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ABSTRACT

This thesis is concerned with the pathways for conversion of pyrovate
~and phosphoenolpyruvate (PEP) to carbohydrate in the light in CAM plants.
,These 3-carbon substrates are produced by the decarboxyTation;of malic acid
.which accumulates in the dark in these plants. It is shown that these |
~3-carbon compouhds are principally converted to carbohydrate by a reversal
of g]jco]ysis (g]uconeogenesis) and that oridative metabo]ﬁsm to“COZ, and
.refixation'in photosynthesis is probably of minor significance.

14(302 or T4¢ Tabelled pyruvate

Two approaches were used. In the first,
was fed to Teaf slices duringddeacidification. The Teaf slices in solution
were shown to;deacidify in the same way as. intact tissues in air, and to

14

display the same rates‘ahd products of CO2 fixation as intact tissues.

CAM plants in wh1ch deacidification 1nvo1ves NADP malic enzyme convert

- 2- ]40 and 3 14

C pyruvate to carbohydrate much more readily than C3 p1ants or
vthan StapeZia, a CAM plant in which deac1d1f1cat1on involves phosphoeno]-

B pyruvate:carhoxykinase (PEPCK); A comparison of the products of 2-]4Cf and
h3-T4Cfpyruvate-meiabolism in_KaZdnchoe,and Stapelia suggeSts_that pyruvate is

converted to carbohydrate'via g]uconeogenesisvin KaZaﬁchoe, whilst fn

Stapelza pyruvate is mainly metabolised within the m1tochondr1a The_

d1fferences in ‘pyruvate metaboTism between the malic enzyme CAM plants

and PEPCK CAM p]ants are consistent with the observation that malic enzyme ‘
CAM plants, wh1ch produce pyruvate dur1ng deac1d1f1cat1on possess pyruvate,
Pi dikinase which converts pyruvate to. PEP, whereas the others do not. In

~ the absence of this enzyme pyruvate cannot enter the gluconeogenic reaction

f seouence as PEP.anddis metabolised to organic acide,rather'than carbohydrates.

~In both Kalanchoe and Aloe, ]4C¥succinate is metabo]ised in mitochondria but

s not cycled or oxidised via the TCA cycle to any significant extent.



1v

These studies with Teaf slices were extended by the isolationof intact,
physiologically active mesophyll cells from Xalanchoe and Stapelia. nyuvate

14

‘ st1mu1ated €Q, 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 Xalanchoe but not in Stapelia,and
confirms that pyruvate is converted to PEP in Kalanchoe in vivo. Although

14

PEP stimulated 002 fixation in the light, 3-PGA did not. Both PEP and

3-PGA stimulated dark 14C02 fixation 1mp1y1ng that the g1yco1yt1c reaction

3- PGA — PEP may not function in the ]1ght

The second epproach involved a surveyfof‘the'activities of the

~ enzymes 1nvo1ved in acidification, deac1d1f1cat1on, pyruvate metabolism
and glycolysis in the above plants. G1yc01yt1c enzymes were assayed in. the
‘,g1uconeogenie,directfon wherever possible. The act1v1ty‘of‘these enzymes
_was adequate to account -for the measured rates‘ofwdeacfdification, €0,
fixation, and conversion of pyruvate or PEP to carbohydrate <n vivo. ‘The
‘presence of pyruvate, Pi d1k1nase in a range of ma11c enzyme CAM plants

and its absence in a range‘of PEPCK CAM plants wasvconf1rmed.'

The activities of a number of photosynthet1c and g]yco]yt1c enzymes
wefe measured dur1ng the induction of CAM 1n,M crystallznum 1n an attempt
to assess thelr relative importance to the expression of CAM. The activity
of PEP cirEOXy1ase NADP malic enzyme and pyruvate, Pi dikinase increased from
Tow 1eve1:[;;g3uate to account for the observed rates of ac1d1f1cat1on and
. deac1d1f1cat10n as CAM vas induced. W1th the notable except1ons of RuP,
~ carboxylase and‘FDPase, the ‘activity of several othervenzymes-a1so.1ncreased
during the'inductfon period. The 1mportance of these ehanges is unresolved

vbecause their original activities were already much greater than the maximum

rates of acidification and deacidification attained after the induction of



CAM. Interestingly, phosphoglyceromutase activity increaéed 10 fold when
assayed in the gluconeogenic direction but only 3 foid when assayed in the
glycolytic direction. This 6ﬁsérvation may be important with fespect to the
résponse.of isolated cells to 3-PGA in the 1ight, described above. NADP
 MDH héd'é éurprising]y 1ow‘pH optimum before induction of CAM_but deveToped
activity ét_pH 8.0 during the inductidn period.

- These results are consistent with the operation of gluconeogenesis

- in the Tight during deacidification in CAM plants. Schemes are presented

- outlining the possible pathways of carbon flow during deacidificétion'in |

both malic enzyme and PEPCK CAM plants. These are'diécusséd in relation to
"our present understanding,ofenzyme 1oca1isafion, the transport'of
'metabo1ites, energy requirémenté and cﬁarge baiance;. The imp11cations'

of these schemes for the regulation of glucan and su@rose'synthesis in

the 1ight, and the degradation in the dark in CAM p]ahts;are dfscussed.' 



ABBREVIATIONS
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AMP. Adenosine monophosphate
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DCMU | 3-(3,4-dich]oropheny1)f1,1-dimethy1urea
DHAP i ~Dihydroxy-acetone phosphate .
DNPH - Dinitrophenyl hydrazine

1,3-DPGA  1,3-diphosphoglyceric acid-
2,3-DPGA 2,3 diphosphoglyceric acid.

oTT Diithiothreitol 7
EDTA ~ Ethylenediamine tetraacetate
EMP Embden -Meyerhof pafhway
EtOH - Ethanol

- FCCP Carbonyl cyanide, p-trif]udro-methoxy phenyl hydfazone
FDPase Fructose diphosphatase' |
F—G-P , Fructose-G-phoépﬁate

F—1;6—P2‘ Fructose-1,6-diphosphate

fﬁwt ']‘ - fresh weight
_G—]éP _ G]ucdse-]-phOsphate
G-3-P - Glyceraldehyde-3-phosphate
G-6-P G]ucose-G-phoéphate
 HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid)
Kéq- , | ‘Equi]ibrium_constant |

CKmo Michaelis constant
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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 propertieé of photosynthetic tissues ofb
numerous leaf, stem and root succulent p]ants. The possession of CAM _
infers the ability of the tissue to fix CO2 in the'dark, resulting in the
synthesis, and subsequent acoumulation, of free malic acid 1n-the vacuole.
.The acid is decarboxylated in therf011OWing'1ight period and the CO2 is
refixed by the PCR (or Calvin) cyc1e. Both the CO, and the 3-carbon skeletor
produced during decarboxylation are converted to storage carbohydrates.
This biochemical rhythm is reflected in a reciprocal day/night acid
carbohydrate f]uctuatjon and_is integreted with stomatai opening during the
"night, and'stomatal closure at least during the’ffrst few hours of the light
period. A]thouoh the phenomena of CAM'is defined in biochemical and
physiologica1lterms, the basic rhythm is modulated by‘a'varjety of;deve1op—
mentalrand environmental‘factoré. These factors 1nt]ude day/night
temperatures, water strese, dey length' 1ight intensity,‘Teaf age and
preh1story, and the state of deve]opment of the plant. These faCtors‘
regulate and determ1ne both the da11y cyc]es and the overa]] total

expression of CAM._

The_ear]y investigations‘of CAM, which were mainly concerned withlthe
biochemistry and physiology of dark metabolism have been reviewed by Evans
~(1932), Bennett—C1ark(1933),'Burris (]953), BruinSma (1958), Wolf (1960),
Ranson}and Thomas (1960) and Walker (1962). CAM has since been the
:‘subject of a number of_either general reviews, or reviews which héve, in
~the majority, ref]ected.the re]ative]y:recent trend towards ecophysio]ogicaT

studies (Ting, 1971; Ting et al., 19725 Ting and Szarek, 1975; Marce]]e,_197



Kluge, 1976a, 1976b; Ting, 1976, Winter and Liittge, 197635 Queiroz, 1977;
Osmond, 19783 Dittrich, 1979; Queiroz, 1979; Kluge and Ting, 1979;
Osmond and Ho1tum,_1n prep.). |

The review by Osmond (1978) and the monograph by Kluge and Ting (1979)
are probably the most informative general reviews;vwhflst Kluge (1976b)’
sunmarfses the major schools of thought concerning the day/night regu]ation
of CAM. For discussions of the enviroﬁmenta1 and deve1opmenta] factors
affecting CAM,the reader can refer fo reviews by Osmond (1978), Queiroz‘ 
(1977, 1979) and Kluge and Ting (1979). The‘1atter authors have also
| discussed the taxonomic and geographic'distribufion of CAM pjants,and
species,check lists have been produced by Black and Williams (1976) and
Szarek and'TTngi(J977). The former 1ist however contains some misinter-

pretations and some non-CAM succulents are listed as CAM plants.

. As the ecophysio]ogica]‘aspects of CAM have been both recently and
adequately reviewed, the fo]]owing‘1iteraturé review will be Timited to _
a discussion of biochemistry and physiology of CAM and of those factors which

.regu]ate the daily rhythm of CAM.

1.2 The Biochemistry and Physiology of CAM

At Teast four phases of COé assimilation can be distingﬁished during
the day/nightArhyfhm of well-watered CAM p]ants‘(Figuré 1.1)(0smond, 1975);
vaen:though three of thése phéses répreseht non steadyiétate condftions
and the overall magnitude of their expression is determined by |
developmental and environmental factors, the biochemical events which.
take place dﬁring eacH phqse:aré sufficfently distfhctﬁthat,they can bé.

, discussed'separate1y. It 1is logicaljto consider these in a sequence



Figure 1.1 Day/night fluctuations of C0, uptake, stomatal resistance and
malic acid content in a well-watered CAM plant, showing the 4
phases of CO2 assimilation described in the text (after Osmond,
1978). '
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starting with the unique dark CO2 fixation processes which lead to malate
synthesis as outlined below. However, the experimental work described in
this thesis relates principally to processes in phases 3 and 4 and is

primarily concerned with pyruvate metabolism in the 1ight.

1.2.1 The_dafk processes
1.2.1.1 .'COZ Fization and malic acid synthestis (Phase 1).. -
A maj6r:d1stinguishing feature of CAM plants is their abi]ify to fix
, C02 in the dafk and to acéumu]ate the malic acid so synthesised. Tissue
malate méy‘f1uctuate by as much as 200 pEq g_1 f.wt erﬁng a_singTe
’diurnallperiod (eg. Kluge, 1968b). Although it is now well estaB]ished
thét malate is produced via the action of PEP carboxylase and NAD HMDH
according_to'equétion ll(cf. Wolf, 1960; Ranson and Thomas, 1960; Walker,
19625 Sutton, 1974; Kluge and Ting, 1979) | |

| T NADH  NAD R
PEP + C0, ——— OAA + P — MALATE (1)
' PEP carboxylase ~ NAD MDH -

_ there has been a prolonged cdntroversy'as to ‘whether a double carboxylation

involving én earlier cakboxy]atibn by RuP carboxy]aée, occurs‘(Figure 1.2).

2
TThe doub]evcarboxylation hypothesis, brjgina]ly suggested as a.possib1e
optibh.by Beevers_éhd Gibbs (1954) énd Gibbs and Beevers (1955),-was ‘ ‘
deve]oped_ﬁyBrédbeeret al. (1958) t0 exp1a1n why the ratio of‘]ébeT between
vcarbons4vand 1 of dark labelled mdiate was always about 2:1 (Vérner .
‘énd Burrell, 1950§ Sti]1er;'1959);‘ One would predict fhat 14602 solely
ihcdrporated by PEP Carboxylasershou1d resU]t in malate labelled 6n]y in
thé cafbon-4 position. This 2:1 ratio has been fréqUent]y;observed (ég.

_Jo]tine,»T959; Bradbeer, 1963; Avadhani et aZ.,.1971). Recent investigation
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have unequivocally shown that although the 2:1 ratio is not an artéfact,

it is not the result of a double carboxylation. Short term 14

14

CO2 feeding
experiments, in which " "C-malate was degraded using malic enzyme,"

~demonstrated that aftef 1 minute 1abe11{hg > 90% of the label was in the
- C-4 position a]though randomisation did occﬁr after 1ongéf exposure time

(Sutton and'Osmond, 1972;. Bradbeer et al., 1975).

Cockburn and McAulay (1975a, 1975b) showed, using mass spectkometry,

13

that although malate was labelled in a 2:]vratio after 12 hours '°C0

2 _
bfixation,no malate molecules contained 13C in both 1 and 4 carbons. They

concluded that a single carboxylation occurred and this was followed by
randomisation of'the'labe1. The same conclusion was reached by‘K]uge
et al. (1974, 1975) Who demonstrated that exogenously app]iediPEP, a]though
| it stimulated carboxylation, did not alter the ratiof

~The 10w‘613c.va1ues, high CO2 affinity and the Tnsensitivity of dark
002 assimi]atidn to Oz-cbncentratibns above 2% also support the sole |
‘participation of PEP carboxylase fn_dark C02 fixation, rather than a

mechanism involving RuP2 c&rboxy]ase (Nalborcyzk et al., 1975; Osmond

and Bjdrkman, 1975).

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

- 1in the mﬁtochondria, a possibility earlier discounted by Bradbeer et al.

(1958), was suppokted by Dittrich (1976) who showed that in X. fedtschenkot

- cell aggregétes“(1) no 3-PGA was labelled duking dark 14&02 fixation, (2)

Ru-5-P and R-5-P did not stimu1ate'dark'14

14

co, fixation, (3) randomisation
was independeht of CO2 fixation, (4) 4-]4Cﬂaspartatea1sq gave rise to 2:1
labelled malate, and (5) the cells were capable of conVerting malate to

fumarate. The fairly rapid randomisation of Tabel suggeststhat a large



proport1on of ma]ate enters the mitochondria before be1ng stored in the
vacuo]e. Recent studies have shown that 1so]ated K. daigremontiana and
Sedum praealtummitochondria are highly permeable to malate (Arron et al.,
19795 Day, unpublished; Spalding et al., unpublished). The permeability
of CAM mitochondria to ma]afe probably also explains the small amount of
1abe1'present in TCA cycle acids, serine and‘glycine often observed i

14

in dark CO2 labelling experﬁments'(cf. Saltman et al., 1957; Ting and

Dugger, 1968).

1.2.1.2 Provision of substrates fbr carboxylatzon '
Dur1ng “the 1940 s and 50‘3, investigators from severa] 1aborator1es
demonstrated that the carbon loss from starch was adequate to account
- for'theATncrease'of carbon*fn malic acid (Pucher et_aZ.; 1949 Vickery,
: 1953, 1957). Soluble sugar pools wene'shown to undergo 1itt1e‘or no
“change and so were not considered as a souroe,lalthough the possibility
that they may be_invo1ved in .the f}ow’of carbonv%nom Starch to malate

was not excluded. : ," o ’ . ‘ o

Sutfon.(1974 1975a) howeven, observed that the carbon ]oss from
starch, defined as perch]or1c acid-soluble polysaccharides wh1ch can be
precipitated in 1od1ne, in K. d&tgremonttana and B. tubzflorum accounted
for only between 34% and 93% of the carbon required for the observed
malic acid synthesis. ‘He then demonstrated that the carbon snortfa11.is most
probab]y supp]ied by perchloric acid so1ub1e po]ysaccharidee which do not
| co—precipifate with starch in the presencé of iodine, and which appear
to possees some of the characteristics of dektrins. The term glucan will

henceforth be used to describe the combined fractions.



The precise mechanism of glucan catabolism is uncertain. Initially,

K. daigremontiana.and B. tubifiorum were observed to possess an active phos-
phorylase whereas amylase was inactive and'g1ucokihase'activities were very
Tow (Sutton, 1974, 1975b,c). This enzyme distribution was interﬁreted

as further circumstantial pfoof'that a major fraction of glucan consisted

of a-D-(1+4) linked g]uéose chainé such as make up dextrins. ‘However, in -
subsequent studies~Viewe§ and de Fekete (1977) and‘Dittrich-(unpub]ished)‘
demohstratgd fhé presence'of active a- and B-amylases in X. daigremontiana.
Consequently the ré]atfve contributions of phosphorylase~5ﬁd amy1ase to

glucan breakdown remains unresolved.

Sutton (1974,17975b) was a1so.ab1e.to:demonstrate that the soluble
sugar poo]é were not {n'the mainstream of carbon flow from g}ucah to
malate. Fdrthermore,.the iow G-6-P dehydrogenase'tapacity in K.;daigremon;
tiana and B.}tybionrum‘ compared to the higher glucose-phosphate isomerase
and phosphofructokinase'capacities“1nﬁicated, in contrast to the fiﬁdings
~of Beevers and Gibbs (1954) and Stiller (1959) who used '*C glucose
tracjng techniques, that the pentose phosphate pathway is hot involved to

any great extent Tn dark malate synthesis.

Further support for the Views of Sutton has been provided by Deleens

‘and Garnier-Dardart (1977) who studied the G]BC va]ues‘of‘Various
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fractions isolated from X. daigremontiana and observed that_the §'°C values

of dark synthesised malate were’hot consistent with being derived from a
sugar precursor, but were'consistent with a giucan origin.. Sutton (1974,
1975a,b) shbwed fhat the cépacities of the.various,g1yco1yfic eﬁzymes in
K. da%gremontianq‘and‘B. tubiflorum are sufficient to convert glucan‘to PEP

at the rates required for maximum acidification (about 0.5 ﬁmo]esnm.chJ min']]

-and qonc]uded that PEP was produced in the dark by glycolysis.



1.2;1.3 Compartmentation

CAM chloroplasts commonly possess large numbers of starch:grains
(Kluge and Ting, 1979) and it is reasoeab1e to assume that,.in‘common
with C3 and C4 plants, starch andvthe other polysaccharides which

constitute the glucan fraction are synthesised in the chloroplasts.

Recent evidehce on the‘compartmentation of enzymes in Sedum praealtum,
K. daigreﬁontiana and Ananas comosus ‘indicateé that, similar to C, | |
‘plants, at 1east:90% of the PEP carboxy1ase is cytoplasmic (Spalding et al.,
- 1979; Dittrich, unpub]ished) In Séduﬁ praeaZtum-PGA-mutase and eno]asei
‘also appear restr1cted to the cytoplasm and NAD MDH, as in: KaZanchoe,
was observed in both the cytoplasmic and mitochondrial fract1ons (Spa]d1ng
et al., 1979) However, in contrast to NAD malic enzyme type C4 plants,
only 10-15% of the aspartate am1notransferase activity in X. daigremontiana

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

The view has long been held, withoutany| experimentalbasis, that the
malic acid'synthesised and accumulated dqring dark COé:fixation is stored
“in the vacuole. CAM cells are characterised by fhe possession of large
vacuoles which oeeupy'over_QO% of‘their total cell volume and whfch‘can |
preédmab]y adeduate]y store the large volumes of acid accumu]ated‘night1y
(cf. Kluge and Ting, 1979). Calculations based on leaf vd]umes and dark
acid accumu1at1on suggest that if the malic acid was stored in the cytop]asm
the concentrat1on wou]d be 7- 8 M as compared w1th 0.25 M 1f it was stored
in the vacuole (St111er, 1959). Such hlgh,cytop1asm1c concentrat1ons_wou1d
undoubtedly 10Wer'the pH and damage most cytoplasmic metabolism. Furthefmore,
'14C feeding experiments indicate that less than 30% of the malic acid in the
dark is in equilibrium with the<mitochondria in Bryophyllum ( 'MaéLéﬁﬁan“ .

et al., 1963). Kluge and Heininger (1973) demonstrated three malate




containing compartments in malate efflux studies with X. daigremontiana
leaf slices. Malate was rapidly released from the first two compartments‘
which the authors interpretéd as - representing the free space in the ce11‘
walls and cytoplasm respectively, but was on1y»slon1y released -from the
third compartment Which was interpreted as beino the vacuole. ATthough
this‘study oan be criticised on methodo]oQiéa} grounds. (Osmond, 1978) it =
“indicates the presence of a 1arge,-ma1ate.containing comoartment which is

- almost certainly the vacuole.

