l i k e l y  involve a gluconeogenic mechanism.

Such
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3 ISOLATION AND METABOLISM OF INTACT MESOPHYLL CELLS 

3.1 Introduction

Isolated mesophyll ce l ls  are a useful experimental system for

investigating some physiological and biochemical processes in plant

t is sues .  Photosynthetically act ive lea f  mesophyll ce l ls  and protoplasts

have been enzymatically isolated from Ĉ  and Ĉ  plants (cf .  Kanai and

Edwards, 1973), however, i t  is only recently that  in tact  c e l l s  have been

isolated from CAM t issue .  Mechanically isolated mesophyll ce l l s  from the

malic enzyme CAM plant Sedum telephium3 required the addition of
14phosphorylated compounds before s ignif icant  CĈ  incorporation was 

observed (Rouhani, 1972; Rouhani e t a l . ,  1973). In subsequent studies

with enzymatically isolated Sedum telephium protoplasts  and c e l l s ,  high
14 -1 -1rates of CÔ  incorporation of 30-70 pmoles mg chi hr at  30°C were

observed without the addition of any substrates (Kanai and Edwards, 1973;

Spalding and Edwards, 1978). The ce l ls  exhibited high, l inear  rates of

oxygen evolution, and ra t ios  of oxygen evolution to CÔ  incorporation of
14 -1 -1close to unity. C0  ̂ incorporation rates of 56-73 pmoles mg chi hr

a t  30°C, which were also independent of-added substra tes ,  have been

reported for mesophyll c e l ls  isolated from Opuntia polycantha and Opuntia

monoeanthaiGervjick e t a l . 3 1978). To date there have been no reports of

ce l ls  isolated from any PEPCK CAM plants.

In this  section some of the properties of in tac t  and photosynthetical ly 

act ive mesophyll c e l l s ,  enzymatically isolated from the malic enzyme CAM 

plant Kalanchoe daigvemontiana3 . and from the PEPCK CAM plant Stapelia  

gigantea will be investigated.  In part icular,evidence will be sought for 

a difference in the response of these ce l ls  to externally added pyruvate.
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The gluconeogenic hypothesis presented in Section 1.4 and experiments 

reported in Section 2.3 predict that Kalanchoe mesophyll cells should 

convert pyruvate to PEP in  vivo  more effectively than Stapelia  cel Is,and 

this may be reflected in the rates of CC>2 assimilation via PEP carboxylase 

in the 1ight.

3.2 Materials and Methods

3.2.1 Experimental material

Plants were grown as described in Section 2.1.2. For Kalanchoe the 

second expanded leaf was used. I t  was important to use young actively 

growing tissue since the cell yield diminished with increasing tissue age.

3.2.2 Isolation of cells

Deacidified Kalanchoe and Stapelia  tissue was cut with a sharp razor 

blade into 0.5-1 mm thick slices and suspended (about 5 g in 50 ml) in an iso

lating medium containing 50 mM MES-NaOH pH 5.5, 0.3 M mannitol, 5 mM MgCl ,̂

1 mM K̂ HPÔ , 0.1 mM CaSÔ , 0.5% (w/v) PVP-40 and 0.5% (w/v) Macerase 

(1.0% Macerase was used for Kalanchoe tissue). The slices were vacuum 

infil t ra ted for 5 second periods until they no longer floated. This 

usually required three or four infi l t rat ions.  A piece of gauze on the 

surface of the isolation medium ensured that the slices were completely 

submerged throughout the infi l t rat ion.

The tissue was digested at room temperature with occasional shaking, 

for 1-2 hours before being placed, together with a magnetic flea, in the 

central well of a two compartment chamber similar to that described by 

Rehfeld and Jensen (1973). The well was covered with coarse

mesh (1 mm) nylon gauze and the chamber f i l led  with isolation medium to
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a level 0.5-1.0 cm above the lip of the centre well. The suspension was 

stirred for up to 45 minutes, depending upon both the species and the 

cell yield. The stirring speed was adjusted so that the vortex created was 

just sufficient to push any separated cells upwards through the gauze 

and outwards. The cells which settled in the unstirred outer well were 

transferred using a wide mouthed pippette to a test  tube containing 

5-10 ml (depending upon the cell yield) of resuspension medium consisting of 

25 mM HEPES-NaOH, 25 mM MES-NaOH pH 7.5, 0.25 M mannitol, 5 mM MgCl2 and 

0.1 mM CaS04- After settling for 5-10 minutes the cells were resuspended in 

5 to 10 ml of the resuspension medium. This resuspension was repeated 

before storing the cells at room temperature until used (1-3 hours).

I was unable to isolate photosynthetically active cells from 

Ananas comosus (pineapple), Aloe arborescens  or Hoya cam osa . Cells 

from the la t te r  two species appeared to have been ruptured by crystals 

which were abundant in the tissues. Cells which evolved 02 at low 

rates were isolated from Bryophyllum pinnatum, E scheveria  g lauca  and 

S a n severia  trb fa so b a ta . Cells of varying activity were also isolated 

from Ĉ  and CAM Mesembryanthemum c ry s ta llin u m .

143.2.3 Incorporation of C02

14C02 fixation was assayed at room temperature (21°C) in sealed

scintil lation vials. Cells (200-400 yg chlorophyll in 200 y l ) were

suspended in 0.7 ml of assay medium containing 25 mM HEPES-NaOH pH 7.8, 0.25 M

mannitol, 5 mM MgCl2, 1 mM K2HP04 and 0.1 mM CaS04- The vials were
-2 -1illuminated with a quantum flux density of 1,200 yeinstein m s at 

vial-top height from a 1000 W Philips HPLR high pressure mercury vapour
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fluorescent lamp through a 5 cm water f i l t e r .  The cells were preincubated

for 10 minutes in a mechanical shaker (- 20 strokes min "*) with or without
14 8substrates before 10 ymoles NaH COg in 0.1 ml was added (1-2 x 10 dpm/

ymole). After appropriate intervals the cells were killed with 200 yl

of 20% trichloroacetic acid. The suspension was blown to dryness and acid-

stable counts were determined by liquid scinti l lation counting. Products 
14of C02 fixation were separated and identified as described in Section 

2.2.2, but chromatography of soluble sugars proved impracticable due to the 

high concentration of mannitol in the reaction mixture which coeluted from 

the Dowex resin with the neutral fraction.
I

3.2.4 Oxygen exchange measurements

Oxygen exchange was measured at 25°C using a Clark-type Rank

electrode. Cells (100-250 yg chi in 0.1 ml) were suspended in 2.9 ml of

buffer identical to that used for ^COo incorporation except that the 

buffer was C02 free. "C02 free" buffer was prepared by heating the buffer 

close to boiling point whilst bubbling with N2 in an Erlenmeyer flask. A 

tube containing Carbosorb was placed in the flask and the flask was sealed 

and al lowed to cool.

The reaction vessel was illuminated by a 150 W projector lamp which
-2  -1provided 1000-1200 yeinstein m s at the vessel centre. When a red

-2 -1f i l t e r  was used, the light intensity dropped to about 800 yeinstein m s .

3.2.5 Estimation of intactness of cells

The intactness of cells was routinely verified by light microscopy. (Fig.3. 

To examine for intact cells a small amount of Evans Blue in 0.3 M mannitol



Figure 3.1 A. Isolated mesophyll cells from Stapelia gigantea. Smaller 
chloroplast deficient cells are pith cells.

B. Exclusion of Evans Blue by isolated mesophyll cells from
Stapelia gigantea.

C. Mesophyll cell from Stapelia gigantea. The orientation of 
chloroplasts on the periphery of the cell indicates that 
the tonoplast and plasmalemma are intact.

D. Mesophyll cells isolated from Kalanchoe daigremontiana.
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was mixed with the cell preparation on a microscope slide and examined under 

a light microscope for exclusion of the dye. Evans Blue is a water soluble 

dye (M.wt - 900) which is excluded by intact semipermeable membranes (Figure 

3 .T)(Gaff and Okong'o-Ogloa, 1971).

3.2.6 Chlorophyll estimation

A 1 ml aliquot of cells was shaken with 4 ml of 100% acetone and spun 

for 5 min at maximum speed (about 4,000 x g) in a clinical centrifuge.

The chlorophyll content of the supernatant was assayed after Arnon (1949) as 

described in Section 2.1.2.4.

3.3 Results

The mannitol concentration required for production of intact cells 

was determined in a number of preliminary experiments. It appeared 

that the cells were more viable when isolated in a slightly plasmolysed 

state. Hence cells were extracted in 0.3 M mannitol and assayed in 0.25 M 

mannitol.

Cells were more easily obtained from S tapelia  than from Kalanchoe. 

Stapelia  tissue usually required only about 15 minutes stirring to 

produce a high yield of cells that were regularly 75-90% intact before 

purification. The cells were considered physically intact i f  they 

actively excluded Evans Blue. The yield of cells from Kalanchoe was less 

predictable as both the percentage of intact cells and the total yield 

varied between experiments. Cells from Kalanchoe were not used unless they 

were at least 60% intact before purification. The cells remaining after 

purification were about 75-85% intact. Cells of older Kalanchoe leaves
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were less easily separated than those from young leaves. Tissue age had 

no effect on cell separation from Stapelia  tissue although the older 

cells had less chlorophyll.

3.3.1 Oxygen evolution and consumption

Isolated Kalanchoe and Stapelia  mesophyll cells exhibited high rates

of light dependent 0̂  evolution which were linear for at least 15 minutes

and proportional to the amount of chlorophyll present (Figure 3.2).

Intactness of the cell chloroplasts is indicated by the observation

that O2  evolution was not stimulated by ferricyanide (Table 3.1). The
14ratio of 0̂  evolution to DCMU sensitive CÔ incorporation is close to 

unity which indicates that the PCR cycle is functional and coupled 

to the photosystems (Table 3.2).

Oxygen evolution in both species, although requiring exogenous CÔ  

for maximum activity,  was only partially dependent upon external CO2  

(Table 3.1). Both the external C02 dependent and the independent 

components were completely inhibited by 4 pM DCMU (Table 3.3). Although

the maximum observed rates of O2  evolution were similar for each species
-1 -1 -1 -1(20-50 ymoles mg chi hr in Kalanchoe and 50-70 ymoles mg chi hr

in Stapelia) the proportion contributed by the external CO2  independent 

component varied considerably between extractions. Similar external 

CO2  independent oxygen evolution has been observed in Aloe leaf slices and 

in isolated Sedum telephium  cells (Denius and Homann, 1972; Spalding and 

Edwards, 1978). In Aloe leaf slices,  external CO2  independent O2  evolution 

is proportional to the tissue malate content and is most probably due to 

CO2  being produced internally via malate decarboxylation. Spalding and 

Edwards (1978) reached the same conclusions regarding the external CĈ  

independent O2  evolution observed in Sedum cells .



Figure 3.2 O0 evolution in the light by isolated mesophyl1 cel 1s from 
L . . (o) . (•)

Kalanchoe daigvemontiana ĵ and Stapelia  gigantea ^expressed as
a function of chlorophyll content. Results of two experiments.
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Table 3.1 Effect of ferr icyanide on net oxygen exchange and oxygen

evolut ion in isolated Kalanchoe and Stccpelia  mesophyll c e l ls .

Species Treatment Net 0^ 
exchange 

(ymoles mg

0 a

evolut ion 

c h i h r ” ^ )

Stccpelia l i g h t  on*3 23.2 34.8

+ ferr icyanide [1 mM] 21 .8 33.4

+ NaHC03 [10 mM] 33.4 45.0

+ DCMU [4 pM] -11.6 0

1 igh t  on^ 9.4 32.8

+ NaHCO, [10 mM] 39.8 63.9

l i g h t  o f f -23.4 0
1ight on 37.5 60.9
+ ferr icyanide [1 mM] 37.5 60.9

Kalanchoe 1ight on^ 4.0 14.5
+ NaHC03 [10 mM] 15.6 25.6
+ ferr icyanide [1 mM] 15.6 25.6
+ l i g h t  o f f -10.5 0

a Apparent O2 evolut ion calculated by assuming the basal dark O2 uptake 
rate was equivalent to zero O2 evolut ion

b Al l  ce l ls  i n i t i a l l y  in CO2 free buffer
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14Table 3.2 Relationship between CO2 assimilation and oxygen evolution in 
isolated Kalanchoe and S ta p e lia  mesophyll ce l ls  in the l i g h t . 3

Species 14C02 in- , 
corporation0

14COp minus 0  ̂ evo- 
DCMU insen- lution^ 

s i t iv e c
(ymoles mg Chi~ hr~^)

Op Evoln. Op Evoln.

14COp Incorpn. 14X0p - DCf*
S«/>c.

Kalanchoe 36.5(±3.0) 31.6(±3.0) 31.9(14.9) 0.87 1.01

S ta p e lia 59.5(+2.1) 49.4(12.7) 53.7(17.5) 0.90 1.09

14a Both O2 evolution and NaH CO3 incorporation in the presence of 10 mM 
NaHC03- Assay conditions as described in methods

b Mean of 4 determinations plus standard deviation
c Mean of 3 determinations plus standard deviation. 5 pM DCMU used
d Mean of 6 determinations plus standard deviation
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Table 3.3 Effect of DCMU on net oxygen exchange and oxygen evolution 
in isolated Kalanchoe and S ta p e lia  mesophyll c e l ls .

Net 0o °2aSpecies Treatment c
exchange

(ymoles mg chi 1
evolution

hr"l

Kalanchoe dark^ -7.0 0
1ight on -4.1 2.9
+ NaHC03 [10 raM] 20.8 27.8
+ NaHC03 + DCMU [4 pM] -7.0 0

S ta p e lia dark^ -10.0 0
l igh t  on 21 .1 31.1
+ NaHC03 [10 mM] 35.0 45.0
+ NaHC03 + DCMU [4 yM] -9.6 0.4

a Apparent 03 evolution calculated by assuming the basal dark O2  uptake 
rate  was equivalent to zero O2 evolution

b All cel ls  i n i t i a l l y  in CO2  free  buffer
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The addition of mal ate in the absence of external CO2  did not 

increase O2  evolution to the levels observed in CO2  fed cells (Table 3.4). 

This suggests that either malate is not entering the cells or, i f  i t  is ,  

the rate of malate decarboxylation was already saturated. Since the 

"*̂ C0 2  feeding data presented in the following section indicates that 

the cells are permeable to PEP and to a lesser extent to PGA and pyruvate, 

i t  is most unlikely that they are impermeable to malate.

Accurate measurements of dark respiration were not obtained. Although 

very high rates of dark 0  ̂ uptake were observed, i t  is unlikely that 

the uptake was of respiratory origin as i t  was insensitive to a range 

of respiratory and other inhibitors even when exposed to very high 

concentrations v iz .10 mM KCN, 0.5 mM antimycin-A, 0.4 mM oligomycin 

and 1 mM DCMU. Similarly, light dependent 09 uptake observed in the 

presence of 4 uM DCMU, was insensitive to KCN, antimycin and oligomycin. 

Light dependent O2  uptake was observed in boiled cells from both species.

It is possible that this is a similar phenomenon to that observed by 

Denius and Homann (1972) in Aloe leaf slices and is due to photo-oxidation 

of light absorbing pigments. Obviously there are also other factors 

involved which require further investigation.

3.3.2 Light and dark ^CO^ fixation

Cells isolated from deacidified Kalanchoe and Stapelia  mesophyll

tissue fix more rapidly in the light than in the dark and

^COr, fixation is linear for at least 30 minutes. The distribution of
14label in the products of 30 minutes light and dark CO2  incorporation 

by Stapelia  cells (Table 3.5) is similar to the distribution observed in
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Table 3.4 Effect  o f  malate, PEP and pyruvate on net oxygen exchange and 
oxygen evolut ion in isolated Kalanchoe and Stapelia  mesophyll 
c e l l s .

Treatment Kalanchoe S tapelia

net 02 02a net 02 02a
exchange evolut ion exchange evolution

(ymoles mg chi ~ hr~^)

dark*3 -6.4 0 -22.0 0
l i g h t on -3.2 3.2 6.0 28.0
l i g h t + malate [10 mM] 5.5 11.9 11.5 33.5
1 ight + malate + NaHC03 

[10 mM] 22.3 28.7 34.4 56.4

dark*3 -5.7 0 -23.0 0
1 ight on 5.2 10.9 6.6 29.6
1 ight + PEP [10 mH] 8.8 14.6 8.6 31 .6
1 ight + PEP + NaHCOj [10 mH] 29.6 35.3 30.7 53.7

darkb -9.7 0 _c
-

1 ight on -1 .0 8.6 - -

1 ight + NaHC03 [10 mM] 26.9 36.6 - -
1 ight + NaHC03 + PEP [10 mH] 30.5 40.1 - -

dark*3 -7.0 0 - -

1 ight on -2.5 4.5 - -

1 i ght + pyruvate [10 mH] -1 .2 5.8 - -

1 ight + pyruvate + NaHCOo 
[10 mM] 21 .8 28.7 - -

dark*3 - - -20.1 0

1 ight on - - 9.8 29.9
1 i ght + NaHC03 [10 mM] - - 37.6 57.7
1 i ght + NaHC03 + pyruvate 

[10 mM] 37.6 57.7

a Apparent O2 evolut ion calculated by assuming the basal dark 02 uptake rate 
was equivalent to zero 02 evolution

b Al l  ce l ls  i n i t i a l l y  in CÔ  free buffer
c - not determined
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Table 3.5 14Distribution of C in the products of 30 minutes l ight  and 
dark f ixat ion by isolated Stapelia  mesophyll cel I s . a

Labelled metabolites Light

(*)

Dark

Insolubl es 15.6 . 1.1
Soluble sugars 54.9 15.8
Phosphorylated compounds 3.2 1.9
Malate plus citrate*3 20.9 68.4
Other acids0 0.9 0.9
Amino acids 4.9 12.0

Total counts incorporated (dpm) 1.2 x 105 1.9 x 104

a NaH^COg specif ic ac t iv i t y  - 1 .2 x 106 dpm ymole 
b Ci trate f ract ion also contains i soc i t ra t e  
c Fumarate, succinate and possibly aconi tate
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deacidified Stapelia  and Kalanchoe leaf slices (see Section 2.2) and in 

intact tissue (Kluge, 1969c;Osmond and Allaway, 1974). After 40 minutes 

incorporation less than 3% of the total counts were in the bathing 

solution.

The addition of 10 mM PEP stimulated l ig h t  ^CO^ fixation between

1.7 and 2.1 times in both species, presumably by providing a substrate

for PEP carboxylase a c t iv ity  (Table 3.6). This interpretation is confirmed
14by the observation that in Kalanchoe,PEP stimulated C0£ fixation is 

insensitive to DCMU whereas the basal ^C0£ fixation is inhibited by 

DCMU (Table 3.6). Such a response would be expected i f  the original 

rates are due to RuP̂  carboxylase ac t iv ity  which is dependent upon 

the l ig h t  reactions, for provision of substrate. PEP carboxylase has no 

such direct l ig h t energy requirement i f  PEP is supplied exogenously.

Table 3.6 also indicates that in the isolated cells the PEP supply 

is limited and this may explain why, in intact deacidified tissue 

(Phase 4),C02 appears to be mainly incorporated by RuP£ carboxylase not 

PEP carboxylase (Osmond and Allaway, 1974).

14Dark CÔ fixation was increased 2.5 fold in Stapelia  and 4 fold 

in Kalanchoe by the addition of 5 mM 3-PGA, presumably due to the 

conversion of 3-PGA to PEP catalysed by enolase and 3-PGA mutase 

(Table 3.7). However, although 10 mM PEP stimulated l igh t 

f ixation in Kalanchoe by over 100%, 3-PGA had no effect. This suggests 

that in the ligh t in Kalanchoe„ 3-PGA is not converted to PEP.