Intaot vacuoles have_been obtained from enzymatically iso1ated
K.vdhigremon#iana protoplasts by 1ysing the protoplasts With DEAE dextran
(Buser‘and Matile, 1977). The‘vecuo]es contained more than 84% of the
ma]io‘acid present in fhe protoplasts. The vacuoles also contained.
 60-80% of the potassium {ons, 86-90% of the calcium ions.and‘about 50%
of the total amino acids. Although acid ~RNase and phosphatase were
present, the vacuoles conta1ned virtually no protein and no NADP malic
enzyme or RNA.. A subsequent investigation of vacuoles from Sedum telephtum
(Kényon”et al., 1978) demonstrated that vacuoles 1so1ated in the 11ght
period conta1ned about 0.02-0.04 nmole malic ac1d vacuole -1 whereas
vacuo]es isolated at the-end of the dark per1od conta1ned 0. 5 0.75 nmo1es
malic acid vacuole ]. The 1soc1tr1c acid levels rema1ned constant at
'0,12»nmo1es vacuole™] throughout a 24 hour cycle. Moreover, vacuoles

isolated from tissue fed 14

CO2 in the dark contained 46% of the label and
5% was,in'inso1ub1es'as compared with 4% in the vacuoles and 92% in .

insolubles in Tight fed tissue.

"Figure-1.3‘represents a scheme which incorporates present concepts

of the compartmentation and biochemistry involved in dark CO, fixation



Figure 1.3 Schematic representation of the‘principa1 processes, and their
possible compartmentation, involved in carbohydrate metabolism
from glucan to malic acid synthesis in CAM plant in the dark.

Sotid Tines ( -———*)1represeht the most 1ikely processes, broken
Iines (---) represent processes of uncertain significance and open
arrows (=) or () denote transport across a membrane. The
arroWs do ‘not imply the irreversibility of reactions.

The enzymes involved in the various reactions are (1) phosphorylase
(2) amylase (3)‘héxok1nase (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 Re_gulaﬁon N
In this study I shall only discuss the short-term regu1ation'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 1abofatofy studies that the

. 1ight intensity of the previous day determihé§ the rate and total‘amdunt
>of‘acidificétf0n in the fo]]dwing dark period. Both dark C02fassimilation
and acid,synthésfsare,more rapid after bright daysthan.after dull days.
'»Osmond,(1978) cohsiders that the.éxp]anatioﬁ is simply that high 1ight‘
intensities stfﬁu]ate the rate of deacfdifiéation,and.thus‘the tissues f”'
are able to both»deacidify all thé ma]ate'formedquring thé previous
night,and to fix‘CO.2 for Tonger periods in tﬁe late éfternoon.‘ Such
conditions result in a larger carbohydrate pool being available for dark
malate synthesis. For example, the tissue malate contént of fie]d grown

‘ Opuntia‘fs usually much higher ét the end of a cloudy day tﬁan at‘the end

of a sunny day.

| If the ma1ate produced dur1ng dark carboxylation remained in the
cytép?asm it wou]d reach 1nh1b1tory concentratlons within 10 minutes (K1uge
and Osmond, 1972). It follows that the rate of malate uptake into the
~'vacu01e55nand-conseqUent]y ahy_fagtors which regu]éte such uptake, will
regulate the cytop]ashic malate concentration and thus will regulate |
dark CO2 f1xat10n As the postulated mechanisms df malatevinf1ux'and efflux}'

“ the vacuole w1]1 be d1scussed in Section 1, 2 2, it will
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~suffice to state here that malate influx appears to be an active process and
that the extent.of dark CO, 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 abi]ity
~of the influx mechanism to pump ma]atevagaihst an ever fncreasing
concentration gradieht of tolincreased passive dfffusion from the vacuoles.
This causes PEP carboxy]atlon to slow and eventua]]y cease a]together 4 |
(see Figure 1.1). Thus the increasing malate concentration at the site
- of PEP carboxy]ase_may;at_ieast in ~part,account for the gradually decreasing

rate of net malate synthesis.

. . Phosphory]aserand/phosphofructokinase may be‘impoftant in the regulation

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

phorylase from X, daigremontiana is inhibited 60% by 1 mM Pi, 20% by -

2 mM PEP and 40% by 4 mM glucose. However, specu]atiohs'on tﬁe importance

of the regulatory properties of‘phoéphoryfase must remaih tentative as |

the re]étive cdntribUtions of phosphorylase and amylase to.glucan‘breakdown‘

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

Phosphofr@ctokinase?-which is known to be an important glycolytic

~regulatory enzyme in énima] tissues, haévé11 the»charactefistics of a
regu]atory,ehzyme.‘ It possesﬁes éi]osferic regulatory properties,
catélyses.a physiologicaily irreversible reaction, and is present with an
activity.just sufficient to accdnmodate starch degradation., The enzyme
from. different pTant tissues exhibits either positive or'negative co-
operat1v1ty towards the substrate F-6-P, inhibition by ATP when
.[ATP]>LMg ] and is regu1ated a1loster1ca11y by a number of metabo]ltes

' 1n;]ud1ng g]yco]late-ijhosphate, PEP, 2-PGA, 3-PGA, citrate, and Pi;
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Pi a1eo relieves PEP inhibition (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; daigremontiana is inhibited 40%'

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

enzyme Ts 100 fo1d less sensitive to PEP at Tow F6P cbncentrations, than

B the enzyme from the C4 p1ant Atriplex spongiosa (Sutton, 1974, 1975c). It
is unlikely however that either PEP or malate 1nf1uences either phosphory]ase
or PFK in vivo s1nce, as shown in Figure 1.3, both are most ]1ke1y to be
ch]orop]astiq whilst PEP and melate.are most tike1y to be formed in the -
cytop]asn. If however,either malate enters the chloroplast during
acidificetion or 0AA is converted to malate in chloroplasts, and if the
chloropiasts of‘someTCAM plants ere capable of PEP ekchange via a phosphate
translocator (see Chapter 5), these metabolites may 1nteract with PFK
duringAg]ucen mobilisation. The PFK in the cytop]asm wh1ch makes up -

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

effectors.

Glucose 6- phosphate concentrat1on increases dur1ng the ear]y part of the
dark per1od in. both . dazgremonttawuzand.K bZosserdzana (Cockburn and
McAu]ey, 1977; Pierre and Queiroz, 1979) and:1t‘has been snggested that
this tncreasedG-6-P COncentration‘may activate PEP earboxylase (Cockburn and -
‘McAuley, i977). The suggestion depend$upon whether G-G?P and PEP' ,‘
'carboxylase are in the same compartment Increases in ch]oroplast1c G-6-P
\concentrat1on will not affect the cytop]asmlc PEP carboxy]ase since chloro-
plasts are not read11y‘permeab1e to hexose phosphates (Wa1ker, 1976) .

G-6-P is particularly effictent'at ne]ieVing;malate.inhibitton of CAM PEP
carboxylase by Towering the Km PEP (Ting -and Osmond 1973 Nott persona]

commun1cat1on). This may be a more logical-role again assum1ng it is in the

‘same compartment.



12

PEP carboyxlase is also subject to feedback inhibition by malate
and activation by Pi (Kluge and Osmond, 1972). Recent evidence |
(Greenway et al., 1978; Winter,_unpub1ished) has shown that PEP Carboxy]ase‘
from CAM Meéambrydnthemum<crystallinum and Aloe arborescens, when assayed
in the first 2-3 minutes fo]lowfng extréction, may exist in either a
relatively malate insensitive state with a high PEP affinity or in a_ma]ate-
sensitive state with a Jower PEP affinity. It is possible that such
chahges}in characteristics may TnVolve changes in the form of the enzyme;'
Jones et al. (1978) purified PEP carboxy1ase froﬁlk.ifédtschenkoi and
found no évidencé7of isoenzymes or sub-unft hetérogeneity. They speculated
that any"regu]ation‘of,orAby,PEP carboxy]asé would moétvprobably involve |

reversible conformation changes.

It has been argued that two separate glycolytic pathways operate in CAM
cells during the dark (Deleens and’GarnierJDardaht,‘1977); The proposal .
is that carbon for acidification is‘provided by the mobi]iéation of glucan and
carbon for respiration is supplied from‘the soluble sugar pools. Bradbeer
and Ranson (1963) fed U-]4C 1a5e1]ed 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 détectéb]e label was in
~alanine and malate, and aftér 1 hour'exposufe 72% of the‘1abe1 wasin malate.
It is possible fhat a proportion of the label in ma]até may'have been due
 to the refikation of .respired T4C02 but the conclusion is equivocé}. |
- Although thé size of the soluble sugar .pools 1in K, ddigremoniiana does not
change during the light, the sugars which were previou§1y lébe]]ed by .

2 hours ]4C02 fixation in the Iiéht lose 14¢ during the darkfand a similar
increase in the radioactivity of the'citrate,ahd~isocitrate fractions is

observed (Sutton, 1974, ]97Sa). Deleens and Garnier-Dardart (19%7)

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 substantiallpart of
the isocitric and -possibly also the citric acid pool is located in the
vacuole, not in the mitochondria (Kenyon et aZ.,‘1978)."Furthermore,

it is well know that there is-a substantial transfer of Tabel between
malate and the TCA cyc]e 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 tempepatures
both g]uean degradation and malic acid_synthesis cease but respiration
‘contTnues at an increased rate (Sutton, 1974;'K5p1an et al., 1976).
‘The implication is that the carbon source for TCA cyc]é activity must.be
. the soluble sugafs. It is possible tHat the increased rate df‘respiration
_provides energy fqr the initiation or 1hcrease of ma1ate}decarboxy1at10n
| which would in turn provide PEP or pyvuvate fop respiration; whilst

simultaneously stopping any net malate synthesis.

It s hard'to'envisage'how'two glycolytic stréams cou]d-betspatia]iy
separated within the cell, particularly since the PGA mutase enolase, ’
PEP carboxy]ase and, presumab1y, also the pyruvate k1nase are all
cytoplasmic enzymes. Whereas in C4 plants the carboxy1at1ng and decarboxy—
Tating enzymes are spat1a11y‘separated, in CAM plants they are in the same
cel] and in the cases of PEP carboxy]ase, NADP malic enzyme and PEPCK, the
same compartment Presumably for net acid accumu]at1on to occur either
decarboxylation has to be suppressed the rate of carboxy]at1on must be

greater than that of decarboxy1at1on or p0551b1y the malate is rapldly

removed to another compartment. The act1v1t1es in the dark of the
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decarboxylases inyolved in CAM are not known, although it is assumed that

‘ they will mainly be‘regu]ated by the availability of NAD, NADP and ATP

rather than by the availability of substrates. However, as deacidificatfon
does occur under conditions of continuous darkness, presumably these co-
factors can be provided by dark respiration. Dark deacidifitation can be
initiated in K. daigremontiana illuminated with far red light in the
presence of oxygen (Nalborcyzk et ql., -1975). The deacidification depends on
‘the continued presence of far red light. This ihtereSting effect has yet to‘
be explained or confirmed but presumably the 02 requirement implies the

- involvement of respiration. It is not known whether malate efflux from the

| Vacuqies is stimulated or whéther deacidificati¢n.per se by NADP and/or _
}NAD malic enzyme is involved. NADP malic enzyme from C4 plants appeérs-to be
inactive in the dafk, although this may be due to a restricted supply of

'NADP (Osmond, 1974).

: Brandon (1967) observed thathADP maWié ehzyﬁe‘and PEP carboxy]asg
from B. tubiflorum have different thermd1'stabi1ities. He conc]udéd that
| 'thé common observationithat dark acidification is favoﬁred by cdo]er night
temperatures indicates that the short term regu]étion 6f»dark acid:
synthesis‘is determined hy the‘relative activﬁties of thé Carboxy1at1ng |
',and decarboxylating enzymes. The effect'of°temperature on the amp1itude of
CAM ié probab]y due to other reasons since acid fluctuations are oftenl
observed in plants growing under‘constant.tempefatUre conditions, (Kluge,
1976). For’examp]e,_acidification in field grown Opuntia inénmis ~ which
 kept theirjsfbmata open throughouf the night, was insensitive to temperatures

between 5 and 25°C (Osmond, 1978).

Osmond (1978) argues that if both cakboxy]ation and decarbbxy]ation

 rates are higher at increased temperatures then one would expect a
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commensurate increase in glucan degradation., However, glucan mobilisation
appears to decrease with increasing tehperature (Kluge, 1969b; Sutton, 1974).
An increase in temperature is often accompanied by a decrease in net CO2
assimi]atﬁon;'or sometimes even an efflux, which is most probably due

to an increase in dark respiration which increases between 14°C and 24°C
with a Qyo of about 2.4 (Brunnhtfer et al., 1968; Neales, 1973; Allaway

et al., 1975; Kaplan et aZ., 1976). R

Queiroz énd co-workers have_argued that the regulation of both‘the -

Tight and dark processes of C3 and CAM K. blossfeldiana var. Toh Thumb

and possibTy other CAM plants as well, is under endogenous Efrcddidn
'contro1.(see Queiroz, 1979, for a recent review). The currént concept
appears-to.be that the daily CAM rhythm is dependent (“entrained") upon
. the combined effects of a dawn signal and a dusk signa]Adfiving two

- different ”clockfcontro11ed“ oscillators. This'can'be obseryed'on'a
’metébo1ic 1eve1 as rhythmical, diurnéW fluctuations 1n various “glycolytic
-metabo11te levels and in the crude act1v1t1es of PEPC NADP malic enzyme,
aspartate aminotransferase and various g]yco]yt1c enzymes (P1erre and
Queiroz, 1979; Queiroz, 1979).  The relevance of these'rnythm1ca1 diurnal
variations to the diurnal regu]at1on of CAM is conjectural s1nce the minimum
daily act1v1t1es of a11 the enzymes stud1ed with the except1on of PFK
and NADP malic enzyme which are present in 1ow activities,;are between 12
and 150-times_the‘maximum rates of dark aéidification - (data from -
Pierre_and Quéiroz (1979), éssuming a fresh weight/dry weight ratio of 10,

chlorophyl1l content of 0.4 mg chl™] g—] f.wt, and a.maX1mum acidification

~rate of 30 umoles mg ch1™!

hr_1). A major criticism Qf the report of
Pierre and Queiroz (1979) is that although the enzyme rhythms were shown

for K. bZosserdiaﬁa during the development of CAM‘undershortday,conditions,
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no data was presented on the rhythms in control plants keot under long
day oondttions for a similar period of time, Suoh information is important
so that the reader can assess the effects of any developmental changes.
It also remains to be shown whether the rhythms observed in K. blossfeldiana

var. Tom Thumb are observyed in other CAM plants.

1.2,2 Vaouo1ar'inf1ux and’eff1ux

The accumulation of ma]ic'acid_in the vacuoles requires the tnansport
"'oftma1ate from.the cytoplasm against a steadily increasing concentration
_gradfent ‘and imp]fes the possession of an active pumping mechanism. The -
accumu]at1on of ma11c acid. is unuina1 in yiew of the amount of acid which
is accumulated (up to 200 ué%LFrtLe speed at which the acid 1s
accumulated, and because hydrogen malate- (malate” ]) rather than the more
common aniontc malate (malate'z);;is accumulated (Osmond, 1978).
Liittge and Ball (1979, in press) have proposed that, in . daigremontiana,
hydrogen malate is formed inside the vacuole and the actual pump involves ‘

the act1ve transport of ‘protons coup1ed with a pass1ve co- transport of

malate 2'. The energy requ1rements of the system are unknown.

The eff]ux of malic acid from the vacuoles, nather than requiring a
reversal of the 1nf1nx mechanism, appears to be passivogvi.e.'thelinflux :
pump appears to be ETthen deactivated or possibTy'1ess active in relation
to the eff]ux forces (LUttge and Ball, 1974a, 1977). In leaf slices,

‘malate efflux can be initiated by‘changing cellvtnrgor,'bUt not by =
changing ce11'water potential. The efflux is dependent_on the tUrgor'at'
any one'time‘and}is not,triggened by trénsient changes'in.ce11 tufgor '

- (Liittge et al., 1977). This model of vacuolar contro] reouires a, as

yet unproven, sudden pressure dependent alteration of the tonoplast
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permeability at a critical turgor pressure. The turgor effect has been
demonstrated in vitro by Liuttge et al. (t975) who. induced a diurnal
rhythm of acid accumulation and loss in leaf slices from'K; daigremontiana
by varying the osmotic pressure of the suspension'mediUm. Subsequent
observations with intact Kalanchoe tissue 1nd1cated that a1though the malic
acid rhythm contr1buted to a rhythm of water potential, the turgor remained
practica]]y unchanged during the diurna] cycle (Liittge and Ball, 1977).
Day/night acid fluctuations have a]sovbeen observed in the fie]d in water
stressed CAM plants which'kept their stomates shut throughout the day.and.‘

night and which presumably remain at a constant Tow turgor (Szarek et al.,

1973).

Vacuo1ar influx and efflux s probabiy not dnder the singular control
of turgor. Light/dark transients then trigger‘changes 1nttissue malate
levels although it is unclear whether this is a direct light effect since
there is asua11y a lag phase and‘such transients often ihduce chahges in
stomatal aperture. Moreover acid fluctuations have been observed during"

periodsoficontinuous Tight (eg. Kluge, 1969c) and when stomates are contin-'
:vuous1y open or‘c]osed. Such observations are hard to interpret since
perijods of malate accumulation and loss (whiCh‘are,the only presently
measureab]e parameters) may not be strictly re]ated'to changes in the
,tonop]ast permeab1]1ty,but are also functions of the ava11ab111ty of
substrate and the relative activities of PEP carboxy1ase and the
decarboxy]at1ng enzymes. The levels of adenylate and pyr1d1ne nucleotides,

~ Pi and of other metabolites may be important in such regulation.
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1.2.3 The Tlight processes
1.2.3.1 The initial burst of co, asstmilation (Phase 2)

Many CAM plants, under both field and laboratory conditions,‘exhibit
a‘burst of Co, fixation immediate]y afier the onset of i]iumination which
is independent of further stomatal opening (Phase 2, Figure 1.1). Carbon 4
1abe]1ed malate "is the principal product of ]4602 fixation during this
beriod and, although thé  bulk of the Tabel stays in'malate, there appears
to be a‘$1ow'transfer of Tabel into sugars. This is prdbab]y due to either

14

ma]ate'decarboxylation and subsequent CO2 refixation by RuP2 carboxylase

or by fixatjon direc't]y'by’RuP2 carboxylase (Osmohd and Allaway, 1974)
| (Figure 1.9, -

Except under certain'envfronmenta] condftiéns,the tissue malate content
appears to stay more or less constant during this pefiod. Marcelle (1975)
observed an inérease in 0, and €0, evolution in k. dzigremontiaﬁa'
tissue exposed.to C0, free air which demonstrated . that_some dark fixed
ma\até is decérbox}1ated during.this pgriod. Inuédﬁtrast_to'plaﬁis |
exposed to long nights (16 hr), pfants exposed to short nights (8 hr) |
. show a ]ag‘béfore decarboxyTation,occurs (Mafce]le; 1975);v During this lag =
which 1ast$ about 2 hours, thé tissue ma]éte céntent,continueq to fincrease
due to thé_continua1 transfer of malate into the vacuoles. This indicates
that malate Teakage from vacuoles which aré not near their-stdrage.capacity,
is minimal. If also suggests'that PEP is still being'supp1ied from storage .
carbohydrates i.e. both‘the regu]étion ofvg1ucan degradation_and Vacqo]ar

malate efflux-are not directly controlied by 1ight per se.

The period and magnitude of the CO2 fixation burst, which cdmmon]y
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 képresentation of the path of carbon during the
initial 1ight fixation burst (Phase 1) in a malic enzyme CAM
“plant (modified from Osmond,1976).

The thickness of the lines represents the possib]e activity of the
alternative pathways. Broken lines represent uncertain proceéses.
' COZIenc1osed in a box represents endogenously prOduced COZ’ 3-PGA
similarly 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 -
ilTumination burst is both greater in magnitude and period under conditions
in which derk malate accumulation has been inhibited by, for example,
extremely Tow night temperatures (Kluge, 1968b),,withho1d1ng CO2 during

the dark (Kluge, 1968b) or, as already mentioned, by shertening the dark
period (Marcelle, 1975). These factors possibly stimu]ate_the illumination
burst because-theyvresu1t in Tow vacuolar malate COntents‘dufihg.the‘1ight
beriod and consequently, as long as the substfate PEP is being produced,
the tissue wili pUmp 1ight‘synthe$ised malate inte the vacuole. - The effect
of turgor on malate accumulation ahd its possible role in regu]atingli
vvacuo1ar‘inf1ux,'eff1ux and stomate1 opehing andvelosure wasﬂdiscuésed in

‘Section 1.2.2.

The illumination burst, if:not totally suppressed, is smaller in
magnitude and‘beridd when the previoué night temperatures are high (Kluge,
. ]968b), undef 1eng night condifionSV(MarceTWe, 1975), 1in water stressed
‘tissue (Kluge et’al., 1973) end under Tow Tight conditions (Kluge et al.,
1973; Nobé],.1976). Under ‘long night conditions_the vaCuo]ee are probably
 filled to capacity and the cytop]asmic.malate'content'wi11'bejhigh and thus'
| PEP carboxylase will most 1ikely be inhibited. Under water stress conditions
. the‘stomates tehd fo'either close rapidly upon i]]uminatioh or remain
‘closed throughout a 24 hour cycle. ‘High night temperatures are‘known to
einhibit glucan degradation and'prevent any'ma1ate:accumu1ation (Kluge, 1968b;
Sutton, 1974) and it is possjb}e_Under tﬁese conditions PEP ie:1imiting » |
although one_mﬁght'expecf COz‘fixation by»RuP2 earboxy1ese. It s possib]e thv
if the stomates HaVe been open during thevpreyidus:night then the high- o
, temperatukescoqu stimulate transpiratidn, and the resu]ting drbp 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 it is known
"what contro]s both the efflux of malate from the vacuole and stomata] |
opening and closure, and why neither takes p]ace'Until 30-60 minutes after
the onset of illumination. A similar and probably re]ated effect is a]so
'consistent1y observed by Winter (unpublished). PEP carboxylase from CAM
Mesembryanthemum erystallinum and AZoe arborescens sw1tches from a ma]ate
insensitive t%;a1ate sens1t1veuf0rm at the same “time that‘efftux and .
deacidifieation begins. The switch is independent of illumination -as it is
~also observed under‘contjnuous'dark conditions when dark deacidification_

- occurs.

»1.2.3;2 Deacidification (Phase 3)

'Thefdark synthesised and accumuTated malic acid,i%dééarboxytated
the period following the 1n1t1a1 Tight CO, fixation burst (Phase 3 ﬁ

| , Figure 1.5 2

in Figure 1. }p Dur1ng this deacidification period the stomates are c\osed
there is a minimal fixation of externa] COZ’ (cf. K]uge et al., 1973
Allaway et aZ 1974 .Osmond and A]]away, 1974, Sutton, 1974; Neales, ]975)
h and, concom1tant w1th the decrease 1n acid 1eve1 there is an approx1mate1y

equal 1ncrease in the amount of carbon in storage carbohydrates or

glucan (Sutton, 1974);

CAM nTants contain one or more‘of 3 malate or OAA decarboxylating‘
'.enzymes s1m11ar in funct1on to those reported in C4 p]ants (D1ttr1ch et aZ
1973 Hatch et al., 1975; D1ttr1ch 1976) The distribution of these‘
enzymes between different species, partlcu1ar1y phosphoeno]pyruvate
carboxykinase (PEPCK), appears to be determined along taxonomic Tines.
PEPCK 1is found in the Asc]epiadaceae;'Brome]iaceae,,Euphorbiaceae,

Vitaceae and'Portu1aeaceae, but is absent from the Agavaceae, Aizoaceae,
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Asteraceae, Cactaceae, Crassulaceae and the Orchidaceae, In the Liliaceae,
Aloe arborescens and Apiera spzralis possess PEPCK but the enzyme is absent ‘
from two Sanseveria species (S hahnz¢ and 8. trifasciata).  The
distributign Qf the other two decarboxylating enzymes, NADP and NAD malic
enzymes, although also separated along taxonomic Tines is not so distinct
since all CAM plants (or at Teast the 31 surveyed for.both‘enzymes‘by |
Dittrich (1976), and the 25 assayed solely for NADP malic enzyme

(Dittrich et al., 1973) appears to possess some activityfof both énzymes.‘ |
However, all those species which do'not possess PEPCK héve high NADP malic

"~ enzyme capacjtfes which are adequate to account for the_haximum observed

‘rates of deacidification.

The NADP malic enzyme‘capacities ofiPEPCK CAM b]anfs afelgenéra11y barely
sufficient to account for the maximum deacidification rates,‘exceptjin the
Euphorbiaceae which héve'hioh activities, but even in these plants thé g
activities are only about 15% of the observed PEPCK act1v1t1es NAD‘malic
enzyme act1v1t1es are. we11 below those required for deacidification, except

in the Crassulaceae, and in the Orchidaceae. On average, not counting the
-Crassulaceae and‘Orchidaceae' the NAD malic enzymé activities| are about
40-50% of the 'NADP malic enzyme. act1v1t1es in both PEPCK and in non- PEPCK

CAM p]ants | |

'Strong éircumstantial evidence exiéts which shbws that the above-
mentloned decarboxy]ases are 1nvo1ved in deac1d1f1cat1on in the light although
the relative contributions of different decarboxylases, when more than .one
v decarboxy]at1ng enzyme is present in a 51ng1e t1ssue are unknown. .'The5

‘evidence includes (1) rad1oact1v1ty from dark " 14

14

C 1abe11ed ma]ate is released-

€0, from stripped 1eaves in the 11ght (K1uge, 1968a); (2) a massive
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rise in internal CO, concentration, which is greater than can be expected
from respiratory COZ’ occurs during deacidification (Cockburn et aZ.,1979;
Spalding et ql., unpublished); (3) Milburn et al., (1968) observed that
in Bryophyllum pyruvate levels increased during deacidification; ahdk(4)
‘mitochondria isolated from X. daigremontiana and S. praealtum contain-NAD
maTic enzyme, and are capable of décarboxy]ating malate at physiological

rates (Day, unpublished; Spalding et al., unpub]ished).

The transfer of label from malate to carbohydrate has been verified

14C frdm dark"

in experimenfs}which have shown that almost all the
- labelled malate appears in carbohydrates durfng the following 1ight'per16d
~ (Kunitake and Sé]tman,‘1958; Tiﬁg éﬁd Dugger, 1568; Sutton, 1974). There
may, howevgr, be'some loss of CO2 uhdér-high daytime'temperature conditions

particular]yAif'the light fntensity is highv(K1uge et al., 1973; Lange
‘et al., 1975). | |

It is most likely that the 002 produced during deacidification iS

14

converted to glucan via the PCRchc]e'sincé the products of " 'CO

2

fixatidn during this period are‘characteristic of fixation_by RuP2 carboXy-  _
1ase(K1uge, 1969; Avadhani et al., 1971). PEP carboxylase is probably
“inhibited by thé high cytoplasmic malate Confeht which 15'most 11ke1y »
v‘present durihg deacidification (Kluge and Oshohd, 1972;'LUttge aﬁd Ball, 1974a
.]977). It appears ﬁhat'bqth the co, and.the 3-carbon skeleton| products during
deacidifiéation'are‘;onverted td glucan rather than fo soluble sugars (Kluge et
~al., ]973;5uttoﬁ,]974).The path by which the 3-carboh produces qf decérboxy—
hiation, pyruvate and PEP, are converted to glucan is the_principa1 concern

-of this thesis and 1S‘discussed in more detail below.



Figure 1.5 Diagrammatic representation of the path of carbon during
‘deacidification (Phase 3) in CAM plants in the Tight (modified
frOm Osmond, 1976). Symbols same as in Figure 1.4. '
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1.2.3.3 Post-deacidification light fixation (Phase 4)

Steady state CO, fixation in the 1ight during the post-deacidification
oeriod is often observed.in CAM plants (Phase 4, Figure 1.1). Osmond
and Allaway (1974) demonstrated that in XK. daigremontiana thé initial
products (15 second expooure) of 14002 assimilation during this period
were 3-PGA and other phosphorylated compoundsl" In Tonger term Feeding
experiments label accumu1ates in maTate (Kluge, 19690§uK1ugé et al.,
1973), particu1ar]y‘under Tow Tight intensities (K]uge,f1971b), however only
between 35% and 55% of 14C'ma1ate is in the carbon 4 position whioh indicates
that a considerable proportion.of‘the substrate PEP wés previously 1abe11ed '
(Osmond and Allaway, 1974). ,Thesé.observationsﬁsuggest that a'greater"

14

part of CO2 is fixed by RuP2 carboxylase and a proportion of this‘carbon

is released from the chloroplast into the cytoplasm as 14

CQtriose‘phosphate
which‘can then be converted to PEP via~a‘g1y¢o1yticFSequence; Thus-in this
instance, PEP sopplyg un]ike in the'dark, T$ not proyided by‘degradation of
~glucan but is depondeot upon the rate of 14_COZ fixation'by the,PCR'cyc1e.

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

, proposed scheme of events (Figure ].6) is siﬁi]ar fo'the oouble carboxylation
. soheme proposed by Bradbeer et al., (1958)>for dark fixation of €0, (see
Figure l.i)i | | | | | :

Toe involyement of RuP2 carboxy]ase/oxygenase is also supported by the
observations that, during.this’peffod; COZ fiXation is 02 sénsitive (Osmond
~and Bjorkhan, 1975). The COz'compensation point is SO,ppmvin air (A]laway
'vet al., 1974L and when C02.is provided to X. d&fgrémontiana piants only ,‘
in the 1ight the‘§3C yalues of -25.9%, are charaoteristicbof the fixatioo :

of CO, by RuP,, carboxylase (Nalborcyzk et al., 1975).



Figure 1.6 ’Diagfammatic representation of the path of carbon dufing late
Tight CO2 fixation in malic enzyme CAM plants. (Modjfied from
Osmond, 1976). Symbols as in Figure 1.4. ~
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As with the pre-deacidificationburst of CO, uptake, both the period
and magnitude of steady-state post-deacidification CO, fixation is
regulated by a number of environmental factofs which,ih>generaL keep the
stbmgtes closed during this period. C02 fixation 15 supbressed in‘waterk
stressed tissue (Kluge et aZ., 1973; Lange et al., 1975;IOSﬁond, 1979), and |
under conditions which suppress deacidification such as low light 1nténsity

(Kluge, 1971b; Kluge et al., 1973).

1.2.3.4 Photorespiration

- CAM tjssUesposséss,a]],the neceésary enzymatic and cohpartmenta1
requirements for photorespiration.A They possess ch]oroﬁ]asts, mitochondria
and peroXispmes in'cl§se'contact (Kapil et aZ., 1975). 1 MOreOVer RuP2
carbbxy]ase from k. daigremontianq also -exhibits oxygenase acfivity
(Badger et al., 1975). Isolated perokisomeé from spinach and from CAM
species, Craséulg.lycopodiodes, Bryophyllum calycinum and Sedum rubiotinetum,
-_contain(glycollate oxidasé, catalase, hydroxypy;ﬁQgie'reductase,.glycine )
-aminotransferase, sérineaglyoxyléte'aminotransferase and aspartate amiﬁo;
transferase (Herbert et al., 1978). Serinq-glyoxylaté and, in particular,
~glycine aminOtransferase activities were much lower in the CAM tissue'than
in spinach.‘:Adequate cafa]ase, glyoxylate oxidase;‘and hydroxypyruvate reduc-
tase capacities have also been observed in X, daigrémontiana, Aloe |
arborescens, and in Sedumvpraeaitum (Denius andeomann,.TQ?Z; Osmond, 19763
Spa1ding et al., 1979). Arron et azr(1979)}reported.1ow rates‘of glycihe
| oxfdation-1n mitochondr1a from Seduh praealtumvwhich'they attributed to
either a‘iow inherent rate or to enzyme deactivation during isolation.
K.C. Woo (unpublishéd)vobéerved an intact glycine decarboxylation system

in mitochondria isolated from X, daigremontiana. |
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‘The observation, described in the preyious section, that during
postedeacidification 1ight €O, fixation (Phase 4), €0, fixation fis
inhibited by'O2 concentrations above 2% is indicative of RuP2 carboxy]ase/

oxygenase activity and photorespiration. However, high CO, concentrations.

2
do not completely reverse the 0, inhibition (Bj6rkman and Osmond, 1974).
The same workers (Osmond ‘and Bjorkman, 1975) sbserved that the'pbstf
'i11uminationibus3tin K. daigremontiana was present even st low 0, concen-
trations. 'Crews‘et‘az. (1975, 1976) observed two post—i11umination‘C02
bursts. The first,'which is present during deacidificatfoh (Phase 3),

is insensitive to 02 and COZ'and appears to be due to decarboxylation of

ma]ate, but the second, which is present dur1ng Phase 4, is suppressed

by Tow 02 and high C02

| ATthqugh the 02 levels in deasidifying tissues are higher than
ambient (up to 26%), the €0, concentrations are up to about 12 times
higher than ambient (up‘to A%) and probably canée] 6ut any effect of 02~
inhibition on RuP2 carboxylase activity during deac1d1f1cat1on (Osmond 19763

Cockburn et al., 1979 Spa1d1ng et al., unpub11shed)

Both Osmond (]978) and K]uge~and Ting (1979) have concluded that
CAM p]ahts,aétiVé]y photorespire dufing'the afternooh light €0, fixation

period but probably do not during deacidification.

1.2.3.5 Compartmentation

There is_nc intercellular separation of the carboxylating and
decarboxy]dting enzymes in CAM plahts. n sttu immunofluorescent
'1abefi1ng of RuP2 carboxylase/oxygenase with.anti-Rqu cafboxy1ase/oxygenase

demonstrated that RuP, carboxylase/oxygenase was present in all chloroplasts |
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in x. daigremontiana leaves (Hattersley et al., 1977), Moreover, isolated
’ mesopﬁy]l cells from Sedum telephium, S. praealtum, Opuntia polycantha,

0. monocantha, K. daigremontiana and Stapelfa'gigantea are éble to'fi* COZ
via PEP céfbbxy1ase or by Ruszcarboxy]ase, exhibit C02'dependent 02
evolution, synthesise-ma]ate and convert‘MCO2 to starch (Rouhani et al.,

1973; Spalding and Edwards, 1978; Gerwick et al., 1979; see also Chapter 3).

Some of the early reports on the 1oca115ationzof enzymes based on
mitochondrial or'ch1oPQpTastic 1solétion are now considered unreliable -
- mainly on methodological grounds. Ofteh isolation was performed using
‘non-aqueous.separation (eg. Garnier-Dardart,1965; Mukerji and Ting, 1968a) a
technique which has been shown to be proné tb cytoplasmic contamination |
(Bird et al.,1973). Brandon (1967) used an aqueousvtechnique to 1sola£e
’»mitochondria from B. tubiflqrum and reported'the presence of PGA-mutase,
-enolase and possibly some RuP, carboxylase/oxygenase in these ofgane]]es;
These three enzymes have since been shown to be non*mitochondrfa] in a

number of Css C4-and CAM tissues.

The 1océtion of various photosyntﬁetic, g]yco]ytic and
respiratory'enzymes have recent]y'been re-investigated using more
reliable sepafation techniques‘which are now avai]ab1e;' Spaldiﬁgtet dz.,
(1979) have shown that NADP malic enzyﬁe from S. praealtum is solely |
restricted to the cytoplasm, which is contrary to early reports for CAM
p]ahts (Brandbn,‘1967; Garnier-Dardart,1965; Mukerji and Ting 1968a; Khan
et az.,.1970). A]though'Khan et al. (1970)vdid find.thé majoritylof NADP
ma]iﬁ enzyme'frpmnthe.cactus'Nodeea erecta:in the cytop}asm.ahduMukerji
and Ting (1968a;b) observed-ch]orop1ast1c;rcytop]asmic and-mitdchondria]-j

* isoenzymes in Opuntia phylloclades.
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NADP malic enzyme and PEPCK are also restricted tota]1y to the

cytoplasm in K. daigrémontiana and Ananas comosus respectively (Dittrich,

unpublished). Hitherto no differences in enzyme locations have been

reported for similar enzymes from CAM and C4 plants. The cytosolic

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

.and unpredicted difference With hindSight however, the cytoso11c 10cat10n

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

’recognised that plant NADP-ma]ic enzymes can be categorised into the more ‘

general "C3 + CAM" type, which has 51m11ar properties to malic enzymes from

non—photosynthetic tissues and vertebrates (Garnier-Dardart , 1965 Brandon -

and von Boekel-Mo1, 1973; Pupillo andyBossi,.]979),,and aA"C4 typef, Wh1Ch
has a higher affinity for malate (Nishikido and Wada, 1974). The enzyme

from corn root tips, which appears to be of the "C3 + CAM" type is restricted

" to the so]ubie”fraction‘(Danner:and:Ting, 1967), although animal tissues

contain both soluble and mitochondriai forms (Li et.az{, 1975). Pupillo
and Bossi (1979) have demonstreted the presence of both forms,tbut
predominantly the “03 + CAM".form,in etiolated maize tissue. With greening
the tissue synthesised the,PC4‘type" and after 6 days iight treatment this

was the predominant form. It was suggested that the'C3 form from etiolated

* leaves was in the cytoplasm.

Tne NAD maiic-enzymeifromeCAM plants is a mitochondria1’enzyme
(Dittrich, 1976;'Arron'et al., 1979;" Déy unpublished; Spalding.ét al.,
unpubiished) as is the C, enzyme (Hatch and'Kagawa,iT974a,b). Khan et al.
}(1970) has shown that\hitoéﬁbndria from the cactuS'NopaZea dejectus |

contain a regular complement of TCA_cyc]e,and respiratory chain enzymes,

‘whilst .as previously stated, K.C. Woo (unpublished) has observed a'g]ycine

decarboxylating system, similar to that found in C3‘p1ants, in mitochondria
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isolated from X. daigremontiana. In S. praealtum pyruvate, Pi dikinase
is restricted to chloroplasts as it is in C4 plants (Spa1ding et al.,

1979; Hatch et al., 1975).

Herbert et al. (1979 ) have demonstrated the presence of 2 distinct forms
of each of the fo]]owing’enzymes from B. calyeinum: glucosephosphate
‘ isomerase,_phosphoglucomutase, G-6-P and 6-phosphog1ucono oehydrogenaéez
A1though.the compartmentation of these enzymes has not been studied,
_ phe data is strongly suggestive of cytoplasmic and ch1orop1astic forms,
since all 4_enzymes isolated from spinach in the same sfudy had a

chloroplastic and_a non-ch]orop]astic form.

1.2.3.6 Regﬁlation and transport
It is common1y accepted that PEP carboxylase is active dur1ng Phases

1 and 2 but 1is inactive during deac1d1f1cat1on It is also known that PEP

carboxylase is inhibited by malate (cf. Kluge and Osmond,‘1972), however
it is becoming increasingly obvious that PEP carboxy]ase‘is subject to_n

“other forms of regulation about which there is both disagreement and

~ ignorance.-

| Queiroz and co-workers argue that feedbackvcontrol_of'

malate cannot, by itself, explain the day/night rhythm of CAM

andvprOposed that, in K;'bZosserdidna,'PEPfcarbokylaSe,and','

NADP,ma]ic‘enZyme act as the two separate'"c]ock-contr011ed“ osci]]atong

which are "entnained“‘by the combined effects of dusk and dawn signa1s.