Although the addition of 10 mM pyruvate had no significant effect on 

dark fixation in both species, pyruvate stimulated l ig h t
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Table 3.6 Effect of DCMU and PEP on l igh t  ^CO? f ixa t ion3 by isolated 
Kalanchoe and S ta p e lia  mesophyll c e l l s .

Treatment Kalanchoe S ta p e lia

(pmoles mg chi hr"^)

None 56 58

+ DCMU [5 mM] 5 ' 1 10

+ PEP [10 mM] 95 110

+ DCMU + PEP 28 37

a Rate observed over 20 minutes l inear  ^C02 f ixa t ion ,  duplicate samples 
for each time point
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14Table 3.7 The e ffe c t of the addition o f 5 mM 3-PGA on CO2 f ix a t io n  by 
isolated Kalanchoe and S ta p e lia  mesophyll c e l ls .

Treatment Light Dark

Kalanchoe S ta p e lia

(ymoles mg

Kalanchoe

chl*^ hr~^)
S ta p e lia

None 30 61 2 9

3-PGA [5 mM] 31 - 8 23

PEP [10 mM] 63 I l l 19 26
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fixation by up to 50% in Kalanchoe but had no effect on light fixation in 

Stapelia  (Table 3.8). This is consistent with the hypothesis that if  

gluconeogenesis occurs in malic enzyme plants such as Kalanchoe, 

pyruvate must be converted to PEP.

3.4 Piscussion

Isolated Kalanchoe and Stapelia  mesophyll cells appear to be intact

as judged by a number of cr i teria .  They actively exclude Evans Blue, 0̂

evolution is not stimulated by 1 mM ferricyanide, and more than 97%
14of the products of 40 minutes CÔ fixation remain in the cells.  Although

the cells exclude Evans Blue, they appear to be more permeable to

exogenous substrates than leaf slices (cf. Section 2.3, Liittge and Ball,

1977). This is unlikely to be due to a leaky plasmalemma since, as

already stated, there is no significant leakage of labelled products of 
14CÔ fixation into the bathing medium even after 40 minutes. It is 

probable that this is due to the reduced diffusive resistance present in 

cell suspensions as compared to leaf slice suspensions. The higher 

pyruvate concentrations used in the cell experiments may also fac i l i ta te  

pyruvate uptake. This is supported by the observation that in cell and leaf 

slice suspensions the rates of incorporation of ^CO^, which rapidly 

diffuses into both cells and leaf slices, are similar.

Confirmation of the integrity of the light reactions, the PCR cycle

and of the dark carbon fixing pathway is provided by a number of

observations. Firstly, 4 yM DCMU inhibited 02 evolution and basal

14C02 fixation but does not affect PEP stimulated ^4C02 fixation;
14secondly, the ratio of 02 evolution to DCMU sensitive C02 incorporation
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14Table 3.8 The effect  of the addition 10 mM pyruvate on CO2 fixat ion 
by isolated Kalanchoe and S ta p e lia  mesophyll c e l l s .

Light Dark
Treatment Kalanchoe S ta p e lia Kalanchoe

chl-  ̂ hr“l )
S ta p e lia

(ymoles mg

Expt 1 None 18 49 - -

Pyruvate [10 mM] 23 44 - -

Expt 2 None 30 61 2 9

Pyruvate [10 mM] 44 63 4 9

PEP [10 mM] 63 111 19 26
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is close to unity, and thirdly, the distribution of products of light and 

dark fixation are similar to those observed in deacidified leaf

slices and in deacidified intact tissue (Kluge, 1969c’>Osmond and Allaway, 

1974).

14Both in the light and in the dark, CÔ  fixation by PEP carboxylase 

is limited by the PEP supply. As exogenous PEP causes a greater stimulation 

of l ight fixation than observed in the dark i t  seems probable that

one or more other components may limit dark fixation. PEP carboxylase 

activity,  for example, may be subject to end product inhibition by malate 

if the external osmotic pressures are not condusive to vacuolar malate 

uptake, or OAA reduction may be limited by the supply of NADH.

Nonetheless, the PEP stimulated dark fixation rate in both species is 

higher than that needed to account for the rates of acidification measured 

in intact tissue.

Gas exchange and labelling studies with deacidified intact

tissue in the light have shown that CÔ is fixed principally via RuP£ 

carboxylase (Kluge, 1969b;0smond and Allaway, 1974). In the present 

experiments i t  is evident that PEP carboxylase was also active in cells of 

deacidified tissue if PEP was provided. Because no significant labelling 

of the acids was observed in the fixation experiments, one must

conclude that the supply of PEP was limiting. This conclusion is
14supported by the observation that although 3-PGA stimulates dark CĈ

fixation in both Kalanchoe and in Stapelia3 in Kalanchoe 3-PGA has no 
14effect on light CÔ fixation even though 10 mM PEP doubles the fixation 

rate. Presumably 3-PGA is not converted to PEP.
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In contrast, 10 mM pyruvate stimulates light fixation in Kalanchoe 

by up to 50% but does not affect light fixation in Stapelia  or dark 

fixation in either species. Since Kalanchoe possesses pyruvate, Pi 

dikinase and Stapelia  is deficient in this enzyme (Section 4.1), and as 

the enzyme is known to be light activated, i t  is quite possible that the 

light stimulated ^CO^ fixation in Kalanchoe is due to the conversion 

of pyruvate to PEP which acts as a substrate for PEP carboxylase.

14Rouhani e t a l. (1973) reported an 8 fold increase in CÔ fixation 

in cells which had been supplied both pyruvate (3 mM) and ATP (1 mM), 

although the addition of each compound separately caused no stimulation. 

Presumably this is the same phenomena as that observed in Kalanchoe 

cells with the exception that the Sedwn cells used in the above study were 

not as intact as the cells used in these experiments and required ATP.

Both the pyruvate and 3-PGA data presented in this section support the 

gluconeogenic hypothesis (proposed in Section 1.4 and tested in Section 

2.3) that pyruvate is converted to PEP in  vivo  in Kalanchoe and that, 

for some reason, 3-PGA is not. The la t te r  observation suggests that the 

reverse reaction namely PEP -> 3-PGA is favoured in the light. The 

conversion of 3-PGA to starch in the light is well documented in plant 

tissues (cf. Hatch, 1975).
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4 THE CAPACITY OF CAM PLANTS TO SYNTHESISE CARBOHYDRATES FROM MALATE IN 

THE LIGHT

4.1 The Ac t i v i t y  of  Enzymes Involved in the Product ion and Metabolism of 

Pyruvate and PEP

4.1.1 In t roduc t i on

Unti l  the  ea r ly  1970' s informat ion on the a c t i v i t i e s  of  the enzymes 

involved in CAM was, a t  bes t ,  f ragmentary.  Recent ly a number of authors  

have s tud i ed  the a c t i v i t i e s  of PEP and RuP£ carboxylases ,  PEPCK, NAD 

and NADP mal ic enzymes, pyruvate,  Pi d i k i na s e ,  a l an i ne  and a s p a r t a t e  

amino t r ans fe r ase s ,  and var ious  g l yc o l y t i c  and pentose phosphate pathway 

enzymes in a range of  spec ies  (Kluge and Osmond, 1971, 1972; Morel and 

e t  a t .  3 1972; D i t t r i c h  e t  a t .  3 1973; Sut ton,  1974; Sugiyama and Laetsch,  

1975; D i t t r i c h ,  1975; Herber t  e t  a l . 3 1979, P i e r r e  and Queiroz,  1979;

Spalding e t  a l . 3 1 979).  With the except ion of  K. b lo ssfe ld iccna3 which 

has been e x t ens i ve l y  s tudied by Queiroz and co-workers ,  and K. daigrem ontiana  

which'has  been s tudied  in a number of d i f f e r e n t  l a b o r a t o r i e s ,  the informat ion 

on enzyme a c t i v i t i e s  has been spread t h i n l y  over  a number of spec ies .

In t h i s  s ec t i on  the  a c t i v i t y  of  9 enzymes involved in a c i d i f i c a t i o n ,  

d e a c i d i f i c a t i o n ,  and pyruvate metabolism in 4 malic enzyme and 3 PEPCK 

CAM p la n t s  a re  descr ibed and compared with the  observed in  v ivo  r a t e s  of  

a c i d i f i c a t i o n ,  d e a c i d i f i c a t i o n  and pyruvate u t i l i s a t i o n .  These observat ions  

a re  d i scussed  in r e l a t i o n  to the ^ C- p y r u v a t e  and ^CO^ l a b e l l i n g  data 

repor t ed  in Chapters 2 and 3, and in r e l a t i o n  to the c a p a c i t i e s  of  CAM 

p l an t s  to perform g luconeogenes i s .
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4.1.2 Materials and methods

4 . 1 . 2.1 E x tra c tio n  methods

Plants were grown as described in Section 2.1 .2 .1 . Deacidified
-2 -1t issue  was weighed, and illuminated for 30 minutes under 1200 yE m s 

before extraction.  The tissue to volume ra t io  of the extraction media was 

between 5 and 10 for most t issues.  In Opuntia inerm is  th is  ra t io  was 

reduced to 30 and only young pads were used in an unsuccessful attempt to 

avoid problems with mucilage in the extracts .

All extract ions were performed at 0-4°C in the presence of acid- 

washed sand in a mortar and pest le . In the case of pyruvate, Pi dikinase, 

although the extract ion was carried out at  0-4°C, al l  subsequent 

operations were performed at room temperature.

The extraction procedures were as follows:

PEP carboxylase and NAD malate dehydrogenase were extracted in a 

buffer containing 50 mM Bicine-NaOH, 50 mM HEPES-NaOH, pH 8.0, 2 mM MgCl^,

5 mM DTT, and 1 % (w/v) PVP 40. The brei was f i l t e r e d  through two 

layers of Miracloth and an aliquot was taken for chlorophyll determination. 

The remaining extract  was centrifuged for 10 minutes a t  12,000 x g. The 

supernatant was e i ther  d i rec t ly  assayed for enzyme a c t iv i ty  or was passed 

through a column (0.5 cm x 15 cm) of G-25 Sephadex previously equilibrated 

with a buffer composed of 25 mM Bicine-NaOH, 25 mM HEPES-NaOH, pH 8.0,

1 mM Mg Cl^ and 1 mM DTT.

NADP malate dehydrogenase and NADP malic enzyme were extracted in a 

buffer containing 100 mM HEPES-NaOH, pH 7.5, 2 mM MgC^» 2 mM EDTA, 10 mM 

DTT, and 1% (w/v) PVP 40. After f i l t r a t i o n  and centr ifugation the extract
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was passed through a column (0.5 cm x 15 cm) of G-25 Sephadex previously 

equ il ib ra ted with 50 mM HEPES-NaOH pH 7.5, 2.5 mM DTT, and 2.5 mM EDTA.

PEP carboxykinase and pyruvate, Pi dikinase were extracted in a 

medium containing 100 mM HEPES-NaOH pH 7.5, 10 mM MgCl^, 10 mM MnClp»

1 mM EDTA, 5 mM DTT, 2.5 mM pyruvate, 2 mM ^HPO^, 0.5% (w/v) ascorbate, 

0.5% (w/v) BSA, and 1% (w/v) PVP 40. The brei was f i l t e r e d  through 

Miracloth and spun at room temperature at 4000 x g fo r  10 minutes. The 

supernatant was divided in to two fra c t io n s , one which was kept at 0°C and 

used fo r  PEPCK determinations and the other which was kept at room 

temperature and used fo r  pyruvate, Pi di kinase determinations. Depending 

on the p a r t ic u la r  experiment,the frac tions  were e ithe r subjected to gel 

f i l t r a t i o n  through G-25 Sephadex or to (NH^)o S0  ̂ fra c t io n a t io n .

The fra c t ion  to be tested fo r  PEPCK a c t iv i t y  was passed through a G-25 

Sephadex column equ ilib ra ted with 25 mM HEPES-NaOH pH 7.5, 5 mM MgC^,

5 mM MnCl^ and 1 mM DTT. The dikinase f ra c t io n  was passed through a 

column equ ilib ra ted with 25 mM HEPES-NaOH pH 7.5, 5 mM MgCI2 and 1 mM DTT. 

Both enzymes were present in the protein f ra c t io n  which prec ip ita ted out 

between 30-60% (NH^SO^ saturation. The PEPCK fra c t ion  was desalted by 

passing the resuspended p rec ip ita te  through a G-25 Sephadex column 

equ ilib ra ted as described above. The pyruvate, Pi dikinase frac t ion  

was resuspended in the buffer used to equ il ib ra te  the Sephadex column 

described above but was not desalted,as desalting caused a reduction in 

a c t iv i t y  o f about 10-20%.
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Alanine and aspartate aminotransferases were extracted in a buffer 

containing 100 mM HEPES-NaOH, pH 7,5, 10 mM DTT, 8 yM pyridoxal phosphate,

1 mM DTT, and 1% (w/v) PVP 40. A fte r f i l t r a t i o n  and cen tr ifuga tion  the 

supernatant was passed through a column (0.5 cm x 15 cm) of G-25 Sephadex 

equ il ib ra ted  with 25 mM HEPES-NaOH pH 7.5, 2 mM DTT and 4 yM pyridoxal 

phosphate.

4.1 .2.2 Enzyme assays

With the exception o f PEPCK which was measured e ithe r using a rad io

iso top ic  method or by fo llowing the ex tinc t ion  of 0AA at 280 nm, a l l  

enzymes were measured at room temperature (21°C) by fo llow ing the change 

in absorbance of a pyrid ine nucleotide at 340 nm, in a 3 ml reaction mix, 

using e ith e r  a Varian Series 634 or a Perkin Elmer 124 double beam 

spectrophotometer.

The enzymes were assayed in the fo llow ing reaction mixtures. The 

given concentrations are the f in a l concentrations in the cuvette and in each 

case the la s t  l is te d  compound was added to in i t i a t e  the reaction.

PEP carboxylase - (Orthophosphate: oxaloacetate carboxy-lyase (phosphory- 

la t in g ) ,  E.C. 4.1.1.31) (modified from Kluge and Osmond, 1972) 25 mM

Bicine-NaOH, 25 mM HEPES-NaOH pH 8.0, 10 mM KHCO3, 2 mM MgCl2, 0.2 mM 

NADH, 6 units MDH, 1 mM G-6-P, 100 yl ex trac t, and 3 mM PEP. ^
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NAD malate dehydrogenase (L-malate: MAD oxidoreductase, E.C. 1.1.1.37) 

(modified from Kluge and Osmond, 1972) 25 mM Bicine-NaOH, 25 mM

HEPES-NaOH, pH 8.0, 2 mM MgCl2> 0.2 mM NADH, 25 yl extract,  and

2 mM OAA.

y
NADP malate dehydrogenase (modified from Johnson and Hatch, 1970) 25 mM

Bicine-NaOH, 25 mM-NaOH pH 8.0, 1 mM EDTA, 0.2 NADPH, 100 yl 

ex trac t ,  and 1 mM OAA.

NADP malic enzyme (L-malate: NADP oxidoreductase ( decarboxylat ing), E.C. 

1.1.1.40) (modified from Garnier-Dardart and Queiroz, 1974) 50 mM

HEPES-NaOH, pH 7.5, 3 mM MgCl^, 0.25 mM NADP, 100 yl ex t rac t ,  and

3 mM malate.

PEP carboxykinase (ATP: oxaloacetate carboxy-lyase ( transphosphorylat ing),

E.C. 4.1.1.32) Spectrophotometric assay: (modified from Hatch, 1973)
mM

50 mM HEPES-NaOH, pH 7.5, 2.5^MgCl2, 2.5 mM MnCl2 , 6 units pyruvate 

kinase, 100 yl extract ,  1 mM OAA and 0.2 mM ATP. The OAA stock 

solut ion was made da i ly  according to the procedure of Hatch (1973). The 

ex t inc t ion  c o -e f f i c ie n t  fo r OAA was also determined da i ly  and varied 

with pH, MgCl2 and MnCl^ concentrations.

Exchange reaction: (modified from Mazelis and Vennesland, 1957) The

assays were performed in s c i n t i l l a t i o n  v ia ls  and the to ta l  volume of

the reaction mix as 1 ml. The reaction mix contained 50 mM HEPES-NaOH,

pH 7.5, 1 mM MgCl2, 1 mM MnCl2, 0.2 mM ATP, 10 mM NaH14C03> 100 yl

extract and 1 mM OAA. Blank samples without ATP were measured to assess
14ATP independent incorporation of  C. A f te r  various in te rva ls  the 

reaction was k i l l e d  with 0.2 ml of 20% (w/v) t r ich lo roace t ic  acid and



119

bubbled with CÔ for 5 minutes before 9 ml scinti l lat ion fluor (con

sisting of a 2:1 ratio of 5 g 1  ̂ toluene and Teric x 100) was added.

The acid stable radioactivity was counted in a scintil lation counter.

Pyruvate, Pi dikinase (ATP: pyruvate, orthophosphate phosphotransferase,

E.C. 2.7.9.1) (modifed from Sugiyama and Laetsch, 1975) 50 mM HEPES-

NaOH, pH 8.0, 10 mM MgCl9, 0.1 mM EDTA, 50 mM KHC09, 0.2 mM NADH, 2 

units PEP carboxylase, 3 units MDH, 100 yl extract, 2.5 mM pyruvate,

1.25 mM ATP, and 2.5 mM K2HP04 -

Aspartate aminotransferase (L-Aspartate: 2-oxoglutarate aminotransferase

E.C. 2.6.1.1)(modified from Hatch and Mau, 1973) 25 mM HEPES-NaOH, 25 mM 

MES-NaOH, pH 7.5, 12 pM pyridoxal phosphate, 2.5 mM a-ketoglutarate,

2 mM EDTA, 0.2 mM NADH, 6 units MDH, 100 yl extract and 2.5 mM L-aspartat

Alanine aminotransferase (L-Alanine: 2-oxoglutarate aminotransferase E.C.

2.6.1.2) (modified from Hatch and Mau, 1973) 25 mM HEPES-NaOH,

25 mM MES-NaOH, pH 6.5, 12 yM pyridoxal phosphate, 2. 5 mM a-keto- 

glutarate, 2 mM EDTA, 0.2 NADH, 6 units LDH, 100 yl extract, and 10 

mM alanine.

4.1.2.3 C hlorophyll e s tim a tio n

Chlorophyll content was estimated using the method of Arnon (1949) 

as described in Chapter 2.1.2.4.

4.1.2.4 A sparta te  e s tim a tio n

At various times during the day/night cycle, 2 leaves from different 

plants within the same population were harvested, quickly weighed, and 

extracted in 100 ml of boiling 80% EtOH and then in 50 ml of boiling H20,

The extracts were pooled, fi l tered through glass wool, and spun at 12,000 x g
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for 10 minutes at 0-4°C. Aspartate and other amino acids were removed from 

the supernatant on a cation column equilibrated as described in Section 

2.2.2.2. The effluent was frozen and later assayed for malate content as 

described in Section 2.1.2.3 using the method of Hohorst (1963). The 

amino acids were eluted from the column with 10% (v/v) NĤOH and evaporated 

to dryness. Preliminary tests with authentic aspartic acid showed that 

2-5% of the aspartic acid was lost during this step. The amino acids were 

then resuspended in 5 ml of 100 mM HEPES-NaOH, pH 7.5 and the aspartate 

content was determined spectrophotometrically by following the change of 

absorbance at 340 nm in the assay mixture which consisted of 100 mM HEPES- 

NaOH pH 8.0, 12 pM pyridoxal phosphate, 2.5 mM a-ketoglutarate, 2 mM MgC^, 

0.2 mM NADH, 6 units aspartate aminotransferase, 12 units MDH and 0.2 ml 

extract. Due to the reversabi1ity of the aminotransferase reaction, the 

reaction did not quite reach end point. However, preliminary experiments 

showed that after 45 minutes about 90% of the aspartate was converted to 

malate plus glutamate.