(see recent rev1ew by Que1roz (1979)). |
The most commonly accepted concept of PEP carboxylase regu]at1on 1n the

1ight is actually a flexible compos1te of several previously proposed. schemes.
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Bésica]]y, it recognises the individual metabolic évents‘which occur during
“each 1ight phase. During Phase 2 PEP carboxylase is‘genera11y 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 phé control of which is possibkﬁ related to |
cell turgor (see Section 1.2.2). During Phaée 4 PEP carboxylase is not |
inhibited per se but its activity is limited by the availability of
substrate and malate accumu]atioh is debendent upOnvthé activity of the

various decarboxylases.

j The obsérvation by Winter‘and co-workers (GreenWay et aZ.,'1978;
Winter and Greenway, 1978) previously mentioned'fn}re]atfon to the regu]atioh
of PEP carboxylase in the dark, may'be particu1ar1y relevent to the regulation'
of PEP cdrboxyjase in the Tight. PEP Carboxy]ase from CAM M, crystaZZinum
ahd, Aloe afborescens at the onset ofldeacidificaﬁion (which usually is
| associated with vacuolar eff]ux), both‘in the 1ight and in continuoﬁs',
darkness, undergoes a Changeiffan a malate insensitive form to a ma]até4

sensitive form (Winter, unpublished).

NADP malic enzyme, although. important aé a decarboxylase, does not
appear,to perform.an important regulatory role. This also seems to be true
of PEPCK and posgib1y é]so of NAD ha]ié enzyme. NADP-mé]ic enzymes from
CAM plants are, as a]ready ment1oned 51m11ar in many respects to the- C3
enzymes and are character1sed by having a pH optimum around 7, and a K
malate of 0.3-1.0-mM (wa1ker, 19603 Brandon, 1967; Garnier-Dardart and -
| Queiroz,_1974;LErandon ahd van Boekel-Mo],i1973;~Pupi110 and BOssi,v1979).
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Although NADP malic enzyme from X. daigremontiana appears to be subject
to complex regulatory control (Garnier-Dardart and Queiroz,f1974) much |
of the regu]ation involves variations in the M92+ concentrations which are
most probably of Tittle physio]ogiéal significance,to a cytop]asmic‘enzymed
The enzyme is also characferised by malate co-operativity at low malate
and NADP boncenfrations. Two possibly important features of the enzyme
are its insensitivify tdﬁhigh malate concentrations, énd 1ts ratHer
broad pH optimum which is-particular]y evident af’high ma]ate concentrations
(Kluge and Osmond, 1972; Garnier-Dardart and Queiroz, 1974; Holtum and
Winter, unpub11shed) Such‘characteristics could enable the enzyme to
operate, dur1ng Phase 3, in a cytoplasmic milieu that may well have a 16w

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. tubiflorum increases in activity up to 55°C, and this
activity is stimu1ated by high malate levels. " The 1mp11cat1on is that the

decarboxy]ase is part1cu1ar1y act1ve during the warm, day11ght hours.

The"genefally low tissue pyruvate'concentrafions (Mi]burh»et aZ.;
119685 Cockburn and McAuley, 1977) coupled with both the efficient NADPH,
oxidising system on.the external walls of CAM mitOchondfia (Afron et aZ.;
1979; ';‘Day, unpUb]ished) and the malate co-oﬁerafivity at low malate énd
~NADP concéntratipns, shdu]d ensure that the enzymeirareTy, if eVer, operates
in a revérse direction.. The same reasoning suggesf that the enzyme c0u1d7bé

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 maximﬁm,va Cy Plant (Ray and
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Black, 1976a'Da1ey et al., ]976) They have similar pH optima of 6.8-7.0 and
the K ATP and Km OAA are. s1m11ar in the decarboxylating direction. Both
enzymes: appear to be capable of decarboxylation using ADP but it is possible
that this activity is due to contam1nat1on by adenylate kinase. The
suggestion that‘ADP catalyses the converion of OAA —— pyruvate + CO2 as
has been observed in yeast, pig liver and avian liver (Chang ét'al., 1966
Connata»and DeFlombaum, 1974; Noce and Utter; 1975), has beén tested and
discounted.by Hatch and Mau (1978). 'The CAM enzyme has lower affinities
for ADP, HCO™ and PEP (K 's of 0.13 mM, 34 mM and 5 mll respectively)
ccompared with the C4 enzymev(0.0S mM, 11 mM, 0.38 mM respectfve1y) in the
carboxylating direction. The CAM_énzyme is also sensiti?e to températurés
below 15°C at which point there is a 1argé intrease in the enérgy of |

activation (from = .12-13 to = 80 kcal.mol 1)

The cytoplasmic 1oéatioh of PEPCK in CAM plants (Dittrich, unpublished)
- may bé prob]ematiéal'éince it is thought that the cytbp]asmic_pH is low,-
due-to}the high malate concentratﬁon‘during deacidification,j Although

the enzyme hés a‘na2:pw pH optihum (Daley et al., 1976), PEPCK'activities

~are always much h1ghlthan required by ‘deacidification (Dittrich et aZ

1973) and even at pH G.q it is most?y‘11ke1y the activity wou]d be sufficient.

Mitochondria isolated from'NAD malic eniyme containing CAM plants
are capab]etof high rateélof Pi—dependent‘ma1ate'decarbdxylatibn. 
These rates can be further stimu1atéd by ADP, NAD, 0AA, aspartate and
~ oxo§1utarate, or“uncbup1ers‘of'oxidatﬁve phosphorylation su;h as FCCP
(Dayﬁ»’ uﬁbub]ishéd,'Spa1ding et az.,'unpub]ished). It has yet to be
shown, however, that the mitochondria contribute to deacidification in

‘vivo. This question is particularly relevent in the 1ight of recent reports
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(Cockburn et aZ., 1979; Spalding et al., unpublished) that the internal.
CO2 concentration during,deacidification in CAM plants may be as high as
0.4%. 1In contrast to NADP malic enzyme which appears .to be relatively
insensitive to CO, concentration ' (Hatch, pers. comm.; Walker, 1960)
decarboxy1ation by both NAD malic enzyme and iso1ated mitothondria from
Atriplex spongiosa, a NAD malic enzyme C4 plant, 1is strongly inhibited by -
C03' (Hatch et ai., 1974;'Chapman.and Hatch, 1977). This inhibition |
appears to.be_competitive with malate. The enzyme from Panicum miliaceun,
also a C4=p1ant, is relatively insensitive to,HC03' and in the presence of
YS mM malate and»20_mM HCO3' is only inhibited by 7% compared with 95%
for the A. spongiosa-enzyme. The enzyme from the CAM plant S. praealtum, |
like that from P. miliaceun, is relatively fnsensitive to HCO3' 1nhibition‘
(Spalding et aZ unpub]ished) This 1nsens1t1v1ty is most pronounced at -
~ high ma]ate concentratlons and may ref]ect the s1gmo1da1 response to
. increased malate concentration which has been observed in both Sedwm and

Kalanchoe (Dittrich, 1976; Day, unpublished; Spalding et al., unpub1ished).

However, despite these in‘uitro observations, a‘sfmple-ialbeit rough,
ca]cu]at1on suggeststhat the observed internal 002 concentrat1on in
‘deacidifying CAM t1ssue will not s1gn1f1cant1y affect the act1v1ty of NAD
‘malic enzyme. If we assume that, at 25 C, %30 ppm CO2 is equ1va1ent to
9.9'uM CQZ‘(KU and Edwards, 1977) andvdeacidifying*CAM tissue'contains
about 4,000 1 C0,/1 (4,000 ppm\COé),then the COzkconoentration of the
interce11u1ar spaces wi]]lbe about 0.13 mM. The inhibitory effect of
this Tow CO2 concentrat1on which represents the maximum observed concentrat1on
'vln a number of tissues (and is equivalent to about 0.93 mM NaHCO3 in an
aqueous med1um at. 25 C pH 7.2), will be minimal and will presumably be

offset by the h1gh t1ssue malate contents wh1ch are present dur1ng th1s per1od
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For example, the data of Spalding et al., predicts that 0.13 mM CO, in the
presence of 2.5 mM or 0.5 mM malate (in an aqueous medium ofva 7.2)

will inhibit NAD malic enzyme from S. praealtum by only 10% and 15%
respectively. It 1s'possib1e, however, that the mitochondrial malate

-concentration may be very different to the}cytop]asmic concentration.

Spa1ding et aZ.i(unpublished) demonstrated that after 5 minutes

14

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

medi um was.7.2) from S. praealtum nearly all the non-malate label was
observed in pyruvate and ]4 2. As partate was the next most heavily

labelled compound.

In mitochondrﬁa iso1ated from K. daigremontiana the relative carbon.
fluxes through NAD'ma1Tc‘enzyme and NAD malate dehydrogenase are affected -
by the pH of the external medium - (Day,'unpub1ished) At a pH below ° |
71.2-7.4 pyruvate is the pr1nc1pa1 product but above pH 7.4 there is a

rapid shift towards OAA.product1on. This pH sens1t1v1ty is not reflected
Iv1n the pH response of the isolated enzyme and may 1nd1cate an’

in vivo mechan1sm of mitochondrial regu]atlon. If, during deac1d1f1cat1on
the cytop]asmic'pH is redoced by ma]ateveffTux from the vacuole, then,-
‘,pyruvate product1on via NAD malic enzyme would be st1mu1ated HoweVer,

~once- ‘the vacuo]ar ma]ate has been decarboxylated the cytop1asm1c pH may

- “increase and norma] TCA cycle act1v1ty will be favoured.

Nothing {svknown of the transport capabilities of CAM enlorop]asts
as intact, phoﬁosynthetically‘active ch1orop1asts have yet to be isolated
from a CAM p]ant. Levi and Gibbs (1975) isolated chloroplasts from
K.'daigremontiana with CO2 fixation‘rates of only 0.95 nmo1es C02 mg ch]f]

hour'], and Nishida and Sanada (1977) isolated X. daigremontiana chloroplasts,
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after a 14 day dark period to reduce the starch content, and obtained a

maximal rate of only 3.2umoles CO, mg ch1™7 hour™?,

1.3 The Metab011sm of Pyruvate and PEP dur1ng Deac1d1f1cat1on

1.3.1 Unreso1ved questions

As mentioned in the preceding sections, it has. been established thét
all 4 carbons of dark syhthesiSed malate are converted tofglucan§‘during‘7 |
Phase 3 in the following 1ight period (Pucher et,dz., 1947; Kunitake and
Saltman, 1958; Ting and Dugger, 1968; Sutton, 1974). The firsf step
.of this conversion appears to involve the decarboxylation of malate to
prpduce CO2 and é 3-carbon compound either pyruvate dr PEP, dgpending upon
the particular decarboxylating enzyme involved. . The Cozfis‘refixéd_by '
'RuPz carboxy]ase and cohverted to gTucanu via the PCR éycle..'However thé
route by which fhel3-carb0n'COMpound$ PEP,ahd pyhuvate are converted t0“
,;g]ucangvis'uncertain, | |

'14C in glucose, derived from starch formed in the

14

The diétribufion of
11ght from dark ]4C labelled malate, suggests that the transfer of C
most 1ikely 1nvo1ves both a decarboxy]at1on stephand a reversal of
~glycolysis, rather than'efther the direct reduction of ma]ib acid to

g1ucan or an oxidation of malic écid to 002 fo116wed'by reffxation and
conversion to glucan via the PCR cycle (Varner and Burre]i,,1950). This
conclusion was supported by Haidri (1955a,b) Whovattempted to trace
_the\fafé of 2-]4C -pyruvate and 2-]4C-mé1ate in the Tighf in B. calycinum
and Ntcottana 1eaves (Tab]e 1.1). The 1éaves were labelled ih the,dark,

14

'11]um1nated for 3 hours, and the distribution of ' C in glucose isolated

from starch was measured.
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Table 1.1 Distribution of ]4C in glucose isolated from starch in

B. calycinum mesophyll tissue fed 2-14C-pyruvate in the light.
(Data of Haidri, 1955a)

C % distribution of '

Position of C

in glucose. ... .. ... . in B. calyeinum
Carbons 3-4 , . 28-33
| 2-5 - - 43-46

1-6 - 25-28

The occurrence of the highest 140 concentration in carbons 2 and 5

14

suggests that a major part of the 2-''C acids were converted to starch via a

reversa]-of'the glycolytic pathwa} That the next h1ghest concentrat1on
of 14C is 1n carbons 3 and 4 suggests either that some of the acid was
oxidised and the CO, was refixed or, alternatively, some randomisation
oecurred. These ihtehpretations are however, equivecal.for although

' essimi1atidn of ]4C02 by the PCR cycle should prdduee'g1ucose-with'the :
highest 14C.conc_en.tration tn 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 f1gures are subtracted from the

- carbon 2 and 5 f1gures, ac1d metabollsm via a reverse g]ycolyt1c |

(or g]uconeogentc)Apathway begins to eppear small. Neal and Beevers (]960)
showed that in’castor-bean-endosperm'slices, which are kndhnvto convert

- fats via pyruvate to sugars by g]uconeogenes1s, only 9% of the ]4
h1ncorporated 1nto glucose after 4 hours 3—]40 pyruvate 1ncorporat1on 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

s yirtually no variation in the labelling patterns of both 2-]4

C-malate
and'2-]4C-pyruvate between B. calycinum, a CAM plant, and both Nicotiana sp.
and Avena sp., two C, plants. This is particularly so since B. calycinum

| probably possesses-pyruvate, Pi dikinase (K]uge and OsmOnd, 1971

Chapter 411), an enzyme -that converts pyruvaté‘¥——+ PEP, and Which is.
absent from Cq plantﬁ. ‘There is no indication ﬁowever,_whether fhe.i

. Bryophyllum pTants‘were actively deacidifying, and converting malate —
glucan, during the experiments. Moreover, it is possible tﬁat since a dafk/
Tight tranéitfon wag involved,a large proportion of tﬁé'expérimental light: ;
period was‘spent undergoing Phase 2 metabolism which may involve the

_ conVersfdh of pyruvéte to PEP tolmalate, followed by randomfsafion.of the N

label in malate prior to decarboxylation. .

Moyse and.co-workers (Moyse et al., 1958;w§h§mpigny et al., 1958) |
suggested that, during déacidification, ma]ate may be comp]ete]y ondiséd
‘ to7C02 prior to starch formation. They suggested that the in vivo
equi1ibrium'0f‘the reaction PGA ZZZiJPEP is}towards PEP formation and thus 
the g]heoneogenit formation of sugars was unlikely. These conc]Usions;were

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

‘Alﬁhqugh CAM plants possess conventional TCA cycles jn_the.dark 
(Bradbeer, 1963; BradBeer and Ranson, 1963;’Kaplénet*az., 1976), Milburn
et al. (1968) énd.Denius and Homann (1972), using ihtaCt B. calyeinum |
leaves and leaf é]ices from Aloe arborescens respective]y,;éhowed that the
maximal rates of 0, uptake in the'1j§ht were betweén 10 and 2.5 times less
than those required for the complete oxidation of malate. Althugh 02

eyolution increased with increasing tissue acidity in Aloe leaf.slices
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(Denius and Homann, 1972), the reverse was obseryed in Opuntia'stem

tissue (Szarek and Ting, 1974). In both tissues increasing temperature
increased O2 consumption in the ltght. Uhfqhtunate]y, simU]taneohs
~deacidification and 0, exchange rates were not measured in either study and.
~ moreover, tn the Opuntia study a proportion of thé tissue was non-ch]orophy]lous
pith tissue Recent studiés (Cockburn et al., 1979 Spa1d1ng et al., unpub—
‘1lshed) have established that during deac1d1f1cat10n, the tlssue 02 concen-
tration may be as high as\404 thch indicates that the net oxygen ‘uptake at

highertacid levels observed by Szarek and Ting (1974) may be an ahtefaCtQ

It is ev1dent that opinion 1s divided as to the pathways by wh1ch
."PEP and pyruvate are converted to g]ucan in the 11ght Although malate
~1is obviously not directly converted'to.glucan, CAM p]ants may have the
abi]fty to convert pyruvate or PEP to cdrbohydréte via a gluconeogenic
éequence "The early data of Varner and Burrell (1950) and Haidri (1955a)
however, are based on long term feed1ng experiments in which the flow |
of carbon through intermediates was not studied. ‘These data need to‘
v‘be confirmed_and’expanded. CAM plants also appear to have the capacity
‘to oxidisé at least a proportjon of the carbon via the TCA cycle, this
capacity.neéds to be investigated with relation to,any gluconeogenic

' capatity.

1.3.2 Aim of thesis and WOrking.hypOthesis |
| In the f0110w1ng d1ssertat1on I sha]] attempt to test the hypothes1s
that CAM p]ants convert the bu1k of the pyruvate and PEP formed dur1ng

deacidification directly to glucan via a mechanism akin to gluconeogenesis.

~ This hypotheéis, presented_in the schemes in Figure 1.7, suggests that

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



Figure 1.7 Possible pathways of byruvate_and PEP metabolism in malic enzyme
and PEPCK CAM plants during deacidification (Phase 3) in the light.

The thickness of the 1lines represents the proposed relative
activities of alternative processes. Broken lines represent
processes of uncertain significance.
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will depend on the relative activities of pyruvate kinase, which is
present in 1ow activities in X. daigremontiana (Sutton, 1974, 1975b),
band pyruvate, Pi dikinase, which is present in 5Q6 fold higher activities
in K. daigremontiana (Kluge and Osmond, 1971; Sugiyama and Laetsch, 1975).
The schemes also predict that PEP carboxy]asevmuet eithen be inactivated:
or compartmented away from the site of,PEP formation to prevent a fUti]e
cycle, and that the g]yco]ytic enzymes are capable of converting

PEP ————4-glucan,

In PEPCK plants the carbon flow will depend upon the re1at1ve act1v1t1es
of PEP carboxylase, pyruvate kinase and enolase a]] of which are
cytoplasmic and use PEP as a substrate.» If pyruvate, Pi dikinase is

present in these plants it may well reverse any pyruvate kinase activity.

The metabo11sm of pyruvate and PEP in the 11ght w111 be 1nvest1gated
in deac1d1fy1ng tissue slices from malic enzyme and PEPCK CAM p]ants
In1t1a11y, it w111 be shown that.the tissue slices behave, in terms of

d their malate content deac1d1f1cat1on capac1t1es and ]4C02 aesimilation‘

' capac1t1es and products, s1m11ar1y to intact t1ssues The tissue siice
system will then be used to examine the short term 1abe11ed‘products
'tfdnned from the metabd]ism'of.various]y-1abe11ed 14C-pyruvate during
deacidification in the 1ightt Figure 1.7 predicts that, if gluconeogenesis

]4C-pyruvate'wi11 be rapidly |

occurs in CAM p]ants poSsessing malic enzyme;
converted to glucan via phosphorylated compounds. TCA cycle ac1ds w111
be the initial products of incbrporation_of ]4C pyruvate by the m1tochondr1a. H

The rate of mitochondrial '

C02 evolution, and thus*ref1xat10n by RuP2
carboxylase, will depend upon the position of the label in the pyruvate.

~In PEPCK p1ant$, the conversion of exogenously labelled pyruvate to PEP will
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depend on the presence of pyruvate, Pi dikinase which has not yet been

- observed in any of these species.

The metébo]ism of ]4C-pyruvate in C3 and CAM M. crystallinum will
also be studied. Just as'one‘might'expeCt differences.in the capacity
to.metéboiise byruyate,,and possibly also differences in the pathways
 or pyruvate metabolism, between m&lic eniyme species Wh1Ch'produce 
pyruvate‘during deacidification‘and PEPCK plants which produce PEP,
one might pbssib]y expect similar differences in the.metabo1ism of‘pyrqvate

by C3 and CAM M. crystallinum plants.