4.1.2.5 3 -m erca p to p ico lin ic  a c id  (3 -MPA) fe e d in g  eccperiments

Leaf slices of acidified Kalanchoe and Aloe  were prepared as 

described in Chapter 2.1.2.2. The slices were illuminated for 10 minutes 

prior to the addition of 3-MPA. After various time periods the tissue 

was killed and the malate was extracted and determined as described in 

Chapter 2.1.2.3.

4.1.3 Results

4.1.3.1 Enzymes in vo lved  in  dark a c id i f ic a t io n

In all species the activi t ies of PEP carboxylase and NAD malate 

dehydrogenase were far in excess of those required to account for the 

maximum rates of acidification observed in intact tissues (Table 4.1).
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4.1.3.2 Enzymes involved in deacidification

NADP malic enzyme: The activity of NADP malic enzyme at one pH
2 +value is a function of the malate, Mg and NADP concentrations (Garnier- 

Dardart and Queiroz, 1974). Under the conditions used in this study the 

enzyme had a pH optimum of about 7.2 (Figure 4.1). At the pH optimum 

Kalanchoe daigremontiana3 Bryophyllum pinnatum3 Bryophyllum tubiflorum 

and Opuntia inermis all had at least twice the activity required for 

maximum deacidification (Table 4.1). Stapelia gigantea had just 

sufficient activity,  whilst the activi t ies in Aloe arborescens and 

Hoy a cavnosa were well below those required.

PEP carboxykinase: Initial attempts to measure PEPCK using the

exchange reaction, f i r s t  used by Vennesland et al. (1947), resulted in 

rates well below those reported by Dittrich e t al. (1973) for the same 

species of plants, and well below those measured using the spectrophoto- 

metric method developed by Hatch (1973). The problem was traced to non- 

enzymatic decarboxylation of OAA by both MnC^ and MgCl2 (Figure 4.2).

Although previous workers studying PEPCK in CAM plants have used 10 mM MgCl  ̂

and 10 mM MnCl  ̂ in their assay media (Dittrich et al. 1973),Figures 4.2 

and 4.3 show that maximum activity is attained with about 0.25-0.5 mM 

MgCl0 and MnCl .̂ When low MgCl  ̂ and MnC^ assay concentrations are used 

(1-2 mM) the rates measured for the exchange reaction approach those 

measured by the spectrophotometric assay (Table 4.2). PEPCK lost about 

30-40% activity during desalting but the activi ty appeared to increase by 

about 10% during (NH^SO^ fractionation. The pH optimum for both 

the exchange and spectrophotometric assays was between 7.0 and 8.0 (Figure 4.4 

which, although similar, is broader than that reported for the partially 

purified enzyme from Ananas comosus (pineapple)(Daley et a l.3 1976).



Figure 4.1 A c t i v i t y  of NADP malic enzyme, isolated from Kalanchoe 
daigremontiana, as a function of pH.
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14Figure 4.2 Non-enzymatic decarboxylation o f 4- C-OAA in the presence of 

varying concentrations o f MgCl 2 and/or MnCl^.

A. Decarboxylation in  the presence o f 2 mM MgCl 2 ( •  ----- • ) ,  5 mM

MgCl 2 (o ----- o) and 10 mM MgCl 2 ( □ -------□ ) •

B. Decarboxyl a t ion in the presence o f 2 mM M n C l^ t  ----- • ) ,  5 mM

MnCl 2 (0 ----- 0 ) and 10 mM MnCl 2 ( □ -------□ ) .

C. Decarboxylation in the presence o f 0 mM MgCl2 plus 0 mM

MnCl2 ( A —  A ) ,  2 mM MgCl2 plus 2 mM MnCl2 (•  -----  • ) ,  5 mM

MgCl2 plus 5 mM MnCl2 (0 -----  0 ), and 10 mM MgCl2 plus 10 mM

MnCl 2 ( □ ----- □ ) •
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14 14 14Figure 4.3 Incorporation of  C from NaH CÔ  into C-OAA via the PEPCK 
exchange reaction. Al l points are fo r  2 minute assays.

A. The e f fec t  o f  MgCl9 in the absence of MnCl9, on the rate
14

of C exchange. Assay without ATP (o -----o), with ATP

(• ----- • ) .

B. The e f fec t  o f  MnCl?, in the absence of MgCl9, on the rate of

C exchange. Assay without ATP (o ----- o), with ATP (• -----  • ) .
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Table 4.2  PEP carboxykinase a c t i v i t y  from two species of CAM plant measured 
using an iso top ic  and a spectrophotometric method.

Treatment A loe  a rbo resoens Bryophy Hum p irm a tw v

Exchange
react ion

Spectro.
assay

Exchange
react ion

Spectro.
assay

pmoles mg chi h r -  ̂ a

Crude e x t ra c t 126 145 _b

Sephadexed ex t rac t SO NDC - ND

(NH^J^SO^ f ra c t io n a t io n

0- 30% f ra c t io n - - - -

30- 60% f ra c t io n 142 160 - < 1

30-100% f ra c t io n ” < 5

1 'I

a pmoles c incorporated in the case o f  the exchange reac t ion ,  and pmoles 
OAA metabol ised in the case of the spectrophotometric assay

b not detected

c ND-not determined



Figure 4.4 The activity of PEPCK, isolated from Aloe a rb o rescen s , as a 
function of pH. Activity was measured using the exchange 
reaction (•) or by spectrophotometrically following the metabolism 
of OAA (o) .
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I t  was important to add BSA to the extract ion medium and to perform 

the PEPCK measurements as rapidly as possible because ac t iv i ty  declined 

rapidly a f t e r  i solat ion.  Daley e t  a l .  (1976) have observed that  PEPCK 

from Anccnas is attacked by a protease.

Pyruvate, Pi Dikinase: Pyruvate,Pi dikinase was present in the three

malic enzyme plants K. daigrem ontiana, B. pinnatum  and B. tu b iflo ru m , but 

was not present in A loe, Hoya and S ta p e l ia , the three PEPCK species studied 

(Table 4.1) .  Although the dikinase ac t i v i t i e s  were low they were suf f ic ient  

to account for the maximum observed rates  of deacidi f icat ion.  Furthermore, 

the est imates of dikinase capacity are minimum estimates since they 

represent  rates measured in 30-60% (NĤ )SÔ  f ract ions and almost cer tainly 

some of the enzyme was lost  during f ract ionat ion.  Fractionation was 

necessary to concentrate the enzyme since the rates in the crude extracts 

were very low.

The enzyme had a pH optimum of about 7.7 (Figure 4.5) .  The rates 

were proportional to the amount of enzyme added (Figure 4.6) ,  and were 

also Pi dependent (Figure 4.7) .  The basal Pi independent rate ,  shown 

in Figure 4.7,  is possibly due to LDH act iv i ty .  The stimulation of dikinase 

ac t iv i t y  in (NH^SO^ fract ions is probably due to act ivat ion by ammonium 

ions, a phenomena which has also been reported for the maize leaf  and 

bacterial  enzymes (Reeves e t  a l . ,  1961; Evans and Wood, 1971; Sugiyama, 1973)

4.1.3.3 Other enzymes

NADP mal ate dehydrogenase: In contrast  with the enzyme from

plants which possess a single pH optimum around pH 8.5 (Johnson and 

Hatch, 1970), the NADP mal ate dehydrogenase from Kalanchoe exhibited two



Figure 4.5 The activity of pyruvate, Pi dikinase isolated from Kalanchoe 
daigremontiana, as a function of pH.



.E 0.6

« 0.5

_® 0.4

a> 0.2

6 7 8 9

pH



Figure 4.6 Pyruvate, Pi dikinase a c t i v i t y  as a funct ion o f  the amount o f 

enzyme in the assay.

Figure 4.7 The dependence o f  pyruvate, Pi dikinase a c t i v i t y  on I^HPO^ 

(2.5 mM).
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pH optima, one at  pH 6.0 and the other at  pH 8.0 (Figure 4.8).  The 

ac t i v i t i e s  of the enzyme at the two optima were similar.

Alanine and aspartate aminotransferase: Alanine and aspartate

aminotransferase had broad pH optima around pH 6.5 and pH 7.0-8.0,  respect ively 

(Figures 4.9 and 4.10).  There is no correlat ion between the possession of high 

aminotransferase ac t iv i ty  and the possession of PEPCK (Table 4.1) as has 

been observed in plants (Guttierez e t a l . 3 1974; Hatch e t  a l . 3 1975).

Aspartate is the major acid found in plants which possess high

aspartate aminotransferase ac t iv i t i e s  and e i ther  high PEPCK or high NAD

malic enzyme ac t i v i t i e s ,  however, Figure 4.11 shows that  in Kalanchoe3 a

malic enzyme CAM plant ,  and in Hoya, a PEPCK CAM plant ,  malate not aspartate

was the major storage acid during the dark period. This, of course,  does

not rule out the poss ibi l i ty  that  aspartate is an intermediate in the CÔ
14f ixing metabolism but i f  i t  is then i t  is rapidly converted to malate. CÔ  

label l ing pat terns which indicate this sort  of exchange have been observed 

by Winter e t  a t. (1 974) in CAM M. c ry s ta llin u m .

4.1.3.4 In h ib i t io n  o f  d e a c id i f ic a tio n  by 3 -m erca p to p ico lin ic  a c id  (3-MPA) 

3-MPA has been shown to be a potent specific inhibi tor ,  both in  v i t r o  

and in  v iv o , of PEPCK from animals and Ĉ  plants (DiTullio e t  a l . 3 1974; 

Robinson and Oei, 1975; Jomain-Baum e t  a l . 3 1976; Ray and Black, 1976b,

1977). Ray and Black (1977) have shown that  both NAD and NADP malic enzyme 

from Ĉ  plants are insensi t ive to up to 2 mM 3-MPA.

In the present  study 3-MPA was fed in the l ight  to deacidifying leaf  

s l i ces  of Kalanchoe daigrem ontiana , which possesses both NAD and NADP malic 

enzyme, and Aloe a rb o rescen s , which possesses high PEPCK ac t iv i ty  but low NAD



Figure 4.8 The activity of NADP malic dehydrogenase, isolated from
Kalanchoe daigremontiana, as a function of pH.
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Figure 4.9 The activity of alanine aminotransferase, isolated from
Kalanchoe daigremontiana ( © )j Bryophyllwn pinnatum ( A ),  

Bryophyllwn tubiflorum ( □ ),, Aloe arborescens ( O ) and 
Stapelia gigantea ( I  ) as a function of pH.

Figure 4.10 The activity of aspartate aminotransferase, isolated from
Kalanchoe daigremontiana ( O )3 Bryophyllwn pinnatum ( A ), 

Bryophyllwn tubiflorum ( □ )_, Aloe arborescens ( O ) and 
Stapelia gigantea ( ■ ) as a function of pH.
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Figure 4.11 A. Fluctuation of malic acid (o) and aspartate (•) in Hoy a 

cam osa^a  PEPCK CAM plant, during a 24 hour day/night cycle.

B. Fluctuation of malic acid (o) and aspartate (§) in 
Kalanchoe daigrem ontiana, a malic enzyme CAM plant, during 
a 24 hour day/night cycle.
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and NADP malic enzyme activities.  0.1 mM 3-MPA caused substantial inhibition 

of deacidification in Aloe but not in Kalanchoe. However, 0.5 mM 3-MPA 

resulted in a similar inhibition in Kalanchoe (Figure 4.12).

4.1 .4 Discussion

Table 4.1 shows that pyruvate, Pi dikinase was not present in the 

3 CAM plants which possessed PEPCK but was present in those species which 

did not possess PEPCK. The dikinase act ivi t ies ,  although low, were 

sufficient to account for the conversion of pyruvate to PEP at the rates
fr

required by deacidification. The presence of the dikinase in malic 

enzyme CAM plants but not in PEPCK CAM plants is consistent with paths of 

pyruvate metabolism proposed in Section 1.4. Malic enzyme plants produce 

pyruvate during deacidification and an enzyme is required to convert 

pyruvate to PEP i f  gluconeogenesis is to take place. CAM plants which 

possess PEPCK however, have no requirement for such an enzyme since they 

produce PEP as a direct product of deacidification.

The possession of pyruvate, Pi dikinase by Kalanchoe but not by 

Stapelia  also explains some of the phenomena observed in Chapters 2 and 3.

Deacidifying Kalanchoe leaf slices were able to convert ^C pyruvate --- > CHO

whereas Stapelia  leaf slices were unable to do so (Figure 2.16).

Presumably this was because the Stapelia  tissue was unable to convert
14 14 14C-pyruvate to C-PEP. Similarly, pyruvate stimulated CÔ fixation in

14isolated deacidified Kalanchoe mesophyll cells but had no effect on CÔ

fixation by Stapelia  cells (Table 3.8). Presumably in the Kalanchoe cells

exogenous pyruvate enters the cells and is converted to PEP which acts as a 
14substrate for CĈ  fixation by PEP carboxylase. In the Stapelia  cells

14pyruvate is not converted to PEP so CCU fixation is not stimulated. Pyruvate



Figure 4.12 A. Deacidification by Aloe leaf  s l ices  in the presence of 0 mM
3-MPA (• ---- • ), 0.1 mM 3-MPA ( A ------A ) ,  0.2 mM 3-MPA (o —  o)
and 0.5 mM 3-MPA ( □ ---- □).

B. Deacidification by Kalanchoe leaf s l i ces  in the presence of
0 mM 3-MPA (• -----• ) ,  0.1 mM 3-MPA ( A ------ A ) ,  3 mM 3-MPA
(o ---- o) and 5 mM (□------□).

C. Deacidification by Kalanchoe l eaf  s l ices  in the presence of 0 mM
3-MPA (• ---- • ) ,  0.01 mM 3-MPA ( A ------A ) ,  0. I mM 3-MPA (o -----  o)
and 0.5 mM 3-MPA ( □ ---- □) .
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Pi dikinase is essential for the operation of gluconeogenesis in CAM 

plants which do not possess PEPCK.

The activity of PEP carboxylase and NAD mal ate dehydrogenase are 

sufficient to account for the in  v ivo  rates of dark CĈ  fixation and 

malate accumulation observed in all species examined.

RUP2  carboxylase activity was not measured in this study but data 

from Dittrich e t  d i .  (1973) indicate that the rates are sufficient to 

account for the internal reassimilation of CC> 2 released during 

deacidification (Table 4.1).

The activity of NADP malic enzyme in K. daigremonticma3 B. p inna tim  

B. tu b iflo ru m  and 0. inevm is  is sufficient to account for the rates of 

deacidification observed in these species. The presence of NAD malic 

enzyme in these 4 species will obviously increase their capacity for 

pyruvate production. The activity of NADP malic enzyme and NAD malic enzyme 

(the la t t er  enzyme was not measured in this study, data from Dittrich, 1973), 

in plants possessing PEPCK is either insufficient or barely sufficient to 

account for the observed rates of deacidification. The PEPCK activi t ies 

however, are far greater than required.

3-MPA, allegedly a specific inhibitor of both animal and plant PEPCK 

(Robinson and Oei, 1975; Ray and Black, 1976b) was fed to leaf slices of 

A loe3 a PEPCK plant, and Kalanchoe, a malic enzyme plant, in an attempt to 

assess the contribution of malic enzyme to deacidification in the PEPCK 

plant. It was hoped that an estimation could then be made of the amount of 

pyruvate being produced during deacidification in PEPCK CAM plants. The effect
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of 3-MPA was non-specific and, at  concentrations greater  than 0.1 mM,

inhibi ted deacidif icat ion in both t issues by a t  leas t  70%. However, when

t issues were exposed to 0.1 mM 3-MPA, no inhibi t ion of deacidi f icat ion was

observed in Kalanchoe, the mal ic enzyme species,  whilst  deacidi f icat ion was

inhibi ted by over 70% in Aloe, the PEPCK species.  The 3-MPA data is not

accurate enough to enable a precise measurement of the contribution of NAD

and NADP malic enzyme to deacidif icat ion in the PEPCK plant Aloe. I t  does

indicate however, that  despite the fact  that  the extractable NADP malic

enzyme ac t iv i t y  is about 1/3 that  of the extractable PEPCK ac t i v i t y ,  the

contribution of NADP malic enzyme to deacidi f icat ion is minimal i . e .  there

is not a large flow of carbon through pyruvate during deacidi f icat ion.  This

observation supports the assumption, proposed in Chapter 2.3, that  
14exogenous C-pyruvate was considerably di luted in the malic enzyme plant 

Kalanchoe, but was diluted much less so in the PEPCK plant Stapelia .

The effec t  of 3-MPA on deacidif icat ion in Kalanchoe is puzzling.

Ray and Black (197Gb) observed that  0.5 mM 3-MPA had no effect  on e i ther

NADP malic enzyme from Sorghum,halpense or on NAD malic enzyme from

A tr ip lex  spongiosa, yet  0.5 mM 3-MPA inhibi ted deacidif icat ion in

Kalanchoe leaf  s l ices  by about 70%. This suggests that  NADP or NAD malic

enzyme from Kalanchoe is more sensi t ive  to 3-MPA or, a l t erna t ive ly ,  that

3-MPA affects  some other process involved with deacidi f icat ion.  One

pos s ib i l i ty  is that  3-MPA may affect  the t ransfer  of malate across the

tonoplast .  This is supported to some extent  by ^C label l ing studies

with the Ĉ  plant Panicum maximum (Ray and Black, 1977) in which
145 mM 3-MPA fed to intact  leaves prevented the t ransfer  of C from malate 

and aspartate  into 3-PGA and sugars. This was ascribed to the inhibi t ion
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of PEPCK by 3-MPA but may also have been partly due to the inhibition 

of the transfer of aspartate or malate into the bundle sheath cells.

NADP malate dehydrogenase activity was similar in the six species 

measured. The roles of both the double pH optimum, which was observed in 

Kalanchoe and in B. pinnatum the only two species in which i t  was looked 

for, and the observed NADP malate dehydrogenase capacities are unknown.

In contrast to the reports for short day treated K. blossfeldiana  

(Morel e t d l . ,  1S72; Morel, pers. comm.), the aspartate amino

transferase activi t ies of the 6 species measured in this study were 

always considerably smaller than those observed for PEP carboxylase.

There was no correlation between the activity of alanine and aspartate 

aminotransferases and the presence of PEPCK or NAD malic enzyme in CAM 

plants as has been observed in Ĉ  plants (Hatch and Kagawa, 1974a; Hatch 

e t a l . 3 1975). Furthermore, isolated K. daigremontiana mitochondria 

possess low aspartate aminotransferase act ivi t ies (D. Day, personal 

communication), in contrast to NAD malic enzyme Ĉ  plants which possess 

high capacities of both cytoplasmic and mitochondrial isoenzymes (Hatch and 

Kagawa, 1974b). The observation that aspartate does not accumulate in the 

two CAM plants examined argues against any direct involvement of aspartate 

ami notransferase in dark malate accumulation. Some OAA may, of course, 

be converted to aspartate as a side reaction. These differences suggest 

that the roles of aspartate aminotransferase in Ĉ  and in CAM plants may 

be very different.

Although alanine aminotransferase act ivi t ies are up to 5 times 

greater than the pyruvate, Pi dikinase act ivi t ies in the same tissues,
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and are greater than the TCA cycle rates in the light in both types

of CAM plants, comparatively l i t t l e  label was observed in alanine and 
14glutamate in C-pyruvate feeding experiments (cf. Chapter 2.3).

Moreover, although over 70% of the label in spinach was observed in 

alanine and glutamate, in Ĉ  Mesembryanthemum the pattern of labelling 

of amino acids was similar to that observed in CAM Mesembryanthemum and in 

other CAM species fed ^C-pyruvate. The role of alanine aminotransferases 

in these CAM plants is by no means clear.

One can conclude f i rs t ly ,  that the in  v itro  activites of the various 

enzymes required for acidification and deacidification are sufficient to 

account for the observed rates in  v ivo . Secondly, that malic enzyme CAM

plants have the capacity to convert pyruvate ---- ■> PEP at rates comparable

to the rate of pyruvate production during deacidification; and thirdly, CAM 

plants in which PEPCK is the major decarboxylase have no detectable pyruvate, 

Pi dikinase. Since PEP, not pyruvate, is the major product of deacidification 

in these CAM plants,they have no requirement for this enzyme. The activi t ies 

of enzymes involved in the conversion of PEP to glucan via gluconeogenesis 

is considered in the next section.

4.2 The Capacity of CAM Plants to Metabolise Pyruvate and PEP via

Gluconeogenesis 

4.2.1 Introduction

The direct conversion of the Ĉ  compounds remaining from mal ate 

decarboxylation to glucan, requires that the activity of the gluconeogenic 

enzymes be at least equivalent to the measured flux of carbon from malic 

acid to glucan during deacidification in the light.
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Sutton (1 974 , 1975b, c) demonstrated that the activi t ies of the 

enzymes of glycolysis and glucan breakdown in two CAM species, Kalanchoe 

daigremontiana and Bryophyllum pinnatum, were adequate to account for the 

measured flux of carbon from glucan to malic acid during dark acidification.

In this section I shall report the in vitro  activities of PGA kinase, MAD 

and NADP G-3-P dehydrogenase, alkaline FDPase and phosphohexose isomerase 

when assayed in the gluconeogenic direction, in extracts from 3 malic 

enzyme and 2 PEPCK CAM plants. Enolase and phosphofructokinase 

act ivi t ies  were measured in the glycolytic direction and PGA mutase 

activity was measured in both directions. Each enzyme assay was optimised 

with respect to the pH and substrate concentrations required for maximum 

in vitro  activity.

4.2.2 Materials and methods

4 . 2 . 2.1 Extraction methods

Plants were grown in a growth cabinet under conditions previously 

described in Chapter 2.1.2.1. Deacidified leaf tissue was harvested 4-5 

hours after illumination and was illuminated for 15 minutes with a quantum 

flux density of 1 200 peinstein m  ̂ s from a 1000 W Philips HPLR high 

pressure mercury vapour fluorescent lamp through a 5 cm water f i l t e r .

Between 5 and 15 g of photosynthetic tissue was ground with a small

amount of acid washed sand, in a mortar and pestle, with 3-5 volumes of buffer

containing 100 mM HEPES-NaOH, pH 8,0, 5 mM MgCU, 5 mM DTT, 0.5 mM EDTA,

0.5% (w/v) BSA, and 1% (w/v) PVP 40.

The brei was fi l tered through two layers of Miracloth and two 2 ml 

aliquots were taken for chlorophyll determinations. The remaining extract 

was centrifuged at 12,000 x g for 10 minutes at 0-4°C. The supernatant

was decanted and either immediately used for assays, or a 1 ml aliquot 

was passed through a small column of G-25 Sephadex (0.5 cm x 15.0 cm)
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equ i l ib ra ted ,  at room temperature, with the fo l lowing buffer ; 25 mM HEPES- 

NaOH, pH 8.0, 5 mM MgCl^, and 5 mM DTT.

Pyruvate kinase was extracted in a buffer containing 50 mM Bicine-NaOH,

50 mM HEPES-NaOH, pH 8.0, 5 mM MgCl2 , 5 mM DTT, 1 mM EDTA, 0.5% (w/v) BSA, 

and 1% (w/v) PVP 40. Af ter  f i l t r a t i o n  and centr i fugat ion the supernatant was 

passed through a column of G-25 Sephadex (0.5 cm x 15 cm) equi l ibrated with 

25 mM Bicine-NaOH, 25 mM HEPES-NaOH, pH 8.0, 10 mM MgCl 2 and 1 mM DTT.

4.2.2.2 Enzyme assays

Al l  enzymes were assayed by fol lowing the change of absorbance at 340 nm, 

of a 3 ml reaction mix in a 1 cm glass cuvette, at 20°C using e i ther  a Varian 

Series 634 or a Perkin Elmer 124 double beam spectrophotometer.

The enzymes were assayed in the fo l lowing reaction mixtures. The given 

concentrations are the f ina l  concentrations in the cuvette and in each case 

the la s t  l i s te d  compound was added to i n i t i a t e  the reaction.

Pyruvate kinase (ATP: Pyruvate 2-0-phosphotransferase, E.C. 2.7 .1 .40)(Sutton,

1975b) 25 mM MES-NaOH, 25 mM HEPES-NaOH, pH 7.5, 6 units glucose-6- 

phosphate dehydrogenase, 0.06 mM NADP, 6 units hexokinase, 0.7 mM D- 

glucose, 200 pi extract,  8 mM MgSÔ , 75 mM KC1, 0.4 mM ADP and 1.0 mM PEP

Enolase ( 2-phospho-D-glycerate hydro-lyase, E.C. 4.2.1 .11),  25 mM MES-NaOH,

25 mM HEPES-NaOH, pH 7.0, 2 mM MgCl2, 0.08 mM NADH, 50 mM KHC03,

3 un its  MDH, 6 units PEP carboxylase, 200 pi extract and 2 mM 2-PGA.

Phophoglycerate mutase (2 ,3-bisphospho-D-glycerate; 2-phospho-D-glycerate

transferase E.C. 2 .7 .5 .3 ) (Grisola, 1962) G lyco ly t ic  d i rec t ion :  25 mM MES 

NaOH, 25 mM HEPES-NaOH, pH 7.0, 2 mM MgCl2, 0.08 mM NADH, 6 units enolase 

3 un i ts  MDH, 6 units PEP carboxylase, 50 mM KHCÔ , 200 pi extract and 

3 mM 3-PGA. The 3-PGA contained about 2% (w/w) o f  the cofactor 2,3 

diphosphoglyceric acid.
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Gluconeogenic d i rec t ion :  25 mM MES-NaOH, 25 mM HEPES-NaOH, pH 7.0,

2 mM MgCl^, 0.2 mM 2,3 diphosphoglyceric acid, 0.08 mM NADH, 1 mM ATP,

6 units phosphoglycerate kinase, 6 units NADH G-3-P dehydrogenase, 

and 3 mM 2-PGA. After  3-PGA, which was a contaminant in the 2-PGA, was 

metabolised the reaction was in i t i a t e d  with 200yl of extract.

Phosphoglycerate kinase (ATP: 3-phospho-D-glycerate 1-phosphotransferase

E.C. 2.7.2.3)(modi f ied from Sutton, 1975b) 25 mM Bicine-NaOH, 25 mM 

HEPES-NaOH, pH 9.0, 2 mM MgCl2, 0.08 mM NADH, 9 units NADH G-3-P dehydro

genase, 200 yl extract,  2 mM 3-PGA and 1 mM ATP.

NAD glyceraldehyde-3-phosphate dehydrogenase (D-glyceraldehyde-3-phosphate:

NAD+ oxidoreductase ( phosphorylat ing), E.C. 1 .2 .1 .12)(modified from 

Latzko and Gibbs, 1968) 25 mM Bicine-NaOH, 25 mM HEPES-NaOH, pH 7.5,

2 mM MgCl^, 0.08 mM NADH, 9 units phosphoglycerate kinase, 200 yl 

ex t rac t ,  3 mM 3-PGA and 1 mM ATP.

NADP g lyce ra ldehyde-3-phosphate dehydrogenase ( D-glyceraldehyde-3-phosphate: 

NADP+ oxidoreductase ( phosphorylating) E.C. 1.2 .1 .13)(modified from 

Latzko and Gibbs, 1968) 25 mM Bicine-NaOH, 25 mM HEPES-NaOH, pH 9.0,

2 mM MgC^, 0.08 mM NADPH, 2 mM DTT, 9 un its  phosphoglycerate, 200 yl 

ex t rac t ,  3 mM 3-PGA and 1 mM ATP.

Phosphofructokinase (ATP: D-fructose-6-phosphate 1-phosphotransferase

E.C. 2 .7 .1 .11)(Sutton, 1975b) 25 mM Bicine-NaOH, 25 mM HEPES-NaOH,
mM

pH 8.5, 2 mM MgC^» 0.08/NADH, 3 units fructose bisphosphate aldolase,

6 un its t r iose phosphate isomerase, 9 units glycerol-3-phosphate isomerase, 

1 mM ATP, 200 yl ex tract and 2 mM fructose-6-phosphate.
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Fructose-1 ,6-diphosphatase ( D-fructose-1,6-diphosphate 1-phospho-hydrolase,

E.C. 3.1.3.11) (modified from Baier and Latzko, 1975) 25 mM Bicine-NaOH,

25 mM HEPES-NaOH, pH 9.0, 10 mM MgCl2 , 2 mM EDTA, 2 mM DTT, 0.2 mM NADP,

6 units phosphohexose isomerase, 6 units glucose-6-phosphate dehydrogenase, 

and 2 mM fructose-1,6-diphosphate. The reaction was allowed to proceed 

until  F-6-P which was a contaminant in the F-l ,6-P2> was metabolised 

before 200 pi of extract  was added.

Phosphohexose isomerase ( D-glucose-6-phosphate ketol-isomerase, E.C. 5.3.1.9) 

(modified from Sutton, 1975b) 25 mM Bicine-NaOH, 25 mM HEPES-NaOH, 

pH 9.0, 10 mM MgCl^, 2 mM EDTA, 0.2 mM NADP, 6 units  g lucose-6-phosphate 

dehydrogenase, 200 pi extracts and 2 mM f ructose-6-phosphate.

Gl ucose-6-phosphate dehydrogenase (D-gl ucose-6-phosphate NADP+ 1-oxido-

reductase, E.C. 1.1.1.49) (modified from Sutton, 1975b) 25 mM Bicine- 

NaOH, 25 mM HEPES-NaOH, pH 9.0, 4 mM MgCl2, 0.2 mM NADP, 200 pi ex tract ,  

and 2 mM glucose-6-phosphate.

Hexokinase (ATP: D-glucose 6-phosphotransferase E.C. 2.7.1.2) (modified 

from Sutton, 1975b) 25 mM Bicine-NaOH, 25 mM HEPES-NaOH, pH 8.5,

3 mM MgCl2> 0.07 nM NADP, 3 units g lucose-6-phosphate dehydrogenase,

200 pi ex tract ,  2 mM glucose and 1 mM ATP.

4.2 .2 .3  C hlorophyll e s tim a tio n

4 ml of acetone was added to 1 ml of uncentrifuged leaf  extract .

Chlorophyll was determined as described in Section 2.1.2 .4 .
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4.2.3 Results

Pyruvate kinase activities could not be measured due to interference 

in the coupled assay by high adenylate kinase activity (about 8 ymoles 

mg chi min  ̂ in Kalanchoe). This activity gave a large ADP dependent, 

but PEP and KC1 independent, change in absorbance. The change of 

absorbance which resulted from the subsequent addition of PEP and KC1 

was very small compared to the background. Sutton (1974) experienced 

similar problems, but estimated that in Kalanchoe the pyruvate kinase 

activity was in the region of 0.1 ymole mg chl”  ̂ min~\

Enolase was assayed in the glycolytic direction because the reverse 

reaction suffers interference from PEP carboxylase which competes for 

the common substrate PEP. Nevertheless since enolase is a freely 

reversible enzyme with a Keq of about 3, activity of the enzyme in the gly

colytic direction also indicates the activity in the reverse direction.

The enzyme had a pH optimum around 7.0 (Figure 4.13).. Enolase activity 

decreased considerably during gel f i l t ra t ion  and thus the rates reported 

in Table 4.3 are those observed in crude extracts.

PGA mutase was assayed in both the glycolytic and gluconeogenic 

directions. The maximum activities were between 2 and 10 times greater 

in the gluconeogenic direction than in the glycolytic direction. This 

might be expected since, for the yeast enzyme, the AG1 for the reaction

3-PGA -----* 2-PGA is +1,050 c a l . mo l . p H 7.0 and 25°C and the reaction has

a Keq of 0.17 (Conn and Stumpf, 1972). The pH optimum for the CAM 

enzyme was about 7.0 in both directions (Figure 4.14). This agrees with 

the observation of Spalding e t a l. (1979) that PGA mutase is a cytoplasmic 

enzyme in Sedum praealtum. The apparent Km (2-PGA) of 1.8-3.6 x 10̂  mM



Figure 4.13 The a c t i v i t y  of enolase isolated from Kalanohoe daigvemontiana3 

as a function of  pH. Enolase was assayed in crude extracts as 

the enzyme los t  a c t i v i t y  during gel f i l t r a t i o n .
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Figure 4.14 A. The activity of PGA mutase, isolated from Kalanchoe
daigremontiana as a function of 2-PGA concentration (a) and 
pH (b) when assayed in the direction of 3-PGA formation 
(gluconeogenic direction).

B. The activity of PGA mutase, isolated from Kalanchoe
daigremontiana as a function of 3-PGA concentration (a) and 
pH (b) when assayed in the direction of 2-PGA formation 
(glycolytic direction).
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was similar  to the apparent Km (3-PGA) of 2.4 x 10  ̂ mM (Figure 4.14).

The maximum act iv i ty  in the glycolytic direct ion was not at tained until  

1-2 minutes a f t e r  adding the substrate.  This lag phase was not slowed 

by adding extra coupling enzymes, co-factor ,  or substrate.

No di s t inc t ion was made between the 2,3-DPGA dependent and 2,3-DPGA 

independent PGA mutases which have been reported in yeast  and in wheat 

germ respect ively (Grisola,  1962). As 3-PGA contains about 0.2% 2,3-DPGA 

and the 2,3-DPGA independent enzyme is sensi t ive to 2,3-DPGA only a t  very 

high 2,3-DPGA concentrations,  i t  was not possible to establ ish whether 

the react ion assayed in these experiments was catalysed by one or both 

enzymes. The addition of 2,3-DPGA had l i t t l e  e f fec t  on the reaction rates .

PGA kinase was present in high ac t i v i t i e s  and had a pH optimum 

around 9.0.  Substantial ac t iv i ty  was s t i l l  present a t  pH 7.0 (Figure 4.15). 

The reaction was saturated by 2.0 mM 3-PGA, 1.0 mM ATP and 2 mM Mg Cl^.

A requirement for 80 mM MgSÔ , previously reported for

the enzyme from Kalanchoe (Sutton, 1974), was not observed. In fact

80 mM MgSÔ  was found to be inhibi tory.

NAD and NADP G-3-P dehydrogenase were assayed by adding PGA kinase 

to the reaction mix and using 3-PGA as the substrate because the 

real substrate,  1 ,3-DPGA, is unstable.  NAD G-3-P dehydrogenase had a pH 

optimum of 7.0-7.5,  whilst  the NADP enzyme had a broad pH 

optimum of around 8.5-9.0 (Figure 4.16). 3-PGA was saturat ing at  about 

3 mM for the NAD enzyme and about 2 mM for the NADP enzyme_

Whereas the NAD mediated reaction was l inear ,  the NADP mediated

react ion exhibited an i n i t i a l  non-l inear rate which declined for 1-2 minutes 

before assuming l inear i t y .  I was unable to s t ab i l i se  the i n i t i a l  high rate



Figure 4.15 The activity of PGA kinase, isolated from Kalanchoe

daigrem ontiana  and assayed in the gluconeogenic direction, 
a function of (A) pH, (B) 3-PGA concentration, and (C) ATP 
concentration.
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Fi gure 4.16 A. The activity of NAD G-3-P dehydrogenase, isolated from 
Kalanchoe daigremontiana and assayed in the gluconeogenic 
direction as a function of 3-PGA concentration (a) and
pH (b).

B. The activity of NADP G-3-P dehydrogenase, isolated from 
Kalanchoe daigremontiana and assayed in the gluconeogenic 
direction, as a function of 3-PGA concentration (a) and 
pH (b).
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and thus have expressed the rates for this  enzyme as the average rate 

observed over the i n i t i a l  3 minutes of assay. This phenomenon of non

l i nea r i t y  of the NADP G-3-P dehydrogenase reaction is commonly observed 

and the reasons are unknown (G. Kelly, personal communication). I t  is 

possible a proportion of the NAD G-3-P dehydrogenase ac t iv i ty  was 

actual ly due to NAD act iv i ty  of the NADP enzyme (Cerff,  1978). Neither 

enzyme was act ivated fur ther  by 50 mM glycine nor 50 mM alanine which have 

been reported to act ivate  NAD and NADP G-3-P dehydrogenase from C h lo re lla 3 

Scenedesmus and spinach leaves (Tomova e t  a l . ,  1972a, 1972b). In fact ,  50 mM 

glycine inhibi ted the NAD enzyme by about 70%.

Fructose-1,6-diphosphatase exhibited two pH optima, one at  pH 9.0 

and one at  pH 7.0 (Figure 4.17a). The enzyme was routinely assayed at  pH 

9.0 as i t  was assumed that  the pH 9.0 peak represented the maximum act iv i ty  

of the photosynthetic alkal ine FDPase whilst  the pH 7.0 peak was that  

of an acid FDPase. F-l ,6-P^, the substrate for FDPase, v/as contaminated 

with F6P so, as in the PGA mutase assay, the plant  extract  was added l as t  

a f t e r  al l  the F6P was metabolised by the coupling enzymes and there was 

no fur ther  change in absorbance. The reaction was saturated by about 

2 mM F - l , 6 -P2 (Figure 4.17b), Almost half the FDPase ac t iv i ty  was routinely 

lo$t during gel f i l t r a t i o n  so the ac t i v i t i e s  expressed in Table 4.3 are 

for crude ext racts .  Each unit  of FDPase ac t iv i t y  represents the conversion 

of 2 uni ts of pyruvate.

Phosphofructokinase was assayed in the glycolyt ic direct ion using 

substrate concentrations which have been shown by Sutton (1974a, 1975b,

1975c) to be optimal for the Kalanchoe daigrem ontiana  enzyme. The enzyme 

had a pH optimum of about pH 8.5-9.0 (Figure 4.18).



Figure 4.17 The activity of fructose-1 ,6-diphosphatase, isolated from 
Kalanchoe daigrem ontiana , as a function of (A) pH, and (B) 
[F-l,6-P2].
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Figure 4.18 The activity of phosphofructokinase, isolated from Kalanchoe 
daigremontiana3 as a function of pH.
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Phosphohexose isomerase had a pH optima between 8.0 and 9.0, with 

maximal a c t i v i t y  around 9.0. * The reaction was saturated by 

1 mM F6P and had an apparent Km (F6P) of  about 1.0 x 10~^ mM (Figure 4.19).

Table 4.3 shows the maximum a c t i v i t i e s  of the various g lyco ly t ic  enzymes 

in 3 malic enzyme species and in 3 PEPCK species, and compares these rates 

with the observed rates of deac id i f ica t ion in in tac t  t issue. The rates 

are adequate to sustain the flow of carbon produced during deac id i f ica t ion .

4.2.4 Discussion

Table 4.3 shows that the a c t i v i t i e s  o f  the various g lyco ly t ic  enzymes, 

when assayed in the reverse d i rec t ion ,  are greater than the rate o f  mal ate 

decarboxylation and hence are su f f ic ie n t  to account fo r  the conversion of 

PEP to CHO via gluconeogenesis. Triose phosphate isomerase, FDP aldolase, 

and phosphoglucomutase were not measured but are known to be readi ly 

revers ib le and are present in CAM tissue in high a c t i v i t i e s  (Sutton, 1974, 

1975b). FDPase and, in malic enzyme plants, enolase and pyruvate, Pi 

dikinase appear to be the rate l im i t in g  steps.