'A survey will bélpresented of the capacities of,varjous enzymés
~involved in cafbbxy]ation, decarboxylation, and‘pyruvate and PEP‘metabo]ism
as»we]] as the éapacities of the véfious glycolytic enzymes to dperate

:in a’91UConeogenic direction in several malic enzyme plants, PEPCK -

plants, andiin Cq and CAM Mesembryanthamum. ThEMSQrVey will be used to
dembnstrafejthé capacities of the varibus_experiméﬁta]‘fissueé to‘convert7

pyruvate and PEP to glucan,
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CHAPTER 2 THE METABOLISM OF PYRUVATE, MALATE AND CO2 DURING DEACIDIFICATION

2.1 Deacidification in Intact Tissues and in Leaf Slices
2.1.1 Introduction |

If one is to usevleaf slice data to exp]ain’eveﬁts Which occur in
intact tissue it is necessary to show that, under the.experimental cdnditions
used, the leaf slices behave in a similar manner td intact tissue. Recent
studies, using acidified leaf slices of BryophyZlum tﬁbifZOrum, KaZanchoe
daigremontiana_and K. biossféldiana have shown thaf malate eff]ux’increase;
exponent1a1]y with inCreasing washing time (Kiuge and Heihinger, 1973),
. decreases with increasing osmotic pfessure df the external medium (Luttge :
- and Ba]],'1974a, 1977 Luttge et al. 1975, 1977), but is insensitive_tO‘
light (Liittge and Ball, 1974a; Liittge et aZ., 1975), independent of the pH
of the extefna] medium between pH 4 and pH 8, and is insensitive to FCCP
an uncoupler of .oxidative and photophosphorylation (Littge and Ball, 1977).
In contrast, deacidification is light stimulated and dependent Upon;the |
’;1ssue malate content, butvis 1ndependént of ‘change in the_bsmotic pressure

of the medium.

Ih this section the rates of deacidification in the Tight, which should
- be stbichibmetrica]]y‘relatedsto.pyruvate‘production in ma]fc.enzyhe.CAM |
vp]antﬁ, are examined in leaf slices and 1h’1ntact tissue from severa1‘CAM‘

énd C p]antév The effect of vary1ng both pH and osmot1c pressure of the
~external medium on deacidification and malate eff]ux in ac1d1f1ed

K. da$gremonttana leaf s11ces is a]so br1ef1y investigated.

2.1.2 Materials and methods
2.1.2.1 Experimental material
Aloe arborescens (Figure 2.1A), BryophyZZum tubszorum(F1aure2 1B), and

'Kalanchoe datgremontzana(F1qure2 ]C)were grown from p1antlets and Stapelta ‘



Figure 2.1

A.

Aloe arborescens

‘Bryophyllum tubiflorum

Kalanchoe daigremontiand

Stapelia gigantea

Hoya carnosa
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gitgantea Figure 2.1D) and Hoya carnosa (Figure 2.1E) were grown from stem

cuttings, under natural light and daylength in a glasshouse.

v The plants were placed in a growth_cabinet (10 hour day, 400 peinstein
m2 571, 23°C, 60% relative humidity/14 hour night, 17°C, 75% relative
| humidity) at least 10 days béfore experiments were to be performed, and

‘were watered'daf1y'and,given.nutrient solution (3% strength Hoég}ands) three

times a week.

Mesembryaﬁthemum Was grown from seed in a greenhouse. The seéd]ings
were watered daily. After abdut 3 weeks seedlings, which werebselected for.
_'their heaithyAappearance and uniformity of size, wére trahsferred to a
growth cabinet (12 houf-day,z400 ueinsteih m2 S;], 25°C, = 60% relative
_ humidity/]Z;hour hight, 15°C, = 75% felative'hUmidity) and were grown in
water culture. The culture medium contained 3 mM KNO3, 2 mM4Ca(N03)2;

0.5 mM NH4H2P04;vO.5 mM (NH4)2HPO4, 0.5 mM Mgso,, 12.5 uM HyBOs 1 UM

| MhSO4, 1vquZnSO4, O,25vuM CuSO4,:0.25'uM\H2M004. 10 uM FeH,-EDTA and 100
mM NaCl (modified after Johnson, 1957).- Each pot was aerated and contained

5 pTQnts in 6 litEeS'of'nutrient medium whichvwas changed‘evéry 7 days.

When the plants wefé aont 7 weeks old the NaCl concentration was increased

invsome‘boté in dai]y steps of 50 mM to a final concentration of 400 mM.

Tis§ue was not used for experimenté until aﬁ.least 7 days'after‘the

plants had been .in 400 mM NaCl.

Plants gfown in 100 mM NaCl exhibit charatteristics o‘f,C3 photosynthésis'
| whilst plants grown in 400 mM NaCl fix substantial amounts of carbon in
the dark and exhibit the large day/night'ma1ic acid fluctuations charac-

R teristic‘of‘CAM’p1ahts (Winter and Liittge, 1976b) .- Consequently for
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convenience, 100 mM NaCl grown Mesembryanthemum will be called C, Mesembry-

 anthemum -and 400 mi NaCl grown plants will be called CAM Mesembryanthemum.

Spinach was grown hydroponically in full sthength Hoaglands $o1ution

under natural Tight and daylength in a greenhouse.

2.1. 2 2 Preparatton of leaf sZtaes

The age of the exper1menta1 t1ssue varied between spec1es due to
’ differences in growth rate, growth med1a and in growth habit. As a
nconsequence:the tissue used in these studies was standardised for each
species as fo11ows |

AZoe arborescens - The th1rd to sixth phy11odes were used The basaT
1 cm and the thorns were discarded. Each leaf was then cut laterally and
the adher1ng water t1ssue was gent]y scraped away us1ng a scalpel.

' Bryophyllum pinnatum The th1rd and fourth fully expanded 1eaf pa1rs

WWere used. The midribs and 1eaf margins were discarded.

BryophyZZum tubtflorum - The fourth to tenth whorls were used

N Hoya carnosa - Fully expandedvgreen ]eavedﬂfromﬂanywhere along the

,Vine, except the basal leaves, were used.} The midribs and leaf margins were
discarded » |

Kalanchoe. daigremontiana - The third and fourth fully expanded 1eaf
pairs were used. The m1dr1bs, leaf margins and 1ower epidermis were
removed. |

Mesémbryantﬁemum erystallinum - The third andvfohrth expanded foliar
| 1eeVes were used from both'C3 and CAM Mesembryanthemun (cf. Winfen, 1973a).
The midribs Were‘discarded. - | | |
| Spinacea oZeracea‘(spinach) - The second fully expanded leaf pair was

used. The midribs were discarded.’
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Stapelia gigantea - The tissue between about 1 cm below the tip and
1-2 cm above the base of actively growing stems was used. The central

| pith was carefully removed using a scalpe1.

Transverse slices of the above tissues (approximately 0.5-1 wm .-
thick and 1-1.5 cm long) were placed, as they were sliced, in a petri dish |
‘ containing'SO mM HEPES-NaOH pH 7.5, 0.1 mM?CaSO4}anﬂgtgﬂdﬂannito] (0.6°M
mannitol in the cases of spinach and CAM M@sembryanthemum[(Winter, 1973&). The
s]ices_were then dried on paner towelling and placed in preweighed 15 ml glass
vials (0.6-1 g'tissue per vial). The vials were quickly reweighed and |
3.0 ml of a suspension medium was added before sealing with Nescofi1m.
The medidm_consisted of either 25 mM HEPES-NaOH ka7.5.or125'mM MES-NaOH pH 6.0,
0.1 mM CaSO4 end_varying concentrations of mannitol (precise contenté‘
are given in the»appropriate figures). R
| 2.1.2.3 Malate estimatton " . »

After appropriate i]]umination the tissue was quickly washed with
H,0 and then extracted for 10 minutes in boiling 20% EtOH. The supernatant,
- was decanted and the t1ssue was re- extracted in bo111ng H20 for a further
| 10 minutes. The supernatants were then pooled. If, in leaf slice
exper1ments, the ma]ate content of the suspension med1um was to be
‘measured the H20 washings were added to the suspension med1um wh1ch was
then boiled for 5 minutes, cod]ed and stored_frozen until required for<the

‘assay.

Titratable acidity was determined by titrating the pooled super-
natants againSt 50 mM KOH to an endpoint of pH 7.3, .Acidity‘wastexpressed"

as pequivalents g'1 fresh weight‘(z pequivalents = 1 umole malate).

Malate was determined'enzymatically using the method of Hohorst (1963).



44

2.1.2.4 Chlordphyll estimation

Intact tissues or leaf slices (1 g) were ground with a known vo]ume.
of 100% acetone in‘a glass homogeniser. The extract was transferrgd to a
centrifuge tube and spun for 5 minutes at maximum‘speed (about 4,000 rpm) o
in a MSE benchtop cehtrifﬁge. The supernatant was decanted,}and made up

to ‘80% acetone with HZO'

The absorbance spectrum was measured usfng a Varian éeries 634 dual
beam spettrothtometer, and chlorophyll content was calculated using the
following formula (Arnon, 1949): |

(20. 2 X 00645 +.8.0 x 0D x V-

663)

= chlorophyll content (mg chl g fwt‘])'
1000 x W : , :

where V = total volume of extract in ml and W = weight of tissue in- grams.

. 1 3 Results and discussion : -
Day/night fluctuation of t1tratab1e acidity, a character1st1c of CAM
: fissue, was observed in intact tissue from all plants used 1nhthese
studies Wifhufhe exception of Cq Mééeﬁbryanthemum and épinach (Figure 2.2A |
and B). Net ma]até consumption in the 1ight py 1eaf_s11ce§ of acid{fied ‘
A a?bérescens, B. tubiflorum, K. ddigrem&ntiana, S. gigantea -and CAM
| Mésembryaﬁthémﬁm “tissue is shown in Figures 2.3A and B and_2.4. The
“malate content of the C3 Mesembryaﬁthemum and spinach s]i;es’was Tow
throughout every experiment ard in fact tended to increaSe slightly with
exposure to 11§ht (Figure 2.4). The deckeése in’tissueAmalate content
observed in the CAM tissue Waé due to the in vivo consumptfdn of malate

and not due to efflux of mé1ate into the bathing medium (Figures 2.3A and B).



Figure 2.2 A.

DiUfna] variation in titratable acidity in intact leaves of

three NADP ME CAM plants: Bryophyllum pinnatuym B ——%

Bryophyllum tubiflorun @ —— o , and  Kalanchoe daigremontiana
o — o. ’
Diurnal variation in titratable acidity in intact Teaves of

three PEPCK CAM plants: Aloe arborescens E—8 , Hoya
carnosa & —— 8, and Stapelia gigantea 0 —— 0. The Aloe

‘and Stapelia data have been corrected for the presence of

water tissue.

A1l points are the means of duplicate samples.
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Figure 2.3 A. Change of malate content in acidified Kalanchoe daigremontiana
leaf slices,and in the bathing medium (broken 1ines),under
 different osmotic and pH conditions. ‘

0 M mannitol, pH 4.0 — o
0 M mannitol, pH 6.2 e —e
-0 M mannitol, pH 7.50—o0

0 M mannitol, pH 6.0 A— A

0.1 M mannitol, pH 6.0 o—0O
0.3 M mannitol, pH 6.0 B—m

B. Change of malate content in acidified leaf slices,and in the
bathing medium (broken Iiné))from the three species of CAM plant.

Aloe arborescens 0 M mannitol, pH 6.0 e —o
Aloe arborescens 0 M mannitol, pi 6.0 o —o0
Aloe arborescens 0 M mannitol, pH 6.0 ®—m
Aloe drborescen._s 0 M mannitol, pH 6.0 O— o
Aloe arborescens 0 M mannitol, pH 6.2 o —o
Stapezfa gigantea 0 M mannitol, pH 6.0 4A—a
- Bryophyllum tubiflorum O M mannitol, pH 6.0 A— A

The‘positfon,H on the mantissa denotes malate cbntent of intact
tissue at time of harvest. '

A11 data points the mean of either ddp]icate or triplicate
samples. v o
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Figure 2.4 Change of malate content in leaf slices of 100 mM NaCl grown'dr

C3 (m—m), and 400 mM NaCl grown or CAM (e — @) M. crystallinum,
and in Teaf slices of spinach (A—a).

ATl data.point are the means of duplicate samples. The position
H on the mantissa denotes the malate content of intact tissue at the
time of harvesting.
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In Teaf slices from Kalanchoe, malate conshmption and efflux are not
affected by changfng the pH of the eXterna] medium from,bH 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 phessure of .the external medﬁum :
on malate efflux observediin these experiments do not necessarily contradict
the observations-of:LUttge and his co-workers (Luttge and Ba]jg 19746, 1977a)
as, in theirtstudies, malate efflux across the -plasmalemma may have been
' artiftcia]]y stiﬁU]ated by washing the s]ices in a‘]argé extérna] agueous
hphase In the present studies the volume of the bath1ng med1um was purpose]y

14

kept: very sma11 because I wished to feed '"C intermediates of the maximum

possible specific activity in later experiments.

-In}a subsequent study, LUttge,‘Ba11 and Greehyay_(1977) heasured
malate eff]ux_froﬁ leat slices in meqiahgontainihg 0 and -5 bar mannitol,
a s]owﬁy permeating'osmotieum which affects both water and turgor potential,
or -5 bar ethylene glycol a rapidly permeating osmoticum which changes water.
pptential'but onjy tranéiently;effects turgor potential. Malate efflux
which occuhhed ét O'behWHsfhdlted‘byvmannitelyat -5 bar but not by
ethylene glycpl.:'The authors eohcludeaﬂthat malate efflux depended on
tufgbr”petentialvon1y, not watehlpbtentia] -Moreover, eff]ux was a function
- of the turgor at any one time i.e. transient f]uctuat1ons in turgor

potent1a1 cannot. act as a tr1gger for longer term changes in ma]ate eff]ux

‘g‘The initial 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,ﬁTeaf‘ .
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shading, the exact time of harveéting, and the time taken between
harvesting the tissue and beginning each experiment. In AZoe and, in
particular, Stapélia, the initial tissue weights varied depending upon

the amount of water tissue still adhering to the slices. Nevertﬁe]ess,

as shown in Tab1e 2.1, the.average maximum rates of decarboxy]atfon by leaf
v‘s1ices,were similar to, or more often higher than, those obsered in intact
tissue. These higher rates are most ]ike]y due to the higherAIight
1ntensity.used in the in vitro experiﬁents. In the 1edf slices from CAM
~tissue the'maXimum rates of decarboxylation are the rates observed over
the first 40-t0 60 minutes of each experiment. Invbbth intact tissueé

and 1eaf,slices;.the rates of decarboxylation cohstant]y'decreased‘with
decreasihg'internal malate content and increasing time of exposure to
Tight. This‘agrees'with the observations of Denfus'and Hdmann (1972) that
photosynthe‘tj’clo2 production by Aloe ‘1éaf slices is Tinearly related to .

- tissue malate content.

The préceding data suggésts fhat‘malate decarboxylation-is not,v
affected by the'ménnitol concentrations or pH‘S of the’external media used
~in this study. It does not necessarily fo]]ow,ihoweyer,'that the
consﬁmption of the products of malate decarboxyiation; that is,-COz_and
the re]evahf 3 carbon compound (s), are nof affected. For,exémp]efdohes
(1973) observed 15% inhibition of ]4C02 fixation by 0.3 M mannitol in leaf

~ slices of cotton, and variation in the products of 14

CO2 fixation.have been
reported in spinach leaf slices in media of different pH (Bﬁcher and Kluge,
1977) and in X. daigremontiana leaf slices in media of_varyfng oémotic.

pressure (Kluge and Heininger, 1973).
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2.1.4 .Conclusions

Malate decarboxylation occurs in acidified isolated Teaf slices at
rates similar to or higher than those observed in,intact'tissue."The
higher ratee are probably due to the high Tight intensity used in the
.1eaf slice experiments. In contrast te many reports in the Titerature
no significant malate eff]uk was observed from leaf s1fces suspended in
‘media of Tow osmotic pressure. This is most likely due to the higﬁ

~tissue to volume ratio used in my experiments.

During periods of maximum deacidification, assuming a stoichiometric

production of‘pyruvate or PEP from malate, Kalanchoe daigremontiana and

Bryophyllum tubiflorwm produce about 45 umoles pyruvate mg chl”] hr'],‘

Aloe arborescens and Stapelia gigantea produce about 100-110 umoles of

] hrf1,‘and CAM Mesembryanthemum

=1

PEP»(and:possib1y pyruvate) mg chl™
produces‘about 26 umo]es pyruvate mg,chl'] hr These rates ere
.certain]y minimum estimates as one would expect éhai under natural
‘ cohditionevof high sun]ight and high day temperatures deacidificetion

rates would be increased.

“Although conventional malate decarboxylation occurs in leaf slices
this does not neeessari]y imply that the pyruvate and CO2 consumption
mechanisms are funetioning similarly. This will be one of the prob]ems

investigated in the next section.
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2.2 Metabolism of '"C0, During Deacidification

2.2.1 Introduction

The rates and pathways of CO2 production and consumption in the

1ight’1n CAM tissue are functions of the tissue prehistory, tissue malate

; cdntent, PEP contehtration, stomatal resistance, 1ight_inténsity, and the ;

relative activities of the two carboxylases and the decarbbxy]ases_which
reside Tn each cell. It is nevertheless possible, as desdribedvin‘ o

Section_].?, to recognise 3 distinct CO2 fixation phases in the light.

14

In this section, COzlfixation during the deacidification phase (Phase 3)

~ will be examined in acidified Kalanchoe and Stapelia leaf slices. Some

data on dark fixation by deacidified Teaf slices will also be presented for

comparative purposes. To the best of my knowledge this is the‘first time

that ]4C02 fixation in the light has been reported in PEPCK CAM plants.

A study of the products of ]4602 fixation during deacidification in

leaf slices may

1. Indicate, by comparison WitH the products of ]4C02 fixatiqn in

’deacidifying'intact tissue, whether the.CO2 consuming pathways in leaf

slices are functioning'similarly to iﬁtatt tissue.'b ,

2. Indicate whether NADP malic enzyme and PEPCK CAM tissues have
similar COZ-fixing péthways during deacidificatioh. —
| 3. Shbw whether the rates of'COZ_fixatiOn’are adequate td fix the
»COZ produced during deacidificatjon.i' - |

4. Indicate, by the distribution of label among 14

C labelled products,
the relative in vibo actiVity of'PEP carboxylase duringideacidification.. 

If any malate is formed one shoqu 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 diyersion 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 Materia]é‘dndkmethods
‘2 2. 2 1 1400 Zabelldng and extraetion
Plants were grown and leaf slices prepared as descr1bed 1n Sect1ons
2.1.2.1 and 2. The leaf slices were,suspended in 3.0 m] of‘a,med1um conta1n-
ing 25 mM HEPES-NaOH:. pH 7.5, 0.1 mM CaSO4Aand 0.25 M mannitol.  The
Eea1ed via]s‘containing the slices were preincubated for 10 minutes at
room temperature in a shakerV(abCUt 100 strokes per-minute). The vials
~weré illuminated with a quantum flux density of 1,200 ueihstefn‘m'z 57!
at vié1'top height by a Philips 1000 W.HPLR high pressure mereury
fluorescent 1ahp>shjning through 5 cm of water. Dark labelling R
~ experiments were performed in d'dark room. - Light, which was necessary
| for experimental manipulations,. was prdvided by a torch fitted with a‘
"green filter. Tissue in contro] flasks was killed by bo111ng for 2- 3

-minutes pr1or to pre1ncubat1on

After pre1ncubat1on 30 umo]es NaHMCO3 (usua11y about 1.4 x 10°

‘dmo]e ) in 0.1 ml was injected into each vial to give a f1na1 NaHMCO3

dpm

~ concentration-of 10 mM. The tissue was removed from the v1a1s.after15

appropriate interva1s; and plunged into 20 ml of boi]ing'SO% EtOH. About
10 to 15,seconds.e1apsed between removal of the sliees from the vials .
and killing the tissues. ‘Durihgvthis time the tissue.waSrexposed to‘1ow
laboratory 1ight‘cond1tions. When the volume had ha1ved,the'extréction-
“medium was made dp to 20 m1 with H20'and boi]ed‘again for 5 minutes

- Ten-Broeck
before being ground in a 15 m% %ass homogeniser and filtered under
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vacuum through glass microfibre filter paper (Whatman GF/C, 5.5 cm).
The residue was washed with hot H,0 and then with EtOH before drying
and counting. The filtrate was dried in a rotary evaporator at 33°C énd‘

resuspended in 10% isopropanol.

In experiments 'in which the labelled products were identified by
‘papér'Offby thin layer chromatography, the'fi1trate’was éxtracted“wjth
ch]oroform prior tO‘rotary evaporation as described in Sectfoh 2.3,2.4.:

A flow chart illustrating the extraction procedure 1is giveh_in Figure 2.5.
2.2.2.2 Ibﬁ exchange chromatography }

Thé resuspended extract was passed through a cation<coiumn (7 em x
0.5 cm diam, Dowex 50W 200-400 mesh, hydrogen form) and an anion co]umn
o (5 cm x 0.5 cm diam, Biorad AGl x 8 200-400 mesh, formate form) breparéd

as follows:

Cation column.: The resin‘was thoroughly washed two.to fouf times _
with 10-20 bed volumes of H,0 and stored 1in ZNvHC1 at 4°C_ahti1 required.
‘The resin was then brought to room temperaturé, pipbetted info_cofUmns |
~and washed with aboUt 5 volumes of H,0 and 5 volumes of 2N HC1. .The'

columns were then washed with H,0 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 HCl.

The anion columns were attached to the bottom of the cation columns _
with tubing and the air space between the columns was filled with‘HZO. ‘

The tissue_éxtract was passed through the connected co1umns f011owéd by



Figure 2.5 A flow chart illustrating the time taken to harvest the leaves,
cut the Teaf slices and to label and kill the tissue. The

chart also illustrates some of the following steps involved
in extract1ng the Tabelled metabolites.
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7 ml H20. _Thé cationtco1umns were then disconnected and the anion columns
were washed with a further 3 mil H 0. The eluant conta1ned sugars and -
other uncharged compounds. Am1no ac1ds and other bas1c compounds were
eluted from the cation columns with 10 ml of 10% (v/v) NH4OH._ Organic
acids and phosphory1ated compouhdsvwere e1uted from the anion-co]umns

‘with 10 m1 6N formic acid and 10 ml 2N HCI réspective]y. Whenever chrOma;_
tograph1c separat1on of phosphory1ated compounds was requ1red the
phosphory]ated compounds were e]uted w1th 10 m1 of 15 N formic ac1d since
HC1 salts, formed during subsequent rotary evaporation, caused tailing

of chromatograms. 14

C was measured in samples from the initia] and the
eluted fractions, and occasionally the resins were also checked for any

non-eluted radioactivity.

| 2.2.2.3 Paper and thin layer chromatography

When necessary the ion exchange fractions were rotary,EVaporated;
resuspended in 200 ul 10% (v/v) 1$opropona] and separated and identified |
using one or more of the following chromatographic techniques: |

Amino acids (A) Two d1mens1ona1 ascending paper chromatography
with 1 MM or 3 MM Whatman paper (10 cm x 10 cm). The papers were run for
3 hours 1n.the.f1rat dimension 1n'EtOH/NH40H/H20 (4:1:]) and:forabout 3
hours in the sccond dimension in diethyl ether/formic acid/HZO (7:2:1)
(Osmond, 1974). J(B)' One.dimensional dcscending paper chromatography‘usihg
Whatman 1MV or73 MM paper (46 cm'x 57 cm) inbacétone/triethylamine/HZOc“

:(16'3‘]) for'7-8 hours (Wright and Stadtman, 1956). (C) One dimensional

'_ thin 1ayer chromatography Merck pre]ayered HPTLC F254'si1tca 60 plates

:were run tw1ce for about 6 hours in a n- propano]/NH40H (7:3).
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Organic acids and phosphorylated compounds. (A) See solyent
systém A above. (B) One dimensional descending'paper chromatography
-using Whatman T MM or 3 MM paper (46 cm x 57 cm) (Walker, ﬁ957).
Tertiary amyl alcohol, formic acid and water (3:1:3) were mixed in a
separating column and allowed to stand for 4-5 hours. The 1dwer phase
was decanted and.p]aced 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.r (C) One\dimEHSTOhaI‘thin layer
,chrohatography.  THin layer blates (10 cm x 10 cm) were spread with
a 0.3 mm layer of cellulose (15 g Machery and Nagel MN300 cellulose
homogenised in 90 mT:HZO. ApproXimaféTy 20 m1 per p]atejand driéd.for
2-3 days at room.temperature;-ﬂlep1ates wéfe run twice for 6-8 hours
in the same direction in a solvent mixture cOntainiﬁg 33% (v/v)
NH4OH/n-propanol/isopropahoi/n—butano]/iso-butyriC'acid/H20
(4:]4:3:35100:38) and EDTA (0.3:9 1'] solvent) (Feige et al., 1969).

‘ Sugaré; (A) .See solvent (a) for amino acids. (B) One dimension
descending paher chromatography using Whatman 1 MM or 3 MM paper
(46 cm x 57'cm)‘tw1cé for 20 ﬁouks in butanol/pyridine/H,0 (10:353)‘.,
(Hough and Jones, 1962). - | '

2.2.2.4"00Z0ugimetrié detection
The following Sprays were‘used‘tO'identify noh-radioactive

chromatogram spots. | |

| Amiﬁo_acids; A ninhydrin spray was preparéd containing 28 ml
acetie acidvand:] g ninhydrin made up to 400 m1.with acetone. The
chromatograms were lightly spréyed and dried fok’iO minutes in a fume
hood. They were then placed ‘in én oVen.and.heated‘at 70°C until the
‘spots had developed their full colour. Amino acidS‘showed:up_as purple,

»b1Ue, yellow or bkown'spOts on a whité backgrbUnd.



54

Organic acids. A commercially prepared bromocreso]l green spray
(Merck) was used. Organic acids appeared as blue or yellow spots
against a green baékground. | ‘.
Phosphorylated comp&unds. A modified Hanes-Isherwood Reagent
(Aronpff, 1961)}was uégd. The spray consisted of 1 g ammonium molybdate
dissolved in 8 ml H,0 containing 3 ml concentrated HC1. 3 ml of 70%
perchioric acid was~thenﬂadded and the solution was made up to 100 ml
with acetone. Theléhromatogréms weré’11ght1y sprayed, dried at 70°C -
v‘for 5 minutes,ahd developed for % houk under U]traviolet 1ight. Organic
phosphates shpwed up as dark blue spots on a 1ight'bIUe.background. ‘This
spray affected the chroﬁatograms by making the.paper‘very_fragi1e.
'isugafsi Two sprays were used. In the first spray 20 ml of 10%
(w/v) ammonium{mo]ybdate was added to 3 ml of coricentrated HC1. The
soiution was shaken and 5 g of NH,Cl1 was added. The chromatogram was
Vsprayed lightly and heated for 20-minutes at 70°C in_ the dark. Sugars
~ showed up as blue spots, phospﬁates as yellbw spots and phdsphory]ated
reducing qompbunds werefgfeeh‘ In the second sbray 1 g p-anisidine
and 3 g trichloroacetic acid was dissolved in 70% EtOH. The chromatograms'
were SprayedAand heated ét'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 onvthé corners with radioactive ink |
(Indian ink}with_added Na36C1) and laid face down'on:sheetslofveithér
Kodirex or I1ford Rapid R fypef;ZS Fw'x-ray film. Each chromatogram was
separated by a cafdboard spacervand_each b1o¢k:of chromatogréms was
covered by‘a wooden board’ahd stored in a deepjfreeie for 2-3 weeks."

_ The films were then_deve]oped, the ink marks on the chromatograms were
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aligned with the corresponding marks on the film, and the positions
of the labelled compounds were marked on the chromatograms. The spots
were then removed and either counted in non-aqueous fluor or eluted

and rechromatographed in another solvent system.

Spots on chromatograms that contained large amounts of ]4C were
identified using a étrip'counter o *T(Berthold; DUnnschicht-Scanner I1).
- 2.2.2.6 14C_determinations‘

o “Two scintillation fluors were used, one for aquéous samb1es
(5 g PPO 1f] toluene/triton x 100 (2:1)) and one for non-aqueous samples
(5¢g PPO 1'].t01uene).' whén aqueous samples wereHCOuntéd;l ml of samplé,

was added to 9 ml fluor.

'Amino acid fractions, which contained 10% (v[v)_NH40H,'and
chloroform samples caused strong quenching. This was overcome by
drying the samples on filter paper and counting the filter paper in

the non-aqueous fluor.

Samples were counted aftér 15 minutes dark storage in a scintillation
counter (Nuclear Chicago Delta 300). Quench curves were constructed for
Aeath sample type'ahd'f1uor and all ]4C measurements were corkected for

machine counting efficiency and sample quenching.

2.2.3 Results and discussion
» ' 14

The incorporation of '°C0, in the Tight by deacidifying

K. daigremontiana and S. gigantea leaf slices was linear (Figure 2.6).

1

The rates, of about 80 umoles CO, fixed mg chl” el in RaZanchoe
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Figure 2.6 A. CO2 fixation by acidified Kalanchoe leaf slices in the Tight
0 e——-o; and deacidified Kalanchoe Tleaf slices in the dark
o —— 0. ‘ ‘
8. '"co, fixation by acidified Stapelia leaf slices in the light
0 — 0, and deacidified Stapelia leaf slices in the dark
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and about 110 pmoles mg chl-] hr'] in Stabelia, are more than adequate
to account for the refixation of all the 602 produced during the periods

of maximum deacidification in leaf slices from both specieé (viz = 45

-1

umoles mg chl'] hr™' for Kalanchoe and = 100 umoles mg ch]'l hr']‘for

Stapelia). These rates are minimum estimates since the specific activity

14

of the -COZ Wi11 most Tikely be reduced due tovdilution of the labelled

:CO2 by unlabelled CO2 produced during deacidification The rates of
dark ]4C02 f1xat1on by deac1d1f1ed tissue.were only s]1ght1y Tower than

the light rates (F1gure 2.6).

Although Stapelia exhibits higher rates of light and dark 4CO
14

2

fixation on a chlorophyll bas1s the_d1str1but1on of "'C in 1abe1]ed products

was similar for each‘treatment in both species'(Figures 2.7 and 2.8). The
ttprincipa1'1abe11ed products in both species after 2 minutes 14CO2

vexposure in the~1ight were phosphory]ated.compoundsAand~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
' 14

CO2 was fed to deacidified

of the 1abe1,tn Stapelia. In contrast, when
' Kalanchoe ahd'stapelia lTeaf slices in the dark the drganic 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 assimi]atedv1abe1'in‘the carbo-

| hydrate fraction increased With eXpoSure time so that,after 40:minutes,

85% - 90% of the tota] label in both specwes was in the carbohydrate
fract1on, 5% - 10% was 1n phosphory]ated compounds, 3% - 5% was in

14

torganic acids and on]y about 1% was in amino acids. The amount of ~'C

in the organic acids appeared to be close to saturationafter 40 minutes.



Figure 2.7 A. Distribution of ''C in products of 1ight ]4C02 fixation by
‘ deacidifying Kalanchoe leaf slices. o —— @ sugars plus

starch (carbghydrate), o — o phosphorylated compounds, A—a

14

organic acids, W——M® amino acids.

B. Distribution of ]40 in products of light 002 fixation by
deacidifying Stapelia leaf slices. & — o sugars plus
starch (carbohydrate), o — o phosphory]ated,compounds,
A——aorganic acids, m——mamino acids.
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‘ Figure 2.8 A.

Percentage distribution of ]4C in products of 14002

-assimilation in the .Tight by deacidifying Kalanchoe leaf
'slices: o — o sugars and starch (carbohydrates), o — o

phosphorylated chpounds, A — A organic acids, p—
amino acids.

Percentage distribution of ]40 in products of 14

CO2 assimilation
in the light by deacidifying Stapelia leaf slices. o — 0
sugars and starch (carbohydrate), o — o phosphorylated compounds,

A — A organic acids, m——m amino acids.
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Figure 2.9 A.

Percentage distribution of ]40 in products of dark 14C02

incorporation by deacidified Kalanchoe leaf slices & — o
sugars and starch (carbohydrate), A — A organic acids,
m—M amino acids. ’ '

Percentage40f T4C in products of dark ]4C02 incorporation by
deacidified Stapelia leaf slices # — o sugars and starch

(carbohydrate), A —— A organic acids, m——m amino acids.
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Howevér;a closer examination of the 1abé] in indiyidual organic acids
fn KaZaﬁchoe'(Figure 2.10) shows that although the amount of_]4C in‘
malate had'saturated, the amount of label in citrate and {Socitrate
was slowly increasing, and the amount of 1abe1‘in fumarate and
succinate was increasing rapidly. Only aboﬁt 1% of thé ?4C fn the
acid fraction of dark labelled Kalanchoe was in fumarate and succinate
'after 40 minutes'compared with about 45% (equivalent to 1.3% of the
total carbon fixed) in 1ight exposed tissue. |

In Xalanchoe s11ce$,a1énine_was the majbr Tight labelled aﬁino
acid after 5'm1nutés expoSure,'and wheréés the amount ofﬁ]abe] in
- aspartate/glutamate saturated after about 5 minutes.and the amount in
u g1yciné and serine only slowly increased,the émount in a1aniné COntinued
to increase_]inéar1y for at 1ea$t 45_m1nutes'(Figure‘2.11). Aspartate/
_ g]utahate wére'the majdr dark 1abe]1edvamiho acids in deacidified |
‘Kalanchoe slices and after'Svminutes exposure contained almost 400

1

nmo]esi14c mg'ch1;,fwhich'was about 88% of theilabel in the amino -

acids fraction.  The remainingv50 nmoles mg ch1™! was in-a1ah1ne.»‘

The}émount-ofjlabe] in aspartéte/glutamaté steadily declined however

14 1

and after 30 minutes exposure contained only;250 nmoles ' 'C mg chl .

In contrast the jabe14ih alanine steadily increased until after 30

14 1

minutes alanine contained about 140 nmoles '"C mg ch1™'. No label vas

‘detétﬁed in glycine and serine in the darki

| ,':In'bbth«speties the distribution of,]abe1'ih the 1ight amongst the. :
various metabolites is very similar to that reported by K]uge_(1969c)
for detached deacidifying‘bhyTlodes'Qf‘B. tubiflorum, and by Osmond and

Allaway (1974) in pulse chase experiments with the Csuplant,AtripZex
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1 . . ' . . .
4C in various: organic acids during

F1gure 2. 10 Distribution of CO2
assimilation in the Tight fixation by deacidifying Kalanchoe
leaf slices. o — o malate, o0 — o citrate, plus isocitrate,
A — A fumarate and succinate.
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Figure 2.11 Distribution of‘]4C in various amino acids during 14

co
assimilation in the light by'deacidifying Kalanchoe 1e§f slices
(dpen symbols) and during dark by deacidified Xalanchoe leaf
slices (closed symbols). o —— o0, & — e aspartate plus glu-
tamate, 0— 0 , B—m alanine,vA —— A, A—— A glycine

plus serine.



30 40 45
EXPOSURE TIME ( MINUTES )

20

10

3
S O
| ~
A_.._u Buw mm_oE:v

SAaidv OZ_<<<_Z_ U#—H_O ZO_._.Dm_m._.w_Q

400
300



58

- patula and with deacidified Kalanchoe daigremontiana leaf strips under-
going steady state photosynthesis. In both these studieé phosphorylated
compounds and sugars were thevmajor ]abe11ed metabo]ifes and Tittle label
was observed in malate, citrate and in the amino acids. The authors
concluded that RuP2 carboxylase was the principa1’carb0xy1at{ng enzyme.
That is, in the case of the CAM tissue; PEP'carboxylase was in some way
Ainhibited dr PEP-was Timiting. Another bossibi]ity is that.PEP |
carboxy1ase,1seindeed functidning but the malate is rapidly.being
.'decarboxy]ated; This is not a possibility in inveStﬁggtions by Osmond
and'A11away.as they used a puIse-chase fechnique. uA]though'I cannot
unequivocaT]y dismiss this possibility in my experimehts, there is
‘reasonable in vitro evidence that it is un]ike1y td be 6f 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 deacjdification is a passive process and
thus the 6yfop1asm1C'mélate concentration'mofe or less reflects the. |

: vacuo]ar concentration, then one wou]d expect that the cytoplasmic malate
concentratlon during deacidification would be many times greater '

than the Ki (ma]ate),observed'by Kluge and Osmond, of 3 mMﬂ- Indeed,‘
recént experiments_(K. Winter, unpublished) with PEP carboxylase from
Alog aﬁd Meéambryanthemum‘suggest.that the Ki (mé]ate) during deacidifi-
catfon 15 mUch lower than previoué]y thdught and may even be,]ess;than o

1 pM.

In Kalanchoe,malate appears'to saturate at afound 0.7-0.8 umoles

14 -1

C mg chl™’ after about 20 minutes exposure. This suggests that there
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is effectively no mixing df the cytop1a$mic and vacuolar malate pools.
The observation (Figure 2.10) thét malate is labelled béfore there is
‘substantial labelling in citrate, fumarate and succinate is also ré]evant.
to the question of compartmentation. Increases in the 1abe1 in
fumarate and succinate and, to a lesser extent, citrate are not
paralleled by an increase-in the.]4C content of ha]ate,.which suggests

- firstly that there may be‘an exchange of malate between‘the cyfop]éSm and '
'}the mitochondrion and secondly that malate fh the_mitochondribn'maybe_
turning over rapidly. It is témpting tb,specu1ate that some malate
from the cytoplasm enters the.mitdchqndria where it is degarboxy]ated i
by'NAD malic enzyme and the resu]ting pyruvate is tranqurted out Qf "]"‘
“the mitochﬁndria. Isolated mitochondria from the sahe Kalanchoe
population have beénAshown to convert malate to pyrUvéte'at_about‘half
 the rates of deacidification‘obserVed in intact tissue (D. Day, personal
. cdmmunication); It also‘appears that very 1ittiew9f,thé‘pyruvate”is
metabolised within the mitochondfié if the pH of the external medium is

>'; below about. pH 7;4.

The present investigations do not, however, 1ndicéte'whether the
| TCA cycle per se is, or is not,'functioning 1h the 11ght; Certainly |
if it is functional,it metabolises little label from '“C0,. Oxygen
ivexchange studfes Qs1hg‘AZée leaf slices showed that net oxygen |

' -evo]ution during deaqidification»was-inhibited 80% by 1.5 mM amytal,
10 mM fluoroacetate and 10 mM diethyTvmalonate,'611 inhibitors of
mitochondrié] electron transport ahd the TCA cycle (Denius and-Homann,
’1972). The aufhors concluded that‘both electron transﬁortvand-the TCA
cyc]e functioned-in thé Tight and proyfded energy for.decarboxy1ation.
vHoweVer,*jt is puzzling that the same inhibitors had no effect on dark

respiration.
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2.2.4 Conclusions |

Both Kalanchoe and Stapelia appeaf to have simi]ak,coz fixing
mechanisms in the'ljght and the dark. Presumably PEP is not limiting
in the dark. The rates ofi1ight CO2 fixation by deacidifying 1eaf's1ices
are adequate to}accOunt-for fixation of all CO, produced even during times
of maximum deacidificatidn._ RuP, carboxylase seems to be the major primary

carboxy]&se aTthough PEP carboxy]asevmay account for soMe of the 14

C02
fixation. It is hard to assess how this compares with the in vivo
situation as‘fixation of external 602 is véry‘]ow dﬁring”deacidificatipﬁ
‘because the_stomates are tightly c]osed.v The only report in the Titerature
of short-term ]4C02 1abelTing of deacidifying detachéd leaves suggests -
that possibly 10-15%‘of the CO2 was fixed by PEP carquy1ése (Avgdhani

et al., 1971). In v%tro exﬁerimenfs,in which malate 1nhibition of 1
PEP carboxylase have. been studied, suggest that thé contribution of PEP
carbo*y]ase to carbon fixation during deacidification
should be Tess than this. One.can conclude that if is untertaih‘whether
', 'the’apparent PEP carboxylase activity truly repfesents the in vivo
situatibn'oklwhether it is, at least in part, an experimen£a11y prdduced
aftéfact. Certainly refixatfon of carbon by PEP carboxy]ase during

deacidification is a futile and.energetica11y wasteful cycle.