Of the enzymes involved in g lyco lys is ,  4 catalyse exergonic reactions 

which are not readi ly  reversib le. Although there is l i t t l e  information 

ava i lab le on the properties of these enzymes in CAM plants some data is 

avai lable fo r  Ĉ  plants. Hexokinase catalyses

ATP ADP

Gl ucose Glucose-6-phosphate (2)

Most le a f  t issues, including CAM tissues, have low hexokinase a c t i v i t i e s  

(Sutton, 1974, 1975b) but possess high a c t i v i t i e s  of ch lorop last ic  and 

cy toso l ic  phosphoglucomutase, a f re e ly  revers ib le enzyme which catalyses the

reaction



Figure 4.19 The ac t iv i ty  of phosphohexose isomerase, isolated from Kalanchoe 
daigremontiana and assayed in the gluconeogenic di rect ion,  as 
a function of (A) pH and (B) [F - l ^ -P^ ] .
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Glucose-6-phosphate + 

glucose-1,6-diphosphate
Glucose-1-phosphate + 

glucose-1,6-diphosphate
(3)

(Mühlbach and Schnarrenberger, 1978; Sutton, 1974; 1975b; Herbert e t  a l . 3 

1979). The product, glucose-1-phosphate, is considered to be the precursor fo r  

chloroplast  starch formation via ADP-glucose pyrophosphorylase and ADP- 

glucose-starch synthase shown in reaction 4.

Glucose-1-phosphate

ATP PPi

V / ADP-Glucose ■+• Starch (4)
ADP-glucose 

pyrophosphorylase
ADP-glucose

starch synthase

(Preiss and Kosuge, 1970; Turner and Turner, 1975; Kel ly e t  a l . 3 1976). 

The second physio logica l ly  i r reve rs ib le  reaction is the conversion of

ATP ADP
Fructose-6-phosphate Fructose-1,6-diphosphate (5)

catalysed by phosphofructokinase, an enzyme formerly thought to be res t r ic ted  

to the cytoplasm but which has now been found in chloroplasts (Kel ly and 

Latzko, 1975, 1977a, 1977b). Most t issues including CAM tissues (Satta 

and S is in i ,  1964), contain acid and a lka l ine FDPases which catalyse the 

reverse reaction.

Pi/
Fructose-1,6-diphosphate ----------------------  ̂ Fructose-6-phosphate (6)

The a c t i v i t y  of a lka l ine FDPase in CAM plants is s im i la r  to that of the 

phosphofructokinase (Table 4.3 ) . I t  is un l ike ly ,  however, that phospho- 

fructokinase competes for  the products of  FDPase in the chloroplast  during 

gluconeogenesis since about 70% of the to ta l  a lka l ine FDPase a c t i v i t y ,  in 

spinach and in Piswn3 is  res t r ic ted  to the chloroplast  (Latzko and Gibbs, 1968; 

Baier and Latzko, 1975; Latzko e t  a l . 3 1974), whereas over 90% of the
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phosphofructokinase a c t i v i t y  i s  cytoplasmic (Kel ly and Latzko,  1975).

This might suggest  t h a t ,  depending upon the level  of r egu la to ry  metabol i t e s  

such as ATP, Pi ,  a PEP and mala te ,  the re  i s  l i t t l e  t r a n s f e r  of  carbon 

d i r e c t l y  in to  sucrose wi thin the cytoplasm during d e a c i d i f c a t i o n .

The t h i r d  exergonic r eac t ion

ADP ATP

1 ,3-DPGA 3-PGA

is mediated by PGA kinase.  Although the thermodynamics favour ATP format ion,  

the r eac t i on  wi l l  be reversed i f  the r a t i o  of  3-PGA to 1 ,3-PGA exceeds 200:1 

and i f  the  adenyla te  energy charge i s  in the  region 0 .85-1 .0  (Conn and 

Stumpf, 1972; Pacold and Anderson, 1973). Most photosynthe t i c  t i s s u e s  

con ta in  s ub s t a n t i a l  amounts of 3-PGA in the l i g h t ;  spinach c h l o r op l a s t s  

conta in  about  4 mM 3-PGA and the CAM plan t  K. b lo s s f e ld ia n a  contains  

about 0.9 pmoles 3-PGA g~  ̂ dry weight  (about  0.3 pmoles mg chi ^ ) ( P i e r r e  

and Queiroz,  1979). 1,3-DPGA concen t r a t i ons  a re  so low t h a t  under 

phys iologica l  condi t ions  t h e i r  d i r e c t  e s t i ma t i on  has not  been poss ib l e  

(Bücher,  1947; Negelein,  1963).  When the adenyla te  energy charge is high 

in t he  l i g h t  i t  seems l i k e l y  t h a t  t h i s  r eac t i on  would funct ion adequately 

in the  gluconeogenic d i r e c t i o n .

The four th  p hys i o l og i ca l l y  i r r e v e r s i b l e  r eac t i on

ATP

Pyruvate
( 8 )

i s  mediated by pyruvate k inase .  As d i scussed in the previous sec t ion  malic 

enzyme CAM plant s  possess  pyruvate,  Pi d i k i na se ,  a l i g h t  a c t i v a t e d  enzyme 

which circumvents  t h i s  r eac t i on .
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The other glycolytic enzymes are freely reversible and present no 

real problems with respect to the operation of gluconeogenesis as long 

as their respective substrate and co-factors are present in adequate 

quantities. So if we assumed that the glycolytic*enzymes found in CAM 

tissues are not radically different to the enzymes, in terms of substrate 

aff in i t ies  and sensitivity to intermediates, then in actively deacidifying 

CAM plants in the light the flow of carbon from pyruvate and PEP to 

glucan, appears to be feasable.

As the enzymes measured in this study were from crude extracts no 

distinction was made between isoenzymes or compartmentally separated 

enzymes which catalyse identical reactions, except in the case where there 

was a clear distinction in pH optima between the acid and alkaline FDPases.

All the glycolytic enzymes, with the exception of hexokinase, have been reported 

to be present, to various degrees, in both the chloroplast and the cytoplasm, 

(Kelly e t  a l . 3 1976). The evidence for chloroplastic PGA mutase, enolase 

and pyruvate kinase is indirect, and no PGA mutase or enolase was found in 

chloroplasts from the CAM plant Sedwn praealtum  (Spalding e t  d l . 3 1979).

The possible importance of compartmentation and direct of indirect light 

activation of enzymes is discussed more fully in Chapter 5.

4.3 A Comparison of the Capacities of Photosynthetic and Glycolytic

Enzymes in Ĉ  and CAM Mesembryanthemum c ry s ta llin u m  

4.3.1 Introduction

In the previous section CAM plants were shown to have the enzymes and 

activi t ies  needed to convert Ĉ  compounds to carbohydrates. More detailed 

work is required to determine what particular characteristics of particular 

enzymes are unique or essential to CAM. Mesembryanthemwn c ry s ta llin u m



143

represents a useful system in which some of  these questions may be investigated, 

since CAM can be readi ly induced in expanded, mature leaves by water stress 

(Winter, 1973b, 1974). In th is  section the a c t i v i t i e s  of a range of 

photosynthetic and g lyco ly t ic  enzymes were compared in and CAM Mesembry- 

anthemum. The a c t i v i t y  o f  several enzymes involved in a c id i f ic a t io n ,  de

a c id i f ic a t io n  and glyco lysis were also measured at 1-3 day in te rva ls ,  over 

a 13 day period, during which CAM was induced in Cg plants by increasing 

the NaCl concentration of the nu tr ien t  medium. The data w i l l  be discussed 

with reference to the functions of the pa r t icu la r  enzymes in CAM and to the 

capacity o f  Mesembryanthemum to perform CAM.

4.3.2 Materials and methods

4.3.2.1 Extraction methods

Experimental material was grown in culture solut ion containing 100 mM

NaCl as described in Section 2.1.2.1. The th i rd  and fourth f o l i a r  leaves,

which were expanded before the NaCl concentration was increased, were used

in a l l  experiments (c f .  Winter, 1973a). Two leaves were harvested 4 hours a f te r

the beginning of  the l i g h t  period and were i l luminated fo r  20 minutes with 

- 2 - 1  21,200 pE m s supplied (Total area, - 36.2 cm ) were then cut from the leaves 

with a cork borer and ground in a mortar and pestle with 15 ml of ice cold 

buffer containing 100 mM HEPES-NaOH, pH 8.0, 5 mM DTT, 0.5% (w/v) BSA and 0.5% 

(w/v) PVP 40. The brei was passed through two layers of Miracloth and 10 ml 

was transfered to a tes t  tube to which 5 mM Mg Cl^ was added. Samples 

were taken from both fract ions fo r  chlorophyl l  determinations. Af ter  5 

minutes cen tr i fugat ion at 10,000 x g and 0-4°C, each supernatant was s p l i t  

into two f ra c t ions ,  one of  which was immediately used fo r  assays and the 

second was passed through a column (0.5 cm x 15.0 cm) of G-25 Sephadex
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previously equilibrated a t  0°C with a buffer containing 25 mM Bicine

25 mM HEPES- NaOH pH 8.0, 2 mM DTT and with or without 2 mM Mg Cl^- The 

ex trac t  without MgCl  ̂ was used in the assay of NADP MDH to minimise 

interference from NADP malic enzyme which has a magnesium requirement.

When pyruvate, Pi dikinase was to be measured the t issue  was 

extracted, a f t e r  illumination, in 15 ml of ice cold buffer containing 100 mM 

HEPES-NaOH, pH 8.0, 2.5 mM I^HPO ,̂ 2.5 mM pyruvate, 5 mM DTT, 1 mM EDTA,

10 mM MgClp, 0.5% (w/v) ascorbate and 0.5% (w/v) PVP 40. Subsequent

f i l t r a t i o n ,  centr ifugation, ammonium sulphate fractionation and gel

f i 1t ra t ion  were performed at  room temperature as described in Section 4.1 .2 .1 .

For RuP̂  carboxylase measurements the t issue  was extracted at  0°C in 

10 ml of buffer containing 100 mM Bicine-NaOH 25 mM TES-NaOH, pH 8.0,

5 mM MgSO^./H^O, 1 mM EDTA, 10 mM NaHCÔ  and 0.5 mM DTT. The extract  was 

centrifuged for 5 minutes at  4000 x g and immediately assayed.

4 .3 .2 .2  Assay methods

With the exception of RuP2 carboxylase which was measured using a 

radioisotope method and PEP carboxykinase which was measured by following 

the extinction of 0AA at  280 nm, all  enzymes were measured at  25°C 

by following the change of absorbance a t  340 nm in a 3 ml reaction mix 

containing a pyridine nucleotide,using methods described in Section 4.1 

and 4.2.

RuP2 carboxylase (3-phospho-D-glycerate carboxy-lyase (dimerising),

E.C. 4.1 .1 .39),  RuP̂  carboxylase was routinely measured using a 

radioisotope assay, however a spectrophotometric assay was used as a
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double check. The resultant RuP£ carboxylase activities were within 

3% of each other.

Radioisotope assay: 25 pi or 50 pi of crude extract was added to a

buffer containing 25 mM TES-NaOH, 25 mM Bicine-NaOH, pH 8.0, 20 mM
14MgCl2  ar|d 20 mM NaH CÔ in a scinti l lation vial. The reaction was 

initiated with 1 mM RuP̂  (to give a total volume of 0.5 ml) and 

killed after various intervals with 20% trichloroacetic acid. The 

reaction mix was then blown dry prior to counting in a scintil lation 

counter.

Spectrophotometric assay (adapted from Li 1 ley and Walker, 1974):

50 mM HEPES-NaOH, pH 7.8, 15 mM MgCl2, 1 mM EDTA, 5 mM DTT, 5 mM ATP,

1 mM NADH, 10 mM NaHCÔ , 2.5 units G-3-P dehydrogenase, 4 units PGA kinase, 

5 mM phosphocreatine, 1 unit creatine phosphokinase and extract. The 

reactions were started after 5 minutes preincubation by the addition of 

5 mM ribose-5-P.

4.3.3 Results

The in  v itro  activities of various photosynthetic and glycolytic 

enzymes in and CAM Mesembryanthemum leaves are shown in Table 4.4. The 

activi t ies  are expressed on both a chlorophyll and a leaf area basis 

since the CAM tissues contain about 1.5 times as much chlorophyll per gram 

fresh weight as the Ĉ  tissue. In general the enzymes from the CAM 

tissues have higher activities on both chlorophyll and leaf area bases.

The exceptions are G-5-P dehydrogenase which is slightly more active in 

the C3  tissue and hexokinase, RuP̂  carboxylase and phosphofructokinase the
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Table 4.4 A c t i v i t i e s  of var ious photosynthet ic and g l y c o l y t i c  enzymes in C3
and CAM Mesembryccnthemun c ry s ta llin u m . a

Enzyme Assay
d i re c t io n c3

Mesembryanthemum c r y s t a l l in w i
CAM C3

1

CAM

pmoles mg chi ^min ^ ymol es cm 2 . min

Carboxylases

PEP carboxylase (pH 7.0) 0.4 17.9 0.016 0.645

RUP2 carboxylase^ 2.1 2.1 0.067 0.076

Decarboxyl ases

NADP malic enzyme 0.1 0.4 0.010 0.023

PEP carboxykinase NDC ND ND ND

Other photosynthet ic enzymes

NAD mal ate dehydrogenase 53.4 195.A a -

NADP mal ate dehydrogenase
(pH 8.0) 0.1 1 .8 0.005 0.065

Aspartate ami notransferase 0.5 1 .1 - -

Alanine aminotransferase 1 .5 2.1 - -

Pyruvate, Pi dikinase ND 1 .0 ND 0.037

G lyco ly t ic  enzymes 

Pyruvate kinase i ND ND ND ND

Enolasee 4- 2.1 4.2 0.073 . 0.148

PGA mutase 4- 1 .7 3.6 0.059 0.127

PGA mutase t 1 .6 17.9 0.054 0.634

PGA kinase f 18.0 28.0 0.624 0.991

NAD G-3-P dehydrogenasee t 10.1 44.1 0.350 1 .561

NADP G-3-P dehydrogenase t 6.1 8.5 0.211 0.300
e fFructose-1, 6-bisphosphate ’ t 0.3 0.53 0.010 0.019

Phosphofructo kinase^ t 1 .0 1 .0 0.033 0.036

Phosphohexose isomerase^ f 7.5 27.0 0.256 0.956

G-6-P dehydrogenase^ t 0.3 0.1 - -

Hexokinase^ 4' < 0.2 < 0.2 - -

Maximum observed rate o f  deac id i 
f i c a t i o n ND 0.43 ND 0.015

a Each f ig u re ,  with the exception of PEP carboxykinase G-6-P dehydrogenase, 
pyruvate kinase and hexokinase is  the mean of a t leas t  2 determinations on 
two separate occasions.

b Assayed using spectrophotometric method e cru<^e> unsephadexed17 a r r ex t rac ts
c ND not detected 

d - not determined
f  Each mole of a c t i v i t y  represents 

the formation or breakdown of 2 
moles o f  pyruvate.
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a c t i v i t i e s  of  which on a chlorophyl l  basis, are the same in both Ĉ  

and CAM tissues although the la t t e r  two enzymes have s l ig h t ly  higher 

a c t i v i t i e s  in the CAM tissue on a lea f  area basis.

Pyruvate, Pi dikinase was found in the CAM tissue, but not in the Ĉ  

t issue, and PEP carboxykinase was absent from both t issues. Adenylate 

kinase in te r fe r red with pyruvate kinase assays as reported for  Kalanchoe 

in Section 4.1.

In a subsequent experiment, the capacities o f  most of the same enzymes 

were measured at regular in te rvals  during the development of CAM. This 

was induced by increasing the NaCl concentration of the growth medium from 

100 mM to 400 mM and was complete about 13 days a f te r  the i n i t i a l  increase 

in the NaCl concentration (c f .  Greenway e t  aZ-.,1978). The plants gradual ly 

developed the large day/night f luctuations in malate content which are 

charac te r is t ic  of CAM tissues (Figure 4.20) and the malate concentration at 

the end of the l i g h t  period also increased up un t i l  about the seventh day.

The a c t i v i t i e s  of  PEP carboxylase, NADP MDH, NADP malic enzyme, pyruvate, 

Pi dikinase, PGA mutase, NAD G-3-P dehydrogenase and phosphohexose isomerase 

increased markedly during the induction of CAM wh i ls t  NADP G-3-P 

dehydrogenase and FDPase a c t i v i t i e s  increased only marginal ly (Figures 4.21 

to 4.26).

PEP carboxylase a c t i v i t y  increased over 70 fo ld  from about 0.25 to 

18.0 pmoles mg c h l -  ̂ min"^ (Figure 4.21). Although maximum dark 

a c id i f ic a t io n  was not achieved unti l  about the 12th day a f te r  increasing 

the NaCl concentration, the PEP carboxylase a c t i v i t y  at day 2 was



Figure 4.20 The effect of increased NaCI concentration of the growth
medium on day/night malate fluctuations in M. orystal l inum. 
The open circles (o) represent the malate content of the 
leaves at the end of the light period, and the closed circles 
(•) represent the malate content at the end of the dark 
period.
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Figure 4.21 Change in the extractable activity of PEP carboxylase during 
the induction of CAM in M. crystallinum. Crude extracts ( A  - 

extracts f i l tered through G-25 Sephadex (• ---- •).
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s u f f ic ie n t  to account fo r  the maximum rates of  a c id i f ic a t io n  observed in  

the CAM tissue even when the dif ference between the night a c id i f ica t io n  

temperature (17°C) and the assay temperature (25°C) was taken into account 

(PEPC has a Q-jq of about 2.7; Greenway e t  d l . 3 1 978).

Pyruvate, Pi dikinase a c t i v i t y  was low or absent in the C3 tissue 

but gradual ly increased during the induction period unti l ,  by about day 

9 , the a c t i v i t y  was s u f f ic ie n t  to account fo r the maximum observed rates 

of deac id i f ica t ion  (Figure 4.22). Final pyruvate, Pi dikinase a c t i v i t y  

was only about 1 /30th of that observed fo r  PEP carboxylase and a l i t t l e  

over a ha l f  that observed for  pyruvate, Pi di kinase in e a r l ie r  experiments 

(Table 4 . 4 ) .

NADP malic enzyme capacity increased from about 0.2 to 0.5 pmoles 

mg chi  ̂ min * during the induction of CAM (Figure 4.23). This increase 

was small er than that observed in prel iminary experiments and in the l i t e ra tu re  

(Greenway e t  a l . 3 1978; Winter and Greenway, 1978). The enzyme was present in 

marginal ly s u f f ic ie n t  capacity to account fo r  the maximum rates of d e a c id i f i 

cat ion. The enzyme a c t i v i t y  appeared to be greater in extracts which had been 

f i l t e r e d  through G-25 Sephadex.

Surp r is ing ly , NADP MDH from Mesembryanthemum exhibited a pH

optimum at about pH 6, however the enzyme from the CAM tissue exhibited

two optima, one at pH 6 and a s l i g h t l y  smaller optimum at pH 8 (Figure 4.24A).

The a c t i v i t y  at pH 6.0 did not change during the induction of CAM but

the a c t i v i t y  at pH 8.0 increased 10 fo ld from 0.015 to 0.15 pmoles mg 

-1 -1chi min (Figure 4.248 and C). Prel iminary tests indicated that malate was 

the product of NADPH oxidation at both pH 6.0 and 8.0.



Figure 4.22 Change in the ac t iv i ty  of pyruvate, Pi dikinase during the 
induction of CAM in M. crystallinum . The dotted l ine ( —  
represents the maximum rate of deacidification observed in 
si ices.

leaf
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Figure 4.23 Change in the extractable a c t i v i t y  of NADP malic enzyme during

the induction of CAM in M. crystallinum. Crude extracts ( A  -----  A)

extracts f i l t e r e d  through G-25 Sephadex (•  -----• ) .  The dotted
l ine  represents the maximum rate of deac id i f ica t ion  observed in 

1 eaf si i ces .
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Figure .24 A. pH response of NADP MDH from M. c ry s ta llin u m  (day 1, 
o ----  o) and from CAM M. c ry  s ta llin u m  (day 12, • ---- •).