There appears to be 1itt1e mixing of,cytop]asmic‘and vacuolar malate

: th some'mixing'of cytoplasmic and mitochondrial malate. 'Fumarate and
succinate,thednitochondrial pools ofjwhiéh ére most probably smé]]er'

than citrate'and.isOCitrate, are mdrevfapid]y labelled than citrate p]us
isocitrate. This obsérvation suggests that citrate‘andAisocitrate‘are not
precursors of fumarate-qnd suCcinate; and indicates that the label may

enter the latter compounds from malate which may, in turn, enter the
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mitochondria from the cytoplasm. It is unlikely that ]4C-pyruvate

~ derived from photosynthetic products is a major source of label for the TCA .
cycle acids since labelling of citrate plus isocitrate and fumarate p]ué

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 TiséueA

2.3.1 Introduction |

PyrUvate is an important bio]ogica]bjntermediate.' It“is'the only
‘substrate common to the EMP pathway and the TCArcycie; it 1s‘tlose1y
associatedeith.fat.metabo1ism, nitrogen hetabo]ism and alcoholic
férmentation. nyuvate is also the product of malate decarboxylation
by NADP aﬁd NAD mé]ic enzymes in CAM p]ahts. vIn‘intact.BryophyZlam
. erenata and B._¢a2y¢inum leaves the pyruVate poo1s,are small.but increase
during'deacidificdtion from 50 to 100 nmoles g'1~%r. wt. and_from"

200 to 350 nmoles g"1 fr.wt., respectively, although between 100 and 150

umoles ma]ate]g']

fk.wt}.is decarboxylated dufing'the same period (Milburn
et al. 19638). Obviously the pyruvate formed duringrdécarboxy]atiqn is

rapidly metabolised.

Tissués_of CAM plants appear‘to be Capab]e_qf'metabolising pyruvate
by at least four péthways in the Tight. Pyruvate may be oxidised by the' ‘
TCA cycTe,and‘the‘COZ.sq‘produced may- be refixed by the PCR cycle
_(Champigny:ét'dz;, 1958; Moyse et al., 1958). Pyruvate may be converted
to alanine (Walker and-Ranson;‘1958)'or to PEP. If it is converted to PEP :
via pyruvate, Pi dikinase (K]uge and Osmond, 1971; Sugiyama and.Laetsch; 1975)
the PEP may be subsequently converfed'to glucan by gluconeogenesis (Héidri,

1955a) or be carboxylated to malate via PEP carboxylase. The Tatter
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possibility is pnobnb]y 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 Tight (Wolf, 1938;
Pucher et al., 1949a, 1949b;Vickery, 1954b; Haidri, ]935a,Sutton, 1974), and
that PEP carboxy1ase activity is most probab]y 1nh1b1ted dur1ng deac1d1f1-
cation (Kluge and Osmond, 1972 ).

~ One way of study1ng the fate of pyruvate during deac1d1f1cat1on in thew

1ight is to feed ]4

C 1abe11ed pyruvate to deac1d1fy1ng CAM t1ssues and

to obserye the products of incorporation. In Sections 2.1-and 2.2 it was
shown that acidified']éaf‘sTices}from various ma]ic,enzyme'énd PEPCK CAM

' p]ants‘déacidify in the iight, and possess CO2 assimilétion characteristicé
similar to.those previousTy reported for intact tissues. Deacidifying
leaf s]ices_thus appear to be a useful experimentalvsystemnin'which to

14

examine tne:metabo1ism of ]4C pyruvate. Experiments in which 1-""C-,

2-‘4C- and 3-‘4C -pyruvate were fed in the light to deac1d1fy1ng leaf

~slices from CAM p]ants and a]so to 1eaf slices from C3 plants, will be
descr1bed in th1s section. The aim was to examine the short term products

as 11ke1y 1nd1cators of any gross differences in ‘the pathways of | |

' metabo11s1ng pyruvate in. a number of photosynthet1c tissues conta1n1ng

different pathways of carbon assimilation v1z Kalanchoe dazgremontzana,

a malic enzymevCAM plant, Stapeltq gigantea, a PEPCK CAM p]ant,-C3 and CAM

Mesambfyanihemum crystailinum and Spinacia oZerdcea, é C3 plant. The

advantages of uSing the aforementfoned tissues islthat comparisons of the

metabolism of_14C pyruvate can be made both bétween'C3'and'CAM tissués and

between CAM tissues containing different decarboxylating enzymes. One'might

expect that if, in CAM tissues, pyruvate is converted tofg1ucan via
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gluconeogenesis (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 p]ants,which produce pyruvate during

deacidification and PEPCK CAM ‘plants which produce.PEP.

Mesembryanthemun crystallinum is particularly suited to comparative .
studies as the pathway of carbon assimilation in mature leaves may he'
a1tered from exclusively C3 to C3 + CAM by changing the growth conditions.
Any changes which may occur in the metabolism of pyruvate during the |
change from Cy to 03 + CAM will most 1ikely be related to changes in the
pathway of carbon assimilation rather than to other factons‘which may
compiieafe interpretations of 1nterspecificecomparisons.

1succ1nate

1,4~ ]4C and 2, 3- Ciwere also fed to deacidifying leaf s11ces of ‘

KaZanchoe, a ma]1c enzyme CAM plant, and Aloe, a PEPCK CAM plant, in an

'b'attempt to gather 1nformat1on on the operat1on of the TCA cyc1e in the

light, and to assess whether a significant amount of carbon other than

co, is eprrtéd from the mitochondria.

2.3.2 vMaterfaTs and methods
2.3.2.1 Experimentdl material |
'P1ants'wene‘grown and leaf slices prepared as described in Section
2.1.2; T1ssue was harvested between 40 and 90 minutes after illumination.

The malate content was measured at harvest and at the beg1nn1ng,.
' m1dpo1nt and endpo1nt of each exper1ment as descr1bed in Section 2. 1 2.
14 14 14

- 1-"7'C-, 2- -C- and 3-14C—pykuvate (sodium salts), and 1,4- 'C- and

2,3-]4C—succ1nate~wene obtained fnom the Radiochemical Centre, Amersham, U.K.
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2.3.2.2 .14C-pymvate labelling and extraction
"~ Acidified leaf s11¢es were suspended in 3 ml of a medium containing
26 mM MES-NaOH, pH-6.0 and 0.1 mM Cas0,. Pyruvate JabelTed in (1-14 ¢)s
(2-]4C) or‘(3-14C) position was mixed with unlabelled carrier pyruvate and
addéd after a 10 minutes preincubation in the 1jght to give a final
concentration of-2 mi (6_umo1es in 100 ui; specific activity 1.5-2.0 21106_ g

dpm umo1e_]; unless specified otherwise).

After various 1n£erva1s, the tissue was flushed from the vials with.
HZO,‘quick1y washed with two changes of H20 and plunged into 20 ml of a
| boiling solution nf 0.1% (w/v) 2,4 dinitopheny]hydrazine (2,4_DNPH)‘in
85% EfOH (v/v) acfdified with 0.5 N formic a¢1d. Approkimate1y 15-20
secdnds‘e1apsed between removal of'the tissue from the vials and killing
;'the'tissues. During'this time the s]icés~were exposed to Tow |
laboratory 1ignt.f The slices were boi1ed for 3-4”minutes,'6001ed to room
temperature and.ground'in a 15nm1 Ten-Broek glass homogeniser; The extract
was a}lowed'to Stand at room temperature for 30 minutes;. The residue,
which had sett]ed was resuspended by gently swirling the f]asks and thé
~extract was f11tered under vacuum, through a b. 5 cm d1ameter g]ass |
m1crof1bre f11ter ‘paper (whatman GF/C, 5.5 cm). The f11ter paper was
washed with 10 m1 EtOH 2 ml CHC]B, 2 mil EtOH 5-ml HZO and 2 m] EtOH

respectively. These filtrates were combined as the "ethano11c extract".

The glass fibre disc which contained the residue, was boiled in H,0 for
15 minutes. The disc was then removed and-spun dry in a centrifuge tube.
The combined aqueous extracts‘were again filtered through a glass fibre disc

- and washed.
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The "aqueous filtrate", with the "ethanolic extract“,'weﬁe later
extracted with chloroform. The insoluble residues on the two glass
fibre discs were dried and counted.

14

2.3.2.3 C-succinate labelling and extraction

]4C- and 2, 3-]4C-succinate were fed underbsimilar conditions to

1.4-
those described for ]4C -pyruvate 1abe111ng The suspenéion medium

v conta1ned 1 mM succinate. (The specific activity of 1;4-14C-suCCfnate

was 2.5 X 106 dpm umo1e'1; the speeific activity of 2,3-]4C-suCcinate

was 1.6 x 10%(dpm umoTe™). The tissue was killed in boiling EtOH, rather
“than 2,4 DNPH. - |

2.3.2.4 Chloroform separatién
| The aqueous fi]trates and ethanolic extracts were extracted with
ch]oroform_tp remove lipids, waXes,'chTorophy]1 and, when present,

2,4 DNP hydrazones and unreacted 2,4 DNP hydrazine.

Water or ethano] was’ added to bring the fractions to the same.
’volume They were then poo]ed in a 250 ml g]ass separat1ng co]umn and'
'chlorqform‘was added to give a 1:1:1 ratio. The column was shaken
- and the}two'phasesva110wed t0'seperate for 10-20 minutesf If -phase
separatioh was not complete a sma]lramount of either H20 dr EtOH‘wee '
‘added ahd.the column was reshaken. The Tower chloroform phase was’
decarited and the upper phase was re-extractedeith EtOH and CHC]é The
”resu1t1ng c]ear upper layer was placed in a 250 ml rotary evaporat1on'
"f1ask and further clarified by storage overn1ght at =20°C. Any :
- precipitate was carefu]]y removed with a p1ppettevand3the supernatant
was spun at 12, 000 x g for 10 mlnutes at 0-4°C. The.supernatant was
decanted rotary evaporated to dryness, and resuspended in 10 ml of 10% (v/y)

1sopropano].
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2.3.2.5 Separation and identification of 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 aminb'acids, 
glutamate, alanine and aspartate was verified from mass spectra of
their n-butyl esters (preparéd 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/EtOH/0.5 N

NH4CH (7:1:2)(Block et al., 1958).

2.3.2.6 Evaluation of labelling and extraction methoas.v

 The tissue ;uspenSion}mediumbwas‘kepf at acid pH because it is well
documented'that a1ka11ne so]utionsvdf o~-keto acidé undergo a1d01 type."
- condensation to form pd]ymers (ﬁf..Von'Korff,1964). The polymerisation
of'pyruvafe to form a dimer, pakapyfuvate (y-methyl-y-hydroxy-a-keto
.g1utafate), whiCh,has been reported to inhibit aeketog1utafate déhydro-
genase and to interrupt TCAcoxidat{ons;’is catalysed by a]kajiﬁe pH.and
tends7toibe aufocata1ytic (Mbntgomery and Webb, T956;VVon'KoﬁFf,]964).
‘Sodidm pyruvate is.more uhstab1e'than'pure pyruvic acid? pékticu]arly
- when frozehlat -20°C. However, at acidic pH the formafion of parapyruvate
is gréatly.reduced. Consequent]y'jn all eXperiments involving 14C-pykuvate}
labelling, fresh 14C-pyruvate stock sb]ution,was preparéd between 30 to 60

~minutes before‘1abe1]ing.
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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
vpyruvate is 2.5. Luttge and Ball‘(1977) have shown that below pH 4.5
K. daigremontiana 1eaf slices are wilted, appear td‘1aék turgor and begin ‘
to lose anthocyanin from the vacuoles. Malate uptake by X. daigrembntiané
Teaf slices from an external solution is independent of pH above 5 aﬁ‘we11
as being fndependent of‘the osmotié pressure of the medium Between‘o and -5

bar.

The pyruvate concentration of the external medium was képt Tow
(2 mM) a]thqugh one might expect that pyruvate uptaké wod]d'increase
vexponentia11y with jncréasing.externa]‘pyruVate concentrafion in a |
manner similar to that reported for malate uptake (LUttge and Ball, 1977b).
Sincg pyruvate Uptake‘fs very slow and, in the present study, the products
were being examined over relatively short time peribds it was important
to feed'thé maximum amount of tissue}with pyruvate of very high specific“
activity; -This is also the reéson,fgr‘the high tiséue to voTume_ratio_'
(0.6 - 1.0 g Thv3'm1).nsed in this study. Furthékmore, high‘externa1
‘pyruvate concentrations can fesu]t in the -internal productjoh of éthano],
CO2 ahd,'occasfona11y, Jactate which cause large increéses jn the
respiratory quotient (Neal and|Beevers , 1960). Stimu1ation‘of 0, uptake
‘has aTso been 6b3ervéd (Laties, 1949a; 1949b) . Accbrdingxto Néa]'and
BeeVers Z'mM‘pyfuvate is well below this level. for B. equcinym'1eéf

tissue.

The purity of the various1y>]abe11ed ]4C-pyrUvates was checked by

; comparing the 2,4 DNP hydrazones .of ]4C—pyruvaté with authentic'pyruvate |
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2,4 DNP hydrazones (Figure 2.12). The two major 1abe11ed spots correspond
to the cis‘and trans forms of the hydrazones. The identity.df the minor
labelled spot, which contained Tess than 0.05% of the label, 15 unknown."
The three 1ébe11ed spots correspond exactly wifh three éoToured spots bn‘
both the test ahd the control chromatograms. A fourth co]oured_spot

which was unlabelled and ran with‘the solvent front in both chromatograms
~corresponds to unreacted 2,4 DNPH. o |

14

In ]4C—pyruvate labelling experiments large amounts of

C-pyruvate
remained in the tissue extracts even after Washing the slices pribr to-
killing. It is probable that this'residua]‘]4C-pyruvate is located in the

]4C-pyrdvate, o

intercellular spaces and is not unmetabolised intracellular
| since, as_menﬁionea'beforehand, pyruvate is‘rapid1y metabolised‘and the
internal pyruvate pools are small even during maximum deacidification.

]4C-pyruvate 1nterferedeith assimilation measurements

This residual
and tended:td swamp chromatograms. . Consequently tissﬁe was killed in a .
‘2,4 DNPH solution and the‘byruQate and Other'keto-acid'hydkazones were
extracted in CHC13.f Chlbfoform extraction removed pigments chh as
chlorophyll and 11pids, which a]sq_fnterefere'in,chromafogréphy;
Convérse]y, nearly all PCR, TCA and g1yco1ytic}pathway intérmediates.ére |
insoluble in CHC13. Keto acids such as 0AA and quetoglutarate,;‘Which

would be removed with pyruvate, are un1ike1y to contain large amounts of

label.

- Both 2,4 DNP hydrazine and its hydrazones strongly interfere
with ]4C determination by scinti1]atioh counting as a_fesu1t'of both
colour quenching and chemiluminescence. It is thus very important to

remove all the 2,4 DNP hydrazones and unreacted hydrazine from the extract.



Figure 2.12 The distribution of radioactivity and colour in a chromatographed
sample of the 2,4 DNP hydrazone of 2—14€-pyruvate.'
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It is also necessary to show that the products of ]4C 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 oniy removes
A'unwanted compounds. The EtOH/2,4 DNPH extraction solution wés acidified
with formic acid, not with HC1 as is more commoh]y used, because fhe HC1
salt which remained after rotary évaporation interfered with subsequent

chromatography.

Although the total ]4C incorporated was the same when Kalanchoe

tissue was fed ]4C02 and killed either 1h'boi1ing 80% EtOH or in boiling
| EtOH/2,4 DNPHa greater perCentagebof the label was in the insoluble
fraction -in the EtOH/2,4 DNPH killed tissue. }’However, when the insoluble
fractions were re- extracted in bo111ng HZO and ref11tered as descr1bed
in Sect1on 2.3.2.2, the distribution between aqueous and 1nso1ub1e
fractions was snm}]ar for both treatments (Tab]e“?,Z).

(ac1d
Perch]or1c extract1on of the insoluble residue (as described. by

Sutton, 1974) from tissue labelled w1th 3~]4C—pyruvate- showed that
after 30 minutes exposure 93-95% of the 1abei in the residue was in-
starch and acid so1db1e'carbohydrate i.e. gTucan'(Tabie‘Z.é).~'F0r-_
convenfedce,throughout the rest of this study the termdcarbohydrate will
refer to the-labe] in‘the insoluble residue fraction plus the label in |
the neutral sugar fraction, whilst the term glucan will be u;éd'so1e1y |
to refer to the inéo]ub1e fraction. |
14

When 3-'"C-pyruvate labelled Stapelia tissue was killed in EtOH and '

extracted with CH013 prior to ion exthange‘chromatqgraphy, the acid

14

fraction contained a 1argé amount of ''C, the majority of which proyéd to
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Table 2.2 Effect of killing Kalanchoé leaf slices in EtOH and in 2,4 DNP
. ' hydrazine and re-extracting the insoiuble fraction_in boiling
H20 on the percentage distribution of products of-MCO2 fixation.

Treatment - Exposure Distribution in original Distribution in re-extracted

fractions . fractions
Soluble  Insoluble Soluble - Insoluble
(min) (e . (%)
T 9%6.7 = 3.3 ~ 98.6 1.4
EtOH - | | | -
- 781 21.9 » 90.4 9.7
2.4 DNP 1 | - 89.3 - 10.7 1 96.5 . 3.5
hydrazine .3 83.1 16.9 ‘ 93.7 ~ . b5
killed

7 1994 206 9.5 9.5
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Table 2.3 Distributibn of ]46 in the initial and in the perchloric
extract of the insoluble residue from deacidifying Stapelia and

Kalanchoe leaf slices fed 3-14C-pyruvate in the light.

~ Species Exposure “Initial = Perchloric acid extraction = Recov.
_ time : residue Soluble ‘ Insoluble
 (min) . ..umoles mg ch1! ‘ ok
Kalanchoe 30 © 0.098 0.091 . 0.002 95
o : 60 .02 0.13 | 0.005 97
120004337 0.321 0.009 = 98
Stapelia 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
with _3—]4Cf pyruvate and then extracted in EtOH/2,4 DNPH,the majority
14

of the '*C was in the chloroform fraction (Table 2.4). Chromatography

showed that over 98% of the label was present as pyruvate hydrazones.

In contrast, the acid- fract1on contained sma]] amounts of 14C the amounts
being proportional to the time of exposure. Chromatography of this fract1on
showed no 14Cfpyruvate or ]4C—pyruvate hydrazones S1m1]ar observat1ons

were,made for 14C -pyruvate labelled Kalanchoe t1ssue

The above data are reinforced by the observations presehted in Tab]e'2;5
which show the Parﬁitionfng of Various.]4c;aabe1]ed compounds betweenhf'
residue, CHC]3 and aqueous fractions after_EtOH/2,4 DNPH éxtractionAand ,7
CHC]3 sépahatibn. dnly pyruvate is present in the CHC13'fraction._ Some
F-6-P and F- ] 6- P2 adheres ‘to the residue. This particular experiment,
however was performed before the res1due was routinely re-extracted
in boiling HZO’ as suggested prev1ous}y in this section, and it is N
probable that with further extréction thesé sugar phosphateébwou1d‘be.

solubilised.