B. Activity of NADP MDH, assayed at pH 6.0, during the induction 
of CAM.

C. Activity of NADP MDH, assayed at pH 8.0, during the induction 
of CAM.

Crude extracts ( A  - - - - -  a ) ,  extracts f i l tered through G-25
Sephadex (• ---- •) .  Dotted line ( ---  ) indicates the maximum
rate of deacidification observed in leaf slices.
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The activity of PGA mutase from Cg Mesembryanthemum was similar when 

measured in the glycolytic and gluconeogenic directions, however during 

the induction of CAM the gluconeogenic activity increased about 13 fold 

whilst the glycolytic activity increased by only 3 fold (Figure 4.25).

NAD G-3-P dehydrogenase activity in crude extracts increased about 

4-fold during the induction period, however considerable activity was 

lost during gel f i l t rat ion and the f i l tered extracts showed only a 

2-fold increase (Figure 4.26). Nevertheless, even in the tissue, the 

NAD G-3-P dehydrogenase activity was at least 20-fold greater than the 

maximum required during deacidification.

In contrast to NAD G-3-P dehydrogenase, the NADP activity increased 

by only about 20% during the induction of CAM (Figure 4.26). As with 

the NAD enzyme the NADP activity was at least 10 fold greater than 

that required during deacidification.

As with NAD G-3-P dehydrogenase, FDPase activity in gel f i l tered 

extracts was much lower than that observed in crude extracts (Figure 4.27). 

Whereas the fil tered extracts exhibited no change in activity on a 

chlorophyl1 .basis, the FDPase activity in the crude extracts increased 

from about 0.35 to 0.55 ymoles mg chi min during the induction of CAM.

Phosphohexose isomerase activity remained unchanged until day 2 after whicl
-1 -1 -1i t  increased from 7.5 pmoles mg chi to about 28.5 ymoles mg chi min

by day 12 (Figure 4.27). The phosphohexose isomerase activity in the Ĉ  

tissue was 30 fold higher than that required for maximum deacidification.



Figure 4.25 Change in the extractable activity of PGA mutase during the 
induction of CAM in M. crysta llinw n . The enzyme was assayed
in the gluconeogenic direction (crude extract, A ----- A ,

extract f i l tered through G-25 Sephadex t ---- •) and in the
glycolytic direction (crude extract A---- A, extract f i l tered
through G-25 Sephadex o ----  o). The dotted line represents
the maximum rate of deacidification observed in leaf slices.
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F i g u r e  4 . 2 6 A. C h a n g e  in the g l u c o n e o g e n i c  a c t i v i t y  in NADP G - 3 - P  d e h y d r o g e n a s  
o b s e r v e d  d u r i n g  the i n d u c t i o n  of CAM in M. crystallinum.

B. C h a n g e  in the g l u c o n e o g e n i c  a c t i v i t y  in NAD G - 3 - P  d e h y d r o g e n a s e

C r u d e  e x t r a c t s  (A -- A), e x t r a c t s  f i l t e r e d  t h r o u g h  G -25
S e p h a d e x  (• -- •). D o t t e d  line ( —  ) i n d i c a t e s  the m a x i m u m
rate of d e a c i d i f i c a t i o n  o b s e r v e d  in l e a f  slices.
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Figure 4.27 A. Change in a c t i v i t y  of a lka l ine  FDPase during the induction

of  CAM in M. crystallinum.

B. Change in gluconeogenic a c t i v i t y  o f  phosphohexose isomerase 

during the induction of CAM in M. crystallinum.

Crude ex t rac t  ( A  -----  A ) ,  extract  f i l t e r e d  through G-25
Sephadex (• -----• ) .  Dotted l ine  ( — ) indicates the

maximum rate o f  deac id i f ica t ion  observed in lea f  s l ices .
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In the preliminary experiment no differences were observed in the 

act ivi t ies of FDPase, phosphofructokinase, NADP malic enzyme and PGA mutase 

(assayed in both directions) isolated from C3 Mesembryanthemwn in the late 

light period and in the dark.

4.3.4 Discussion

The induction of CAM in M. c ry s ta llin u m  involves changes in many 

physiological processes, such as nocturnal stomatal opening and a capacity 

for malic acid transport into cell vacuoles, as well as changes in 

biochemical systems (Winter and Lu’ttge, 1975). Only the l a t te r  have been 

studied here and i t  is evident that the induction of CAM is accompanied by 

changes in enzymes responsible for malic acid synthesis in the dark, as well 

as for i t s  uti l isation in the light.

The act ivi t ies of PEP carboxylase, NADP malic enzyme and NADP MDH 

increased from levels below those necessary for maximum rates of malate 

synthesis and decarboxylation to levels adequate to support these 

processes. M. c ry s ta llin u m  had no detectable PEPCK activity before or after 

the induction of CAM, but i t  is not known whether CAM Mesembryanthemwn 

also possess substantial NAD malic enzyme activity in common with some other 

NADP malic enzyme plants, notably those from the family Crassulaceae.

The increase in pyruvate, Pi dikinase activity which accompanied the 

induction of CAM in M. c ry s ta llin u m  is consistent with the observation 

that malic enzyme (NADP or NAD) and not PEPCK is the principal decarboxylase 

of CAM in this species. Although the activities are low, the act ivi t ies are 

greater than the maximum rates of deacidification observed in intact tissue. 

The low activity of this enzyme suggests that the conversion of pyruvate 

to PEP following malate decarboxylation may be important in the 

regulation of CAM in M. c vy s ta llin u m .
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Several other enzymes of gluconeogenesis increased in activity during 

the induction of CAM. However, the activity of these enzymes, even before 

the induction of CAM, is very much in excess of the carbon fluxes through 

CAM, and i t  is difficult  to assess the significance of the changes observed.

The activities of PEP carboxylase, NADP malic enzyme and pyruvate, Pi 

dikinase increase much more rapidly than does the capacity of the intact 

tissue to synthesise and degrade malic acid. It is possible that acidification 

is limited by some other factor(s) such as PEP supply, or the tissue may not 

have fully developed the ability to store malic acid in the vacuole which 

might result in malate inhibition of PEP carboxylase (Greenway e t  d l . 3 1978).

The responses of some of the other enzymes to the induction of CAM are 

harder to interpret. The pH optimum for NADP MDH of pH 6.0 is 

surprisingly low compared with the enzyme from C3 and Ĉ  plants which 

has an optimum of about pH 8.0-8.9 depending upon the OAA concentration 

(Johnson and Hatch, 1970). However, during the induction of CAM in 

Mesembryanthemum the activity at pH 8.0 increases although there is no 

change of activity at pH 6.0. A similar double peak was observed for 

the Kalanehoe enzyme described in Section 4.2. It appears quite possible 

that an isoenzyme of NADP MDH is synthesised during the induction process.

A particular role for this enzyme is not evident in present models of 

the biochemistry of CAM in malic enzyme plants, but i t  may well be needed 

to sustain dicarboxyl ate shuttles between compartments (Chapter 5).

It is similarly difficult  to assess the relevance of the large 

increases in the gluconeogenic activi t ies  of PGA kinase, NAD G-3-P dehy

drogenase, phosphohexose isomerase, the large increase of the activity
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of PGA mutase in gluconeogenic direction, but not in the glycolytic 

direction,and the small increases in the capacities of enolase, NADP 

G-3-P dehydrogenase and FDPase. It is possible that the high capacity 

of PGA mutase to operate in the gluconeogenic direction enables enolase 

to function in the gluconeogenic direction and to compete more 

effectively with any residual PEP carboxylase activity for PEP.

The increase in FDPase activity is small and probably not directly 

related to the presence of CAM. The low FDPase activity,  however, suggests 

that FDPase may play a regulatory role similar to that proposed for
24-pyruvate, Pi dikinase. FDPase from chloroplasts is activated by Mg ,

DTT, F-l ,6-P2 and possibly by reduced ferredoxin and a small protein 

factor (Baier and Latzko, 1975; Buchanan e t  a l . s 1971). As a result the 

enzyme is thought to be active in the light but inactive in the dark.

Pierre and Queiroz (1979) have reported large increases in the capacities 

of phosphofructokinase, aldolase, NAD G-3-P dehydrogenase, PGA mutase and 

enolase (all measured in the glycolytic direction) during the induction 

of CAM in Kalanchoe b lo s s fe ld ia n a . In K. b lo s s fe ld ia n a , CAM was induced by 

altering the photoperiod, not by increasing water stress. As in 

Mesembryanthemum,the activi t ies of these enzymes before induction of CAM 

were much higher than that required for maximum acidification and 

deacidification in CAM. In K. b lo s s fe ld ia n a  the leaves which performed 

Ĉ  photosynthesis are small and immature and expand considerably during 

the induction of CAM (unlike in Mesembryanthemum). Some of the differences 

in enzyme capacities in K. b lo s s fe ld ia n a  may thus be the result of develop

mental differences. Regretably, these authors did not include controls 

which would enable us to distinguish changes in activity associated with CAM 

from those associated with leaf development.
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4.4 General Conclusion

The data presented in Sections 4.1-3, support the hypothesis 

proposed in Section 1.4 for the conversion of pyruvate and PEP to 

carbohydrate and also support the data presented in Chapters 2 and 3.

The presence of pyruvate, Pi dikinase in malic enzyme CAM plants and not in 

PEPCK CAM plants explains why exogenous ^C-pyruvate was not readily 

metabolised to carbohydrate in Stapelia .

CAM plants have the capacity to convert pyruvate or PEP to 

• carbohydrate via gluconeogenesis during deacidification in the l igh t at 

the rates observed for starch accumulation. I t  should not be assumed, 

however, that this capacity is altogether peculiar to CAM tissues. All 

tissues which possess the PCR cycle have the a b i l i ty  to perform at least 

partial gluconeogenesis in the l igh t since the reactions involved in the 

transfer of carbon from 3-PGA to carbohydrates are similar, and may even 

.involve the same enzymes in the same organelle. CAM tissues appear to 

d i f fe r  with respect to their a b i l i ty  to convert pyruvate or PEP to 3-PGA. 

This difference is partly a result of the different carbon sources in Ĉ  

and CAM plants. In Ĉ  plants CĈ  is the sole source of carbon during the 

l igh t whilst in CAM plants, during deacidification, carbon from pyruvate, 

PEP and CCU is converted to carbohydrate. Data presented in this chapter 

are used to prepare schemes for carbon metabolism in CAM plants during 

malate decarboxylation outlined in the next chapter.
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5 DISCUSSION

The data presented in th is  study are consistent with the operation 

of gluconeogenesis in the l i g h t  during deac id i f ica t ion  in CAM plants. Two 

schemes for  gluconeogenesis, one fo r  malic enzyme CAM plants and one fo r  

PEPCK CAM plants, which are based on the present understanding of enzyme 

complement, enzyme capacit ies, enzyme lo ca l isa t io n ,  and metabol ite transport,  

are presented in Figure 5.1 and 5.2. Each scheme is accompanied by a 

balance sheet showing the overal l equation and energy cost o f  the reactions 

involved in converting malate to glucan in the l i g h t .

Although the schemes are obviously incomplete, they i l l u s t r a t e  the 

problem areas in the biochemistry of CAM. They also serve to ind icate 

why gluconeogenesis is favoured over other possible fates of pyruvate 

metabolism in the l i g h t ,  and why starch synthesis is favoured over 

sucrose synthesis during deac id i f ica t ion .

5.1 Schemes for  Gluconeogenesis During Deacid i f i c a t io n

5.1.1 Enzyme loca l isa t ion

The overal l  formats of the proposed schemes are dictated by 

current concepts of  enzyme loca l isa t ion in CAM plants. The l i t e ra tu r e  

on enzyme loca l isa t ion  in CAM tissues is ,  as discussed in the introductory 

chapter, one of  contradictory reports which may re f le c t  the d i f fe re n t  

enzyme loca l isa t ion  in d i f fe ren t  species, but which is  more l i k e l y  to 

re f le c t  imprecise organelle separations. Recent evidence suggests that 

PEPCK, NADP malic enzyme, enolase and PGA mutase are exclusively 

cytoplasmic (Spalding e t a l . 3 1979; D i t t r i c h ,  unpublished), NAD malic 

enzyme is mitochondrial (D i t t r i c h ,  1976; Spalding et  a l . 3 1979; Day, 

unpublished), and RUP2 carboxylase and pyruvate, Pi dikinase are res t r ic ted



Figure 5.1 Scheme showing the proposed pathway by which malate is  converted to 

glucan in  the l i g h t  in CAM p lants  possessing NADP malic enzyme.

The o ve ra l l  equations and the metabolic costs converting  the 

products o f malate decarboxylation to glucan are given below.

GLUCONEOGENESIS

6xMALATE + 6xNADP + öxNADPH + öxH^O + 15xATP + 3 [ g l u c o s y l - glucose 

---------- > 0xC02 + 6xAMP + 9xPPi + 3xPi + öxNADP + 9xADP + 3[gl ucosyl] g lucose

6 X NADPH 9xPPi + 9xH20 ------------ + 1 SxPi

6 X ATP+ 6xAMP---------- -> 12xADP

photophosphorylation: - 21 X ADP* 21 xPi ---------- -> 21xATP + 21XH2O

6xNADP+ 6xH20 ----------- -> öxNADPH + 6xH+ + 3x02

Sum:

öxMALATE + öxNADP + 6xH20 + 3[g 1ucosy l] n-glucose

----------------- > 6xC02 + 3x02 + öxNADPH + 6xH+ + 3[g lu c o s y l ] n+jglucos

PHOTQSYNTHETIC CARBON REDUCTION CYCLE

6xC02 + 19xATP + 12xNADPH + 12xH+ + I [g lu c o s y l ] -glucose

---------------- 6x02 + 1 9xADP + 1 7xPi + PPi + 1 2xNADP + 7xH20 +

I [g lu c o s y l ]n+Iglucos

PPi + H20 ---------------2xPi

photophosphory la tion:- 19xADP + 19xPi --------------* 19xATP + 19xH20

12xNADP + 12xH20 ------------ -> 12xNADPH + 1 2xH+ + 6x02

Sum:

6xC02 + 6xH20 + I [gl ucosyl ] n~gl ucose ---------------6x0o + I [gl ucosyl ] n+Jgl ucose

GRAND TOTAL:

öxMALATE + 12xH20 + 6xNADP + 4 [g lu c o s y l ] -glucose

--------------------+ gx02 + öxNADPH + 6xH+ + 4 [g lu c o s y l ]p+jglucose

ATP _ 40 
NADPH 18

02 evolved

malate decarb^-
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Figure  5 .2  Scheme showing the  proposed pathway by which m a la te  i s  conver ted  

to glucan in the  l i g h t  in CAN p l a n t s  p o s s e s s in g  PEPCK. The 

o v e r a l l  e q u a t io n s  and the  m e ta b o l i c  c o s t s  of  c o n v e r t in g  the  

p roduc ts  of  m a la te  d e c a r b o x y la t i o n  to glucan a re  given below.

GLUCONEOGENESIS

öxMALATE + 6xNAD + 1 5 x ^ 0  + ISxATP + 6xNADPH + GxH+ + 3 [g 1 u c o s y l ] -g lu c o s e  

---------- * 6XCO2 + 15xADP + GxNADH + 6 X NADP+15xPi + 3 [ g l u c o s y l ] n+^glucose

p h o t o p h o s p h o r y l a t i o n : - 9xADP + 9xPi ----------* 9xATP + 9x13^0

6xNADP + 6xH20 ------- > 6xNADPH + 6xH+ + 3x02

Sum:

öxMALATE + öxNAD + 12xH20 + 6xATP+ 3 [ g l u c o s y l ] - g lu co s e

--------- 6 x C 0 2 +  3 x 0 2 + öxNADH + ö x A D P  + 6 x P i  +  3 [glucosylJn+j glucose

PHOTOSYNTHETIC CARBON REDUCTION CYCLE

6xC02 + 19xATP + 12xNADPH + 12xH+ + 12xH20 6x02 + 19xADP + 1 7xPi + PPi +

12xNADP + 1[ g l u c o s y l ] - g lu c o s e  + 1 [ g l u c o s y l ] n+j g 1ucose + 19H20

PPi + H20 ---------------+ 2xPi

p h o t o p h o s p h o r y l a t i o n : - 19xADP + 19xPi ---------> 19xATP + 19xH20

12xNADP + 12xH20 ------1 2xNADPH + 12xH+ + 6x02

Sum:

6xC02 + 6xH20 + 1[glucosyl] - g l u c o s e -------- > 6x02 + 1 [g lu c o sy l ] n+ jg lucose

GRAND TOTAL:

öxMALATE + öxNAD + 18xH20 + GxATP + 4 [ g l u c o s y l ] n- g lu c o s e

------------ > 9x02 + öxNADH + öxADP + GxPi + 4 [ g l u c o s y l ]  ̂ g lucose

ATP
NADPH

28
18 1.5Ö; o r  i f  a l l  ADP i s  c o n v e r t e d  to ATP then ATP

NADPH 1.89

02 evolved  

m a la te  decarb-
1 .5
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to chloroplasts (Hattersley e t  a l . 3 1977; Spalding e t  a l . 3 1979). The 

mitochondria and peroxisomes contain the normal plant complement of 

TCA cycle and photorespiratory enzymes (Khan e t  a l . 3 1970; Herbert e t  a l . 3 

1979a; K.C. Woo, unpublished). NAD malate dehydrogenase and aspartate 

aminotransferase are found both in the mitochondria and in the cytoplasm 

(Day, unpublished; Dittrich, unpublished). Herbert e t  a l .  (1979b) have 

observed two forms of glucosephosphate isomerase, phosphoglucomutase, 

phosphoglucono, and glucose-6-phosphate dehydrogenase in B. calyciriwn.

These forms appear to be similar to the chloroplastic and cytoplasmic 

forms found in spinach.

Since no information is available on the localisation of other 

enzymes involved in glycolysis, the PCR cycle, and in starch and sucrose 

metabolism in CAM plants, we can only assume that the CAM enzymes are 

compartmented similarly to their Ĉ  and Ĉ  counterparts until proven otherwise.

5.1.2 Transport requirements

The NADP malic enzyme scheme (Figure 5.1) requires the transport 

of pyruvate into chloroplast followed by the export of PEP and the sub

sequent import of 3-PGA. The PEPCK model (Figure 5.2) requires the 

transport of 3-PGA into the chloroplast in return for Pi. These schemes 

assume chloroplast transport capabilities which have been extrapolated 

from Ĉ  and Ĉ  plants since physiologically active chloroplasts have not 

yet been isolated from CAM tissues.

Intact mesophyll chloroplasts from the Ĉ  plant D ig ita r ia  sa n g u in a lis  

exhibit high rates of electrogenic, carrier-mediated pyruvate uptake
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(Huber and Edwards, 1977a) in contrast to the slow rates of pyruvate 

transport in spinach chloroplasts (Heber, 1974). Pyruvate uptake by 

spinach chloroplasts may be up to two orders of magnitude slower than 

malate or aspartate uptake (Heldt, unpublished, c i ted by Heber, 1974).

Net pyruvate uptake in Digitaria proceeds by permeation of the anion and 

may be dependent upon a membrane potential  across the envelope. Uptake of 

pyruvic acid, or the equivalent pyruvate - /0H' an t ipo r t ,  was slow. I f  

chloroplasts from NADP malic enzyme CAM plants possess a s im i la r  ca r r ie r  

system, the transport of pyruvate in to  the chloroplasts, and the conversion 

of pyruvate to PEP by pyruvate, Pi dikinase could proceed as indicated 

(Fig. 5.1).

The fu r ther metabolism of PEP during gluconeogenesis involves

enzymes in the cytoplasm (enolase and phosphoglyceromutase), requir ing

that PEP be transported from the chloroplast.  Digitaria mesophyll

chloroplasts also contain a ca r r ie r  which f a c i l i t a t e s  an exchange

d i f fus ion  o f  Pi and PEP across the envelope (Huber and Edwards, 1977b).

This system is probably s im i la r  in function to the phosphate translocator

reported in spinach (C^) mesophyll chloroplasts, excepting that the ca r r ie r  
a

from Digitaria has^higher a f f i n i t y  fo r  PEP. I f  such a translocator is  

present in the chloroplast  envelope of malic enzyme CAM plants, export 

of PEP produced from pyruvate ( in exchange fo r  Pi?) would be balanced by a 

subsequent import of 3-PGA from the cytoplasm ( in  exchange fo r  Pi?)

Whether these metabol ite exchanges are mediated by Pi exchanges is not 

known. The Pi exchanges are not shown in Figure 5.1. Chloroplasts from 

NADP malic enzyme CAM plants can be envisaged to function in 

gl uconeogenesis during deacidification as mesophyl 1 cel l  chloroplasts from Ĉ  

plants (Hatch and Osmond, 1976).
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In the scheme for PEPCK CAM plants the metabolite transport 

requirements are simply for a Pi/3-PGA translocator in the chloroplast 

envelope (Figure 5.2). Whether the ATP supply for PEPCK in the cytoplasm 

is met by the chloroplast, via an adenylate translocator (Robinson and 

Wiskich, 1977), or by mitochondrion, is not clear. Either way, the 

Pi/3-PGA translocator in the chloroplast envelope effectively maintains 

phosphate balance in the cytoplasm. In the PEPCK CAM plants 

gluconeogenesis during deacidification could be sustained by a 

chloroplast with the known properties of Ĉ  leaf chloroplasts.

Models for both CAM plants have a requirement for the transfer of 

protons into the stroma i.e. both schemes appear to produce a charge

imbalance. The malic enzyme scheme requires the transport of pyruvate”
3- 3-and 3-PGA into the chloroplast in return for PEP which results in

a net transfer of a single negative charge per decarboxylation event
3_

into the chloroplast. The PEPCK scheme requires 3-PGA to enter the
2 -chloroplast in return for Pi which also results in a net transfer of 

a single negative charge into the chloroplast. This contrasts with the 

Digitaria mesophyll chloroplast system in which the overall transport
3_

is electroneutral since the export of PEP is balanced by the import 

of pyruvate and Pi (Edwards and Huber, 1977). Heldt (1976) considers 

that i t  is quite possible that the counter-exchange of 3-PGA with either 

Pi or DHAP also involves a transfer of a proton. This would explain how 

in Ĉ  tissues, 3-PGA transport into the chloroplast might be stimulated 

by l igh t  induced alkalisation of the stroma. This has not, however, 

been proven experimentally.
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5.1.3 Control of gluconeogenesis in the l i g h t  and glyco lys is  in the dark 

The above pathways for  gluconeogenesis during deac id i f ica t ion  in CAM 

plants in the l i g h t  are reversed in the dark, when glycolys is generates 

PEP from glucan fo r  malic acid synthesis (Sutton, 1974; 1975a). These 

revers ib le pathways are l i k e l y  to be contro l led by the fo l lowing i n t e r 

act ions:

(1) Light ac t iva t ion of  enzymes. Pyruvate, Pi dikinase is  l i g h t  

act ivated in CAM and Ĉ  plants (Sugiyama and Laetsch, 1975; Hatch and 

Osmond, 1975). Thus the reaction

pyruvate + ATP + Pi ------------- * PEP + AMP + PPi (9)

is inact ive in the dark and the conversion of  pyruvate to glucan is prevented in 

NADP malic enzyme CAM plants. Alkal ine FDPase is l i g h t  act ivated in C3 

plants (Ke l ly ,  Latzko and Gibbs, 1976) and presumably also in CAM plants.

Inact ivat ion o f  the i r revers ib le  reaction

Pi
F D P ----- ^ ----------* F-6-P (10)

would prevent gluconeogenesis in the dark.

(2) Inactivat ion of PEP carboxylase in the l i g h t .  The three 

pr inc ipal  enzymes of  PEP metabolism, PEP carboxylase, enolase and pyruvate 

kinase,are cytoplasmic enzymes and w i l l  compete fo r  avai lable PEP. Because 

PEP carboxylase is the most act ive, i t  is l i k e l y  that the control o f  th is  

enzyme could inf luence the d irect ion of carbon t r a f f i c  through PEP.

Recent studies by Winter (unpublished) show that th is  enzyme is most 

sensit ive to malic acid inh ib i t ion  during deac id i f ica t ion  and in h ib i t io n

of PEP carboxylase at th is  time permits PEP to f low in the gluconeogenic

d i re c t io n .



159

(3) Energy charge. In green leaves, the adenylate energy charge 

ratio is high in the light and low in the dark (Santarius and Heber, 1965). 

This makes i t  unlikely that reversal of phosphofructokinase could 

overcome the inactivation of FDPase in the dark. Low energy charge and 

high F-6-P concentration in the dark (Pierre and Queiroz, 1979) presumably 

ensure that phosphofructokinase functions in the direction F6P -> FDP 

required for glycolysis. By the same token, PGA kinase can function in the 

gluconeogenic direction only when energy charge is greater than 0.85 

(Pacold and Anderson, 1973).

(4) Balance of effectors. Glucan synthesis and degradation are 

responsive to Pi and 3-PGA. Starch synthesis, and hence gluconeogenesis, 

is inhibited by high Pi and low 3-PGA (Priess, 1973), whilst high Pi 

stimulates phosphorylytic starch degradation in spinach chloroplasts 

(Steup e t  a l . 3 1976). In Kalanchoe, the phosphorylytic degradation of 

starch is similarly stimulated by increasing Pi whilst amylolytic 

degradation is inhibited (Dittrich, unpublished; Sutton, 1974; 1975c). 

Chloroplast Pi concentrations are higher in the dark than in the light

in most photosynthetic tissues (Santarius and Heber, 1965) and the 3-PGA 

concentration in K. h lo s s fe ld ia n a  in the dark is less than 1/4 of that 

in the light (Pierre and Queiroz, 1 979), which suggests that starch 

degradation rather than formation is favoured in the dark.

5.1.4 Implications for starch and sucrose synthesis

The schemes in Figures 5.1 and 5.2 are helpful in the interpretation 

of data on the synthesis of starch and sucrose during CAM. During 

deacidification i t  is established that starch is stoichiometrically made 

from mal ate and that there is l i t t l e  increase in the soluble sugar pool 

(Wolf, 1933; Pucher e t  a l . 3 1949a; Sutton, 1974, 1975c). Moreover,
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1 3Deleens and Garnier Dardart (1977) showed that the 6 C value of 

starch from K. daigrem ontiana  confirms that malic acid formed in the 

dark is the main source of carbon for starch synthesis.

After deacidification is complete there is apparently a substantial 

shift  in the fate of assimilated carbon. The major product of

fixation in the late afternoon is sucrose, not starch (Kluge, 1969c;
1 3Sutton, 1974). The 6 C value of the free sugar pool is more negative 

than that of starch, consistent with an independent source involving 

CC>2 fixation via Ru?2 carboxylase. This apparent shift  in the end product 

of photosynthesis occurs as the synthesis of starch from pyruvate or PEP 

tapers off following the completion of deacidification. The shift  can be 

interpreted in terms of the schemes shown in Figures 5.1 and 5.2.

The enzymes involved in starch and dextrin synthesis are usually 

considered to be located in the chloroplast, whilst sucrose metabolism is 

a cytoplasmic process (Bird e t  a l ., 1974; Latzko et al., 1974; Kelly 

et al., 1976), although recent evidence suggests that cytoplasmic forms 

of phosphorylase occur in pea and spinach (Steup and Latzko, 1979).

The major regulatory enzyme involved in starch metabolism appears to be 

ADP-glucose pyrophosphorylase which has been shown to be variously 

activated by high pH, 3-PGA, F-6-P, PEP and ATP but is also strongly in

hibited by Pi (Ghosh and Preiss, 1966; Preiss and Kosuge, 1970). The Pi 

inhibition, which should not be important in the light since Pi levels 

are low (Santarius and Heber, 1965), can be reversed by 3-PGA, particularly 

at the high pH values which are characteristic of the stroma in the light 

(Walker, 1976). The pyrophosphorylase reaction may also be pulled towards 

ADP-glucose production since the co-product, pyrophosphate, is most likely
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quickly hydrolysed by a chloroplastic pyrophosphatase which has been 

reported in chloroplasts (Klemme and Jacobi, 1974; Kelly, e t  a l . 3 1976).

The schemes presented in Figures 5.1 and 5.2 suggest that 3-PGA, 

which stimulates starch production, will be present in high concentrations 

in the chloroplast during deacidification. The high 3-PGA concentration 

will arise because it  is the major product of RuP̂  metabolism during 

photosynthesis at the high C0£ concentrations which prevail in the 

intercellular air  spaces in deacidifying CAM tissues in the light (as high as 

400 yl 1 ; 4,000 ppm CO2)• It is likely that there will be reduced

carbon flux through P-glycolate under these conditions (Cockburn e t a l > 3 

1979; Spalding e t  a l . 3 in press). Moreover, 3-PGA is transported into the 

chloroplast following the conversion of pyruvate to PEP. Clearly the high 

3-PGA concentration will favour starch synthesis and the pool of PEP in 

the chloroplast may i t se l f  stimulate ADP-glucose pyrophosphorylase.

Although the schemes suggest the cytoplasm should have an adequate 

source of triose phosphate in the light during deacidification, sucrose 

synthesis may be curtailed by low FDPase activity in the cytoplasm at 

acid pH. In Ĉ  plants the cytoplasmic FDPase capacity accounts for only 

about 30% of the total activity in the cell and the enzyme is unlikely to 

be active at all below pH 7.0 (Latzko et  a l . 3 1974). If malate leaks 

passively from the vacuole during deacidification (Lü11ge and Ball, 1 974a; 

LUttge e t  a l . 3 1975) the cytoplasmic malate concentration, and probably 

also the pH, should reflect the vacuolar concentration and pH and thus the 

cytoplasmic pH can be expected to be low enough to substantially inhibit 

cytoplasmic FDPase activity.
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The apparent switch from glucan to sucrose synthesis which accompanies 

the commencement of external CÔ  fixation at the conclusion of deacidification 

presumably involves changes in most of these regulatory interactions. In 

the late afternoon, when the stored mal ate has been decarboxylated, the 

cytoplasmic pH might rise allowing FDPase to function. The cytoplasmic 

pool of triose phosphates is likely to decrease in the absence of the 

gluconeogenic flux from pyruvate or PEP to glucan. The chloroplast will 

then tend to export triose phosphate because the ratio of chioroplastic 

to cytoplasmic triose phosphate is high. In the late afternoon, the export 

of triose phosphate may be balanced by the import of Pi and the carbon 

exchanges of CAM chloroplasts are presumably similar to those of 

chloroplasts, leading to sucrose synthesis in the cytoplasm rather than 

glucan synthesis in the chloroplast (Figure 5.3).

The fate of Pi and ADP produced during sucrose synthesis in the

cytoplasm is not known. It is conceivable that they could be linked to

the conversion of triose phosphates to PEP via G-3-P dehydrogenase and
14PGA kinase. There are many reports of substantial C incorporation into 

acids, as well as into sucrose (Kluge, 1969c, 1971; Osmond and Allaway,

1 974). However, the stimulation of DCMU-insensitive CÔ fixation in isolated 

cells of Kalanchoe and Stapelia  by added PEP (Chapter 3) could not be sustained 

by the addition of 3-PGA.

5.2 Alternative Schemes

These schemes are obviously incomplete. The scheme for the NADP 

malic enzyme CAM plants (Figure 5.1) leads to net production of 1 NADPH in the 

cytoplasm for each malate decarboxylated. The scheme for PEPCK CAM plants 

(Figure 5.2) leads to the net production of 1 NADH, 1 ADP and 1 Pi per



Figure 5.3 Scheme showing proposed mechanism of  sucrose production in plants 

and in CAM plants during the period of  post-deacid i f ica t ion CÔ  

f i x a t io n  (Phase 4). (Scheme adapted from Walker and Herold, 1977).
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malate decarboxylated. Furthermore, neither scheme considers the possible 

roles of mitochondrial respiration and malate decarboxylation. Some 

alternatives, and their respective metabolic costs, for carbon flow 

during deacidification are shown in Figures 5.4 to 5.7.

5.2.1 Alternatives to the schemes for NADP malic enzyme CAM plants

Figure 5.4 shows that if NADP malic enzyme is inside the chloroplast,

as i t  is in bundle-sheath chloroplasts of plants, the excess NADPH

produced during decarboxylation could be regenerated by G-3-P dehydrogenase.

Although this scheme solves the nucleotide balance deficiencies inherent

in the scheme presented in Figure 5.1, i t  has other deficiencies. Firstly,

as already stated, recent evidence suggests that NADP malic enzyme is

located in the cytoplasm. Secondly, the scheme requires 3.3 ADP to be

produced for each NADPH produced during photophosphorylation. Thirdly,
2- 3-the transfer of malate and 3-PGA into the chloroplast in return for 

3PEP'3 would result in a charge/balance caused by the transfer of two 

negative charges into the chloroplast per decarboxylation event. Fourthly, 

the scheme requires the unidirectional transport of malate, and although 

such a mechanism has been observed in spinach chloroplasts the rates are 

only about 0.2 ymoles mg chl"^ hour-  ̂ (Lehner and Heldt, unpublished; 

cited by Heldt, 1976).

Figure 5.5 proposes a dicarboxylic acid shuttle to regenerate cyto

plasmic NADP and requires an isoenzyme of NADP MDH in the cytoplasm. 

Although in and in plants NADP MDH is a chloroplastic enzyme with a 

pH optimum of around pH 8.5 (Johnson and Hatch, 1970), K. daigrem ontiana3 

B. pinnatum  and M. c ry s ta llin u m  all possess a NADP MDH which has a low pH 

optimum of around pH 6.5 and which could function in the cytoplasm during



Figure 5.4 Scheme showing a possible pathway by which pyruvate, produced from 

the decarboxylation of malate, may be converted to glucan i f  NÄDP 

malic enzyme is  located inside the chloroplasts o f CAM plants.

The overall equations and the metabolic costs of the scheme are 

given below.

GLUCQNEOGENESIS

' GxMALATE + 15xATP _ 12x1^0 + 3[gl ucosyl ] -gl ucose -----* 6xC02 + 6xAMP + 9xADP +

3xPi + 9xPPi + 3[g lucosy l] jglucose

9 x P P i + 9xH20 ------+ 18 x P i

6xAMP + 6xATP------+ 12xADP
photophosphorylation:- 21xADP + 21x P i ----- 21xATP + 21xĤ O

Sum:

6xMALATE + 3[g lu co sy l]n-glucose ----- * 6xC02 + 3[g1ucosyl] ^ 1 ucose

PHQTOSYNTHETIC CARBON REDUCTION CYCLE

6xC02 + 19xATP + 12xNADPH + 12xH+ + 1[g lucosy l] -glucose
----- -  6x02 + 19xADP + 17xPi + ppi + 12xNADP + 7xH20 +

1 [g lu co sy l]n+1glucose 
PPixADP + 19xPi — 19xATP + 19xH20 
12xNADP + 12xH20 — * 12xNADPH + 12xH+ + 6x02

Sum:

6xC02 + 6xH20 + 1 [glucosyl J^ -g lu co se -----* 6x02 + 1 [glucosyl ] n+-j gl ucose

GRAND TOTAL:

6xMALATE + 6xH20 + 4 [g lu co sy l]n~glucose ----- * 6x02 + 4 [g lu co sy l]n+I glucose

ATP _ 40 
NADPH 12

02 evolved ^

malate decarb-
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Figure 5.5 Scheme showing a possible pathway by which pyruvate, produced from 

the decarboxylation of mal ate, may be converted to glucan. This 

scheme postulates tha t NADP malic enzyme is  in the cytoplasm and 
a dicarboxyl ate shu ttle  regenerates the NADP requirement.

The overall equations and the metabolic costs of the scheme are 
s im ila r  to those calculated fo r  Figure 5.4.
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deac id i f ica t ion  (see Chapter 4.1 and 4.3).  Ting and co-workers (Ting 

and Dugger, 1968; Mukerji and Ting, 1968a) reported the presence and 

k inet ics  of  mitochondr ia l, chloroplast ic  and soluble isoenzymes of 

"malate dehydrogenase (decarboxylating)( NADP)" in Opuntia. (They never 

ac tua l ly  showed however, that pyruvate was a product of malate oxidation 

and i t  is quite conceivable that the enzyme they were studying was 

ac tua l ly  NADP MDH and not NADP malic enzyme). The scheme presented in 

Figure 5.5 also requires the production of 3.3 ATP per NADPH produced 

during photophosphorylation but, in common with the scheme presented in 

Figure 5.1, i t  requires the net t ransfer of only one negative charge per 

decarboxylation event in to  the chloroplast. This transfer  may be 

balanced by a proton entering with 3-PGA.

Another p o s s ib i l i t y  is that carbon may enter the chloroplast  as DHAP 

and the ADP and Pi produced in the cytoplasm by PGA kinase may be recycled 

via mitochondrial respirat ion (Figure 5.6). I t  is not clear whether ADP 

and Pi can be readi ly  transported into the chloroplast from the cytoplasm. 

Although an adenylate translocator has been observed in isolated pea 

chloroplasts (Robinson and Wiskich, 1977) i t  appears to be highly speci f ic  

fo r  the transfe r  of ATP, rather than ADP and Pi, from the cytoplasm into 

the stroma and furthermore, i t  decreases in a c t i v i t y  with plant age.

The NADPH produced during decarboxylation could be recycled by G-3-P 

dehydrogenase fo r ,  although the cytoplasmic enzyme is usual ly considered 

a NAD enzyme, i t  has substantial  NADP a c t i v i t y  (Cer f f ,  1978) 

and is present in CAM tissues in a high a c t i v i t y .

Regeneration o f  the ATP required fo r  the PGA kinase reaction in lea f  

mitochondria would consume only 1 NADH (or 1 NADPH) per 2 or 3 malate



Figure 5.6 Scheme showing the possible pathway by which pyruvate, produced 
in either the cytoplasm or in the mitochondria, may be converted 
to glucan.
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decarboxylated, depending upon the stoichiometry of oxidative phosphory

la t io n .  I f  a port ion of the malate were decarboxylated by mitochondrial 

NAD malic enzyme, each NADH recycled through the electron transport 

chain with ATP synthesis would resu l t  in a s im i la r  u n f i l le d  MAD!-! requirement 

at the G - 3 - P  dehydrogenase step. That i s ,  i f  DHAP, not 3-PGA, enters 

the chloroplast from the cytoplasm i t  does not seem to be possible to 

regulate the f low of malate through NAD and NADP malic enzymes in the 

scheme in Figure 5.6, in such a way that the nucleotides and adenylates 

are recycled. Furthermore, a ra t io  of ATP/NADPH production of 2.8 would 

be required to sustain such a scheme.

5.2.2 Alternatives to the scheme for  PEPCK CAM plants

G1 uconeogenesis during deac id i f ica t ion in PEPCK CAM plants is most 

s a t i s fa c to r i l y  accommodated by a scheme based on the inclusion of PEPCK in 

the chloroplast  (Figure 5.7).  However, th is  scheme implies a ra t io  of 

ATP/NADPH requirement of about 2.8 and the movement of charged metabolism 

such that two negative charges are transferred to the chloroplast per 

decarboxylation event. Furthermore, recent evidence indicates that PEPCK 

is  almost ce r ta in ly  not 1ocated in the chloroplast  (Ku e t d l . 3 1979;

D i t t r i c h ,  personal communication).

I f  PEPCK is in the cytoplasm, as shown in Figure 5.2, the ATP 

requirement of th is  enzyme can be met in several ways, but none of them 

resu l t  in complete nucleotide and adenylate balance. A shutt le involving 

3-PGA and DHAP could generate ATP and NADPH (NADH) via cytoplasmic enzymes 

(Heber, 1 9 7 4 )  but the recycl ing of NADPH (NADH) then has to be accommodated. 

Mitochondria of CAM plants have th is  cap ab i l i t y  (Arron et d l . 3 1979;

Day, personal communication) and i t  is possible that a loose 

stoichiometry based on such a shutt le could meet the ATP needs of



Figure 5.7 Scheme showing a possible pathway by which PEP, produced from the 

decarboxylation of OAA, may be converted to glucan i f  PEPCK is 

located inside the chloroplasts of CAM plants.

The overall equations and the metabolic costs of the scheme are 
given below.

GLUCONEOGENESIS

6xMALATE + 15xATP + 12x^ 0  + 3[gl ucosyl ] -gl uco se -------> 6XCO2 + ^ADP +

9xPi + 3 x P Pi + 3[g lucosy l] ^glucos(

3xPPi + 3XH2O ----------► 6xPi

photophosphorylation:- 15xADP + 15xPi -------- ► 15xATP + lSxH^O

Sum:

6xMALATE + 3[glucosyl ] -g lu c o s e ---------+ 6XCO2 + 3[glucosyl ] n+-jglucose

PHOTOSYNTHETIC CARBON REDUCTION CYCLE

6XCO2 + 19xATP + 12xNADPH + 12xH+ + I 2XH2O + 1 [gl ucosyl ] r|-gl ucose
-------- > 6XO2 + 19xADP + 17xPi + PPi + 12xNADP + 1 [g lucosy l] -|glucose

PPi + H20 ---------+ 2xPi

photophosphorylation:- 19xADP + 19xPi -------- * 19xATP + 19x1^0
12xNADP + 12xH20 ----- 12xNADPH + 12xH+ + 6x02

Sum:

6XCO2 + 6xH20 + 1[g lucosy lJ^-g lucose ------->■ 6x02 + 1 [g lu cosy l]n+iglucose

GRAND TOTAL:

6xMALATE + 6xH20 + 4 [g lucosy l] -g lu c o s e ------- -> 6x02 + 4 [g lu co sy l]n+1glucose

ATP _ 34
NADPH 12

O2 evolved 

mal ate decarb--
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cytoplasmic PEPCK. In th is  way the conversion of 1 mole DHAP -> 3-PGA in 

the cytoplasm could generate 2 or 3 mole of ATP, depending on the 

stoichiometry of  NADPH oxidation in the mitochondrial electron transport 

chain.

5.3 Summation

This discussion raises more questions than i t  provides answers.

Whereas the concept of gluconeogenesis in the l i g h t  appears to be soundly 

based on the avai lable data, the stoichiometry of  component reactions does 

not conform to simple schemes based on present knowledge of enzyme 

loca l isa t ion  and oxidative and photophosphorylation in CAM plants. In 

add i t ion ,  most of  the schemes discussed produce charge imbalances between 

the cytoplasm and the chloroplast and require 2.8-3.3 ATP to be produced - 

per NADPH photoreduced which makes them un l ike ly  a l te rna t ives .  No suggestions 

are advanced fo r  the regeneration of NAD in CAM plants in which NAD 

malic enzyme part ic ipa tes in malate decarboxylation. Presumably these 

events would be l inked with oxidative phosphorylation in mitochondria in the 

l i g h t  which, should i t  take place in CAM, would fu r the r  d is t inguish 

th is  metabolic system from that of other green leaves.

Apart from showing that gluconeogenesis occurs, th is  study pinpoints 

areas in which fu r the r  information is needed to determine the pathway 

of  carbon in the l i g h t  and to explain i t s  regula t ion. The need fo r  the 

iso la t ion  of  in tac t ,  physio logica l ly  act ive chloroplasts from CAM plants 

is obvious. The presence and capacit ies of pyruvate, PEP, and 3-PGA ca r r ie rs ,  

and possibly also an adenylate ca r r ie r  and a dicarboxyi ic  acid shuttle, need to t 

demonstrated. I t  would also be important to ascertain the conditions under 

which carbon in f lux  and e f f lux  occur from the chlorop last ,  and to show that
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external 3-PGA and pyruvate can be converted to glucan at the rates required 

by deacidification.

Further information on the kinetics and regulatory characteristics is

needed before we can expect a reasonable understanding of the regulatory

roles of certain enzymes involved in glycolysis and carbohydrate metabolism, 
possibly

Some^profitable areas for further study indicated by the work described in this 

thesis are (1) Purification and characterisation of enolase and PGA mutase.

For example, why, during induction of CAM in M. c ry s ta l l in u m , does the PGA 

mutase activity in crude extracts from M. crystal l invan  increase 10 fold when 

assayed in the gluconeogenic direction and only two fold in the glycolytic 

direction? Is a new protein manufactured during this period?

(2) Purification and characterisation of chloroplast and cytoplasmic 

FDPases with emphasis on the effect of high malate concentrations and low 

pH on the activity of the cytoplasmic enzyme.

(3) Assessment of pyruvate kinase capacity in CAM plants. Since this 

enzyme is located at the branch point, and is sensitive to ATP/ADP concen

trations (Tomlinson and Turner, 1973) i t  may well play an important regulatory 

role. It would be also interesting to test  the temperature response of the

' enzyme particularly with reference to the increased respiration by CAM 

plants at high night temperatures.

(4) Detection of ADP-glucose pyrophosphorylase activity in CAM plants. 

This enzyme determines whether starch synthesis will occur and has been 

shown to have important regulatory properties in Ĉ  plants.

(5) Assessment of alternative paths of glucan mobilisation in CAM 

plants. Hexokinase activi t ies were low in both the present study and in

that by Sutton (1974). Amylase is not only present in CAM tissues (Vieweg and 

de Fekete, 1977; Dittrich, unpublished) but also exhibits a diurnal
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periodicity of activity. Since the stoichiometry of the dark reactions, 

shown in Figure 1.3 , would balance if amylase rattier than phosphorylase 

was involved in starch degradation i t  would be worthwhile to check 

whether hexokinase activity is being lost during extraction.

(6) Further studies on the location of NADP malic enzyme and PEPCK. 

The cytoplasmic location needs to be confirmed in more species.

(7) Further studies on the location and activities of NADP /MDII

and its isoenzymes. It may be important to demonstrate whether

isoenzymes of NADP MDH are present in cytoplasm and chioroplasts, and 

whether these are responsible for the double pH optima observed in Chapters 

4.1 and 4.3).
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The dark f ixat ion of CĈ  by succulent leaves: metabolic changes subsequent
to i n i t i a l  f ixat ion.  Plant Physiol. 32: 197-200.

SANTARIUS, K.A. and HEBER, U. 1965 Changes in the i n t race l l u l a r  levels of 
ATP, ADP, ADMP and Pi and regulatory function of the adenylate system in 
leaf  ce l l s  during photosynthesis.  Biochim. Biophys. Acta. 102: 39-54.

SATTA, M.A. and SISINI, A. 1964 Attiva g lucoso-6-fosfatasica e f ru t toso-1 ,6- 
d i fosfatasica  in Opuntia f icus indica. Soc. I t a l . di Biol. Sper. Boll. 
40(18): 1109-1110.

SPALDING, M.H. and EDWARDS, G.E. 1978 Photosynthesis in enzymatically isolate 
leaf  ce l l s  from the CAM plant  Sedum telephium  L. Planta 141: 59-63.

SPALDING, M.H., SCHMITT, M.R., KU, S.B. and EDWARDS, G.E. 1979 Int racel lu la r  
local izat ion of some key enzymes of crassulacean acid metabolism in Sedum 
praealtum. Plant Physiol. 63: 738-743.

STEUP, M. and LATZK0, E. 1979 Int racel1ular  local izat ion of phosphorylases 
in spinach and pea leaves.  Planta 145: 69-76.

STEUP, M., PEAVEY, D.G. and GIBBS, M. 1976 The regulation of starch metabolise 
by inorganic phosphate. Biochem. Biophys. Res. Commun. 72: 1554-1561.

STILLER, M.L. 1959 The Mechanism o f Malate Synthesis in Crassulacean Leaves.
PhD Thesis, Purdue Universi ty,  Lafayette,  Indiana.

SUGIYAMA, T. L973 Pur i f icat ion,  molecular and ca t aly t i c  propert ies of pyru
vate,  phosphate dikinase from the maize leaf .  Biochem 12(15): 2862-2868.

SUGIYAMA, T. and LAETSCH, W.M. Occurrence of pyruvate orthophosphate dikinase 
in the succulent plant  Kalanchoe daigremontiana Hamet. e t  Perr. Plant 
Physiol. 56: 605-607.

SUTTON, B.G. 1974 Regulation o f  Carbohydrate Metabolism in  Succulent S lants. 
PhD Thesis, Australian National University.

SUTTON, B.G. 1975a The path of carbon in CAM plants at  night.  Aust. J.
Plant Physiol. 2: 377-387.

SUTTON, B.G. 1975b Glycolysis in CAM plants.  Aust. J. Plant Physiol. 2:
389-402.



186

SUTTON, B.G. Kinetic propert ies of phosphorylase and 6-phosphofructokinase of
Kalanchoe daigremontiana and Atriplex spongiosa. Aust. J. Plant Physiol.
2: 403-411.

SUTTON, B.G. and OSMOND, C.B. 1972 Dark f ixat ion of C02 by crassulacean 
plants.  Evidence for a single carboxylation step.  Plant Physiol. 50:
360-365.

SZAREK, S.R., JOHNSON, H.B. and TING, I.P. 1973 Drought adaptation in 
Opuntia hasilavis. Plant Physiol.  52: 539-541.

SZAREK, S.R. and TING, I.P. 1974 Respiration and gas exchange in stem 
t issue of Opuntia hasilavis. Plant Physiol. 54: 829-834.

SZAREK, S.R. and TING, I.P.  1977 The occurrence of crassulacean acid 
metabolism among plants.  Photosynthetica 11: 330-342.

TING, I.P. 1971 Nonautotrophic C02 f ixat ion and crassulacean acid
matebolism. In Photosynthesis and Photorespirat ion.  M.D. Hatch, C.B. Osmond 
R.O. Slatyer, eds ., pp 169-185. Wiley-Interscience,  New York.

TING, I.P.  1976 Crassulacean acid metabolism in natural ecosystems in 
relat ion to annual C02 uptake patternadn water u t i l i za t i on .  In C02 
Metabol ism and Plant Productivity.  R.H. Burris,  C.C. Black, eds. ,  
pp 251-268. University Park Press: Baltimore, London, Toyko.

TING, I .P.  and DUGGER, W.M. 1968 Non-autotrophic carbon dioxide metabolism 
in cact i .  Bot. Gaz. 129: 9-15.

TING, I .P . ,  JOHNSON, H.B. and SZAREK, S.R. 1972 Net C02 fixat ion in 
crassulacean acid metabolism plants.  In Net Carbon Dioxide Assimilation 
in Higher Plants.  C.C. Black, ed. ,  pp 26-53. Proc. Symp. S. Sect. Am. Soc. 
Plant. Physiol. Cotton. Inc. ,  Raleigh.

TING, I.P.  and OSMOND, C.B. 1973 Activation of plant  p-enolpyruvate 
carboxylases by g lucose-6-phosphate: a par t i cular  role in crassulacean
acid metabolism. Plant Sei. Lett 1: 123-128.

TING, I.P. and SZAREK, S.R. 1975 Drought adaptation in crassulacean acid 
metabolism. In Environmental Physiology of Desert Organisms. N.F. Hadley, 
ed. ,  pp 152-167. Dowden, Hutchinson and Rass., Strandsburg.



187

TOMLINSON, J .D.  and TURNER, J . F .  1973 Pyruvate kinase of higher  p l an t s .  

Biochem. Biophys.  Acta.  329: 128-139.

TOMOVA, M., SETCHENSKA, M., KRUSTEVA, N., CHRISTOVA, Y. and DETCHEV, G. 1972a 

Amino acid a c t i v a t i o n  of  glyceraldehyde-3-phosphate  dehydrogenase from 

Chlorella. Z. Pf1anzenphys io l . 67: 113-116.

TOMOVA, N., SETCHENSKA, M., KRUSTEVA, N., CHRISTOVA, Y. and DETCHEV, G. 1972b 

Fur ther  evidence of amino acid a c t i v a t i o n  of  p l a n t  g l y c e r a l dehyde-3-phosphate 

dehydrogenase.  Z. Pf l anzenphys io l . 67: 117-119.

TURNER, J .F .  and TURNER, D.H. 1975 The r egu l a t i on  of carbohydrate  metabol ism.  

Ann. Rev. Plant  Physiol .  26: 159-186.

VARNER, J .E.  and BURRELL, R.C. 1950 Use of ^ C  in the study of  the acid 

metabolism of  Bryophyllum calycinum. Arch. Biochem. 25: 280-287.

VENNESLAND, B . , EVANS, E.A. J r .  and ALTMAN, K.I .  1947 The e f f e c t s  of  

t r iphosphopyr idine  nuc leot ide  and of  adenosine t r i phospha t e  on pigeon 

l i v e r  oxa l ace t i c  carboxylase .  J .  Biol .  Chem. 131: 675-686.

VICKERY, H.B. 1953 The behaviour  of t he  organic  ac ids  and s t a r ch  of 

Bryophyllum calycinum cu l tu red  in cont inuous l i g h t .  J .  Biol .  Chem. 205: 
369-381.

VICKERY, H.B. 1954 The e f f e c t  of  abnormally prolonged a l t e r n a t i n g  per iods  

of l i g h t  and darkness upon the composi t ion of Bryophyllum calycinum l eaves .  

Plant  Phys i o l . ,  29: 520-526.

VICKERY, H.B. 1957 The formation of s t a r ch  and behaviour of i s o - c i t r i c  a c i < 

in excised leaves  of  Bryophyllum calycinum cu l t u red  in darkness .  Plant  

Physiol .  32: 220-224.

VIEWEG, G.H. and de FEKETE, M.A.R. 1977 Tagesgang der Amylaseakt iv i t ä t  im 

B la t t  von Kalanchoe daigremontiana. Z. Pf l anzenphys io l .  81: 74-79.

VON K0RFF, R.W. 1969 Pur i ty  and s t a b i l i t y  of  pyruvate and a-ketogl  u t a r a t e .

In Methods of Enzymology. Vol . XIII C i t r i c  Acid Cycle.  J.M. Lowenstein,  ed 

pp 519-523. Academic Press:  New York, London.

WALKER, D.A. 1957 Physiological  s tud i e s  on ac id  metabolism.  4. Phospho- 

enolpyruvate  carboxylase a c t i v i t y  in e x t r a c t s  of  c rassu lacean  p l an t s .

Biochem. J .  67: 73-79.



188

WALKER, D.A. 1960 Physiological studies on acid metabolism VII. Malic 
enzyme from Kalanchoe crenata: effects  of carbon dioxide concentration.
Biochem. J. 74: 216-223.

WALKER, D.A. 1962 Pyruvate carboxylation in plant metabolism. Biol. Rev.
37s: 215-256.

WALKER, D.A. 1976 Plast ids and i n t race l l u l a r  t ransport .  In Encyclopedia of 
Plant Physiology, New Series.  Transport in Plants I I I .  In t racel lu la r  I nter 
actions and Transport Processes. C.R. Stocking, U. Heber, eds. pp 85-136. 
Springer-Verlag: Berlin,  Heidelberg, New York.

WALKER, D.A. and HEROLD, A. 1977 Can the chloroplast  support photosynthesis 
unaided? In Photosynthetic Organelles. Species Issue of Plant and Cell 
Physiol,  pp 295-310.

WALKER, D.A. and RANSON, S.L. 1958 Physiological studies on acid metabolism 
in green plants.  VI. Transaminases in c e l l - f r ee  extracts from Kalanchoe 
leaves.  Plant Physiol. 33: 226-230.

WINTER, K. 1973a Zum Problem der Ausbildung des Crassulaceen säurestoff  
Wechsels bei Mesembryanthemum crystallinum  unter NaCl-Einfluss. Planta 
109: 135-145.

WINTER, K. 1973b C0  ̂ f ixierungstreaktionen bei der Salzpflanze Mesembryanthemuri
crystallinum  unter var i i er t en  Aussenbedingungen. Planta 114: 74-85.

WINTER, K 1974 Evidence for the significance of crassulacean acid metabolism 
as an adaptive mechanism to water s t re ss .  Plant Sei.  Lett .  3: 279-281.

WINTER, K. and GREENWAY, H. 1978 Phosphoenolpyruvate carboxylase from
Mesembryanthemum crysta llinum . J. Exp. Bot. 29: 539-546.

WINTER, K., LÜTTGE, U. and BALL, E. 1974 ^CO^ dark f ixat ion in the halophytic 
species Mesembryanthemum crysta llinum . Biochim. Biophys. Acta 343: 465-468.

WINTER, K. and LÜTTGE, U. 1976 Balance between C3 and CAM pathway of
photosynthesis.  In Water and Plant Life. Ecological Studies. O.L. Lange,
L. Kappen, E.-D. Schulze, eds. ,  Vol. 19, pp 323-332. Springer-Verlag:
Berlin , Heidelberg, New York.

WRIGHT, B.E. and STADTMAN, T.C. 1956 The role of polyglutamyl pteridine co
enzymes in serine metabolism. 1. Cofactor requirements in the conversion 
of ser ine  to a l v c i n e .  .1. Rinl . fhptn. 219* 863-871



189

WOLF, J. 1938 Beiträge zur Kenntnis des Säurestoffwechsels sukkulenter 

Crassulaceen I I I .  Sto f f l iche  Zusammenhänge zwisehen gärfähiqen 
Kohlenhydraten und organischen Säuren. Planta 28: 60-86.

WOLF, J. 1960 Der diurnal^Saurerhythmus. In Encyclopedia of Plant 

Physiology. W. Ruhland, ed., Vo l-12, pp 809-889. Springer: Ber l in ,
Heidelberg, New York.



 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset 3.55, -1.77 Width 3.55 Height 798.07 points
     Origin: bottom left
     Colour: RGB 255 255 255
      

        
     D:20181108084621
      

        
     1
     DeviceRGB 1.000 1.000 1.000
     0
     BL
     201
     355
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
            
                
         Both
         262
         AllDoc
         515
              

       CurrentAVDoc
          

     3.547 -1.7732 3.547 798.0732 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     330
     329
     0ce04860-55ba-4f87-b6e6-0b585c55bc0d
     330
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -11.53, -3.55 Width 39.90 Height 352.93 points
     Origin: bottom left
     Colour: RGB 255 255 255
      

        
     D:20181108084629
      

        
     1
     DeviceRGB 1.000 1.000 1.000
     0
     BL
     201
     355
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
            
                
         Both
         262
         CurrentPage
         515
              

       CurrentAVDoc
          

     -11.5277 -3.5467 39.9037 352.9257 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     24
     330
     24
     fc218397-f59f-4ad5-8f91-74b98e5454f9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -17.73, -3.55 Width 54.98 Height 412.34 points
     Origin: bottom left
     Colour: RGB 255 255 255
      

        
     D:20181108084636
      

        
     1
     DeviceRGB 1.000 1.000 1.000
     0
     BL
     201
     355
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
            
                
         Both
         262
         CurrentPage
         515
              

       CurrentAVDoc
          

     -17.735 -3.5467 54.9784 412.3378 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     45
     330
     45
     b384111b-eb2a-4d60-a925-e97151aafaa2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 3.55, 476.18 Width 520.52 Height 23.06 points
     Origin: bottom left
     Colour: RGB 255 255 255
      

        
     D:20181108084716
      

        
     1
     DeviceRGB 1.000 1.000 1.000
     0
     BL
     201
     355
    
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
            
                
         Both
         262
         CurrentPage
         515
              

       CurrentAVDoc
          

     3.547 476.184 520.5211 23.0555 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     329
     330
     329
     e7f21507-57d8-4d5c-bf76-fc8b49db4f0b
     1
      

   1
  

 HistoryList_V1
 qi2base