¢.3.3 Results
1 2.3.3.1 Metabolism of 3-JV4C—pyruvate

The incorporation of 3-14

C- pyruvate in the 11ght by deac1d1fy1ng
Kalanchoe and Stapelia leaf slices, and by sp1nach leaf slices, was 11near
with exposure time and tissue weight (Figure 2.]3). The ch]orophy]].
~content of the tissues varied but, on average, Kaidnchoe'contained

| ébout 0.4-0.45 mg chli g"] fr.wf;, Stapelia contained about 0.2-0.25 mg.ch1‘

g'] fr.wt., and spinach contained about 1.3 mg ch1 g'] fr.wt. The.
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"Table 2.4 Effect of chloroform extraction on the distribution‘of ]4C(a)'
in Stapelia gigantea leaf slices fed 3-14C-pyruyate and killed
in either 80% EtOH or 2,4 DNP hydrazine. :

14

Exposure - Chloroform Residue Acid Amino = Total' C in non-
time - fraction -+ fraction acids chloroform fraction
' neutral | . ‘
(min) . R oo mo]esAmg'j chl
a) EtOH killed tissue ‘
5 a9 16.7 2843 2.8 - 263
10 3.2 29.7- 2264 2.0 | 12296
20 9.5  68.0 3553 7.9 3629
40 - 8.4 . 67.0 - 2083 9.5 - 2160
b)  D1stribut1on'of label in 2,4DNP_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
6

120 795 - 513.7 360.0 70.9 944,

(a) The uptake rates are not stkictly comparable as the EtOH killed tissue
was fed 0.7 mM 3-14C-pyruvate (sp act.~ 3.2 x 106 dpm pmole-1) and the _
24 DNPH killed tissue was fed 3 mM 3-14C-pyruvate (1.1 x 106 dpm pmole~!)
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Table 2.5 Effect of 2,4 DNP hydrazine extractIOn and chloroform separation
on the partitioning of various 4c-1abelled compounds between
residue, ch]oroform and aqueous fractions.?2

Compound o Concentratioh Chloroform Residue - Aqueous
A ;.Y.A:;..mM._i. % %_ %
3-1¢c-pyruvate - T 96.3 0.3 3.5
U-"%c-matate 2.5 W 1.4 98.6

0-"c-aspartate 2.5 oW 2.2 - 97.8
D-(U-]4 ¢)-glucose 2.5 0.2 199.8
L- (U- ‘e)-z-pen 2.5 M 63 937
D-(u-14¢)-F-6-pP 25 TRACE  32.5  77.5
D- (us Yo)-F1.6-p, 2.5  TRACE 2.0 79.0
a the ]4C labelled compounds were extracted with previously killed un-‘

lTabelled tissue and treated as described in Sect1on 2.3. 2
b- separate exper1ment ' ‘



Figure 2.13 InCorpokatiOh'of 3-T4C-pyruvate in the light by deacidifyihg
» Kalanchoe daigremontiana (), Stapelia gigantea (0) and by
spinach (&) Teaf slices.
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chlorophyl1 content of Stapelia is probably an underestimate due to
differing amounﬁs of chlorophyll-less pith tissue whfch remained attached
to the slices. However, as shown in Table 2.6, ]4C-pyruVate'is not
incorporated into pith tissue.

The rates of pyrurate incorporation, of about 0.5 umoles mg‘chlf] he!
in all tissues studied, are comparable to those-reported for malate and

36 -1

c1™ ihf]ux in Kalanchoe (= 0.4 umoles mg chl hr'1) but 1ess,thanhthat

1 hr'l)(LUttge and‘Ba11,

reported for K+/86Rb+ influx (= 1.5 umoles mg chl
;1974b 1977). They are, however, very low when compared with the rates of
.deac1d1f1cat1on and 602 fixation, of 26-100 umoles mg chl o hr']'and

80-110 ymoles mg chl™' hr”!

respect1ve1y, observed 1n the CAM»tisshes dsed--
in this study (Sections 2.1 and 2.2). Sihce the rates df pyruvate incor-
poration are linear, but well be1ow the activities of the pyruvate‘consuming
mechanisms‘(Milburn ef al., 1968), it can be assumed ‘that 14‘C-pyruvate
1ncorporat1on is Timited by the rate of pyruvate entry into ‘the ce]]s
Pyruvate entry into the cells will depend upon the 1ength of the

'd1ffds1on pathways and upon the rates of diffusion of pyruvate-(]) across

the boUndaryvlayers surrounding the leaf slices, (2) through the unstirred

intercellular spaces, and (3) across the plasmalemma.

A]though deta11ed quant1tat1ve 1nterpretat1on of the 1abe111ng data
is made difficult by the Tow rates of 3~]4C -pyruvate 1ncorporat1on
.(due presumab]y to ]ow uptake), certain distinct patterns can be d1st1nguished
dn the diétributfbn}of']abe1 ahqngst the products,of ]4C;pyruvate metabo]iém
in the different tissues. The major difference‘in the d{Stribhtion of Tabel .
betWeen Kalanchoe and Stapelia tissues~wa§'in the proportion of 1abe]‘fn

the organic acid and carbohydrate fractions. In Kalanchoe, label from
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Table 2.6 Incorporation of 3-14C-pyruvate into leaf slices and pith
tissue from Stapelia gigantea during the 1ight.
Tissue 10 minutes o 30 minutes
Residue Aqueousa Residue Aqueousa
' (n mo]es.mg']ch1) '
Leaf slices 4.9 119.2 © 42.0 . 202.8
Pith slices b

Nn°® N N <01

a after chloroform extraction
b ND -not detected
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5 14

C-pyruyate was rapidly incorporated into carbohydrdtes (Figures
2.14 and 2.15). The initial rate of incorporation of label into
carbohydrates and phosphorylated compounds was ébout 3 to 4 times more

rapid than in Stapelia. In the latter species, organic acids (mainly

, ma]ate and citrate/isocitrate) were the major initial products of

pyruvate metabolism and were labelled twice as rapidly as in Kalanchoe.

These. differences are c]early demonstrated in Figure 2,16fWhich shows "‘k |

the proportion of label in organic acids and in carbohydrates.obsérved-

in a number of experiments.

The relative contributions of 1abe11ed,g]ucan,énd'5ugars (mostly‘ ‘
sucrose),'toAthe total'carbohydrate fraction varied considerably, but
was not signifTCantly different between the two species. Théfe may |
be a trend for proportionally more label to be in the sugar fraction

in Stapelia and proportionally more label to be”ih}the’glucan fkaction in

Kalanchoe (Figure 2.17).

‘Label in phosphorylated cdmpounds in Stapelia was_neg1igib1e'bUt :

in Kalanchoe this fraction contained 13% of the label after 5 minutes,’-‘

| dec]ining to 3% after 40 minutes. In both species the initial proportion:

of label in amino acidg was similar, about 25%, but declined to only 11%

at the end of the'experiment (Figures 2.14 .and 2.15).

Differences were also obsefved in_the distributign of iabe1‘in
the pYodUCfs of 3-T4C-pyruvéte metabo]ism’by C3 and CAM Mésembfyanthemuﬁ.‘:
Incorporation of 3—]4ijyruvate was Tinear and, for 20 minutes at jéast,
simi]éb on a Ch]orophy]] basis (Figures 2.18). The CAM tissué contained

about 10% more chlorophyll per gram fresh weight‘thah'the C3 tissue.



Figure 2.14 A.

Ihcorporation of 3*14C-byruvate in the light by deacidifying

‘Kalanchoe daigremontiana leaf slices into carbohydrates (e),

organic acids (A), phosphorylated compounds (®) and amino
acids (A). '

Incorporation of 3—]4C—pyruvate in the light by deacidifying

- Stapelia gigantea leaf slices into carbohydrates (s), organic
acids (A) and amino acids (A).

Incorporation of 3-]4C-pyruvate in the Tight by spihach leaf
slices into carbohydrates (s), organic acids (A) and amino
acids (4).
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Figure 2.15 A. Pefcentage distribution of "~ 'C in the products-of'3e C-
pyruvate incorporation in the light by deacidifying
-Kalanchoe daigremontiana leaf slices. Carbohydrates (o)
.organic acids (A), phosphorylated compounds (D), amino
acids (v). ‘

14 14

B.  Percentage distribution of "'C in the products of 3-'"C-

. pyruvate incorporation in the light by deacidifying
Stapelia gigantea leaf slices. Carbohydrates (e), organic
acids (A), amino acids (v). ‘

C. Percentage distribution of ]4C in the products of 3-]4C—
pyruvate incorporation in the light by spinach leaf slices.:

Carbohydrates (®), organic acids (A), amino acids (v).
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»Figure 2.16 A.

The distribution of ]40' expressed as a percentage of the
total 3-]4C -pyruvate 1ncorporated in the carbohydrate
fractions from deacidifying Kalanchoe dazgremontzana (o) and
Stapelia gigantea (o) Teaf slices fed 3-]4C-pyruvate in

the 11ght

‘The distribution of ]40, expressed as a percentage of- the

total 3-]4C-pyruvate incorporated, in organic acids in

~deacidifying Kalanchoe daigremontiana (®) and  Stapelia
‘gigantea (0) Teaf slices fed 3-]4C-pyrUVate in the light.

NB. Data from 4_experiménts with Stapelia and 2 experiments

with Kalanchoe tissue. A1l data points are the mean of
duplicates. ' '
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Figure 2.17 A.

Distribution‘of‘14c expressed as a percentage of the total

3-]4C-pyruvate incorporated, in glucan (e) and in soluble

sugar (o) fraction from Stapelia gigantea.

Distribution of ]40, expressed as a percentage of the total

'3{]4C-pyruvate incorporated, in glucan (o) and soluble .sugar

(o) fractions from Kalanchoe daigremontiana.
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Figure 2.18 A.

Incorporation'of 3-]4C-pyruvate in the 11ght by C3 (100 mM-
NaCl grown) (o) and CAM (400 mM NaCl grown)(e) Mesembryanthemum
erystallinum. '

Incorporation of_3-]4C-pyruvate in the Tight by C3 (100 mM

NaCl grown) Mesembryanthemum crystallinum leaf slices into

v carbohydrates (o), organic acids (A), phosphorylated compounds

(0), and -amino acids (V).

'}Incorporatidn'of'3-]4C-pyruvate in the light by CAM (400 mM -

NaCl QFOWn) Mesembryanthemun crystallinum leaf slices into
carbohydrates (e), organic acids (A) phosphorylated compounds

~(0) and amino acids (V).
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Although in both Mesembryanthemum tissues organic acids (mostly malate
and citrate/isocitrate) were the major early 1abe11ed products, the CAM
tissue accumulated Tabel -in carbohydrates about 3 times more rapidly than
did the C3 tissue (Figures 2.18 and 2.19). In both tissues the _
phosphorylated compounda never contained more:than 5% of thevtota] ]40
~ incorporated, and the distributiOn'of 1abe1 in amino acids was similar

to that observed in Xalanchoe and Stapelia.

In the C3 plant spinach, 3-14Cprruvate is rapidly and continnous1y
incorporated into amino acids (Figures.Z 14 and 2‘15) The princtpal
amino ac1ds be1ng alanine and glutamate, and to a lesser extent
| aspartate, serine and g]yc1ne. Label. s converted to carbohydrate, 1n1t1a11y
. about 1.3 tines as-rapidly asvStapeZza, but less than half the rate
observed 1in Kazdnchoe; Simi]arly‘organic acids were initially Tabelled
at about one half and one third the rates observed in Kdlanchoe and

Stapelia respectively.

‘The'gluconeogenic conversionbof ]4C-pyruvate to carbohydrate requires

‘the 1nit1a1'COnversion of 14C--pyruvate to triose ~and hexose phosphates -

14

followed by accumulat1on of "'C in'carbohydrates - The obserVation that

phosphory1ated compounds and carbohydrates are much more rapidly labelled in

‘Kalanchoe'than in Stapelza is consistent with the operat1on of a g]ucon-
eogenic pathway in‘kalanéhoe. If7]4c—pyruvate‘is metabolised vfa the
TCA cycle, label should initia]ly appear in TCA cyc]e acids and only slowly

14

appear in phosphory1ated compounds and 1n carbohydrates, after ' CO

2
evo1ved during ‘the second turn of the TCA cycle is ref1xed via the PCR cyc]e.
Such a pattern was observed in Stapelia and in Cg vMesembryqnthemum.

Although Tn_CAM Meeembfyanthemum'the distribution of label between organic .



Figure 2.19 Distribution of ]4C expréssed as a percentage of the total 14C

incorporated, in the carbohydrate and organic acid fractions
from'C3 and CAM Mesembryanthemum crystallinum leaf slices fed

13—14C—pyrUVate in the light.
Key

100 M 400 M
carbohydrate . n

organic acids 0 o
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acids and carbohydrates is intermediate between'that‘observed for
: kaZanchoe and Stapelia, 3-14C-pyruvate is converted to carbohydrate

3 times more rapidly 1in the CAM tissue than_in the C3 tissue» This
difference is un1ike1y.to be due to differenees in pool sizes of the
intermediates since; if this were so, one would expect the CAM tissue to
have smaller pools of phosphory1ated compounds'and the CéstiSSue to have
large TCA cycle acid poo]s A]though nothing is known about the ohos-
phory]ated compound poo] sizes in C3 and CAM Mesembryanthemum ;,' 1'nAC3
}and CAM K. blossfeldiana the'pool stes of triose and hexose phosphates

inVo]ved in glycolysis and the PCR cycle are either sim11ar or s]ight1y
: larger in the CAM tissue during deacidification:(Pierre and_Queiroz; 1979).
Malate is obvfously present in a 1arger’poo] in CAM Mesembryanthemun. |
There is no reason to suspect that the poo] s1zes of the other TCA cycle
acids are smaller in CAM than in. C3 M@sembryanthemum, although they have
not been measured The poss1b1e effects of the different capacities of
~glycolytic enzymes Adn C3 and. CAM. Mésembryanthemum will be d1scussed in

Section 4.3.

It is important to consider the effect of the di1ution of exogenous]y
supplied ]4C pyruvate by internally produced un]abe11ed pyruvate 1n re]at1on ]

- to the amounts and relative proport1ons of 1abe1 1ncorporated 1nto organ1c

acids and'carbohydrates in the various tissues studied. D1]ut1on of 14

]AC-pyruvate‘

C-
pyruvate within a cell will depend uoon'the rate of'entrynof
, 1nto the ce]] ‘the internal pyruvate poo] size, the rate at wh1ch

endogenous pyruvate is synthes1sed .and the rate at wh1ch pyruvate is
metabolised (F1gure 2.20). S1nce, as stated previously, the ratesrof
14

C-pyruvate incorporation are much slower:than the known capacities of

the various tissues to metabolise pyruvate (Milburri at‘az.,.1968; Kluge



Figure 2.20 Scheme showing the re1ationsh1p.bétween the uptake of ]4C-

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), it is reasonable tov
~assume that the observed rates of 14C-pyruvate incorporation are Timited
by the rates of ]4C—pyruvate entry into the tissue. This deduction is
further supported by the-observation that the rates of ]4C—pyruvate
1ncorporat1on were s1m11ar in all C3 and CAM t1ssues studied, 1rrespect1ve o,‘

of their re1at1ve capacities to: produce and metabo11se pyruvate

If we accept that the Tow ]4C—pyanate incorporation rates reflect
Tow ]4C—pyruvate uptake rates,.then we would expect to see a lag in the rate

of ]4

C‘inoorporation:which should last unti1 the tnterna]-pyruvate‘poo1s-'
reooh their naximum attainab]e specific ectivities. This Ieg period

was not oBSenved n1the present expefiments (Figunes 2.13 and 2L21); most
probab]y"because internal pyruvate poo]s are small. These sma11fpoo1e,
of about 0.1 to 0 7 ymoles mg chl -1 in 3 species of Crassulaoeae (MiTburn
et.al., 1968; Copkburn and McAu]ay, 1977), have’short'turnoyer tines

and had‘presumab1y already reached thetr maximum attainab1e Speeiij' |
activitiesiby the time the .first Samples were taken (2-5:minutes after
exposure to 14C-pyruvate). Shorter sampling times were not feastb1e 

14

because the amount of "°C Tncorponated was low and becausevresidua]v”

2,4 DNPH in the extracts Tntroduoedberrors in scintil]ation‘counting;

Since the internal pyruyate poo1s'are small and the ]4C-pyruvate uptake

rates are low;'the.specific activity of the ]4C -pyruvate be1ng metabolised

- within the t1ssue will be determined by the flux of endogenous pyruvate

14

However, as long as uptake of. exogenous C-pyruvate and the pyruvate

14C in the.end-

pool sizes remain constant, the ‘rate of accumulation of
“products of 14C-pyruvate metabolism will 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 resu]t
in a respective decrease or increase in the specific act1v1ty of the 1nterna1

pyruvate pool.

During deacidification in Kalanchoe and in CAM Mesembryanthemum,

-1, -1

up to 44 pmoles pyruvate mg ch1'] hr;] and 26 ymoles pyruvate mg chl hr‘ y

respéctive]y, is producéd endogenously. However, in Stapelia,‘PEPtis |

probab]y‘the main decarboxylation product, and endogenoua pyruvate production'

woa1d be.mach Tower. Thus, although the 14C-pyruvate incafpdration rates_ |

are similar for the 3 CAM tissueatheamount of Tabel in the end pfoducts

is probab1y derived from 1,4C-pyruvate of very-dtfferent SpeCific-

activities. If the dilution of exagenbus 14C-pyruVate by endogenous:

pyruvate is taken into accouht,‘and if we assume that;(T)_the‘pykuvate

"pool'sizes are small and more ar less similar in all tissuea, (2) no

pyruvate.is‘prodqced'by malic enzyme in Stapelia, a PEPCK CAM plant, and

(3) the rate of production of éndogenoas pyruvatabttom‘other; non-
decarbOxy1attoh sources is similar in all tissues; then it‘isrpossible

to estimate the rate of transfer of pyruvate into tarbohydrates and other
énd-prbducts_ (Table 2.7). KaZanchée and CAM Mesembryanthemum, both malic

venzyme CAM plants, convert pyruvate to carbohydrates mote‘rapidly than
St&?elia, a PEPCKCAM plant, and Cé M@sembryanthemum. KaZanéhqe converts
pyruvate to carbohydrate'ovek 200 times more rapidly than.Stapelia, and

the rate of conversion by CAM Mesembryaﬁthemum is over 400.timés faster than
that by C3 Mesembryanthemun. The CAM Mesembryanthemum rate is also over

40 times more rapid_than the‘StapeZia rate.

2.3.3.2 The mez‘;aboltsm of‘ 2-140- and 5-1 C’-pyruvate
A major advantage of feeding tissues dlfferent1a11y 1abe11ed pyruvates

is that compar1sons can be ‘made of the 1abe]11ng patterns w1th1n a. single
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tissye. Such comparisons minimise the uncertainties, due to factors such
as differing rates of pyruvate utilisation and different pool sizes,\whén__

.comparing the labelling patterns of tissues from different species.

If pyruvate is oxidised via TCA cycle reactions, then the distribution

of}]abe]-betWeen organic acids and carbohydrates should vary depending upbn

“the position of‘]4C within the pyruvate molecules. The 14C-Tn 1-]4

14

C-
pyruvaté will be released as CO2 immediaté]y the pyruvate eﬁters,the-TCA
cycle,whereas the label from 2- and 3-14C-pyruvate will be re]easéd at

~a slower rate. Labe1 from 3-]4C~pyruvate will be re]eased'more slowly
than Tabel from 2—]4C<pyruvate. Converée]y, {f,the pyruvate is
metabo]isedjg]uconeogenica11y;5thé distribution of label amongst the

products should be fndependent‘of the positionAof ]4C in the-pyrUVate'

skeleton since condensation of two complete pyruvate molecules is

14

~involved rather than the evolution of 1*C0

o

14

Unfortunately, up to 1.9% of the 1-'"C-pyruvate was non-enzymética]1y

“decarboxylated after 30 minutes (Tables‘2.8'and‘9).ThisdecarbbxylationvaS‘more.
: rapid’than observed by Neal and Beevers (1960) who noted that a maximﬁm of

0.35% of 1—14C?pyruvateiwas spontaneously decarboxylated after 24 hours at

14

b'pH 5.0.»,In the present study‘a greater amount of_ 'COZ was -evolved in

' f]aské containing 1-]4C-pyruvate and boiled StapeZia-mesbphy11 cells .

(see Sectibn 3.2 for details of preparation) than was evolved.in the dark

or in the light byf]iving materiél (Tab]e'2.8). Similarly, a large amount :

- of ]4C, in the form of 14(‘,02, was evolved from flasks containing boiled
| Kalanchoe leaf slices than‘was incorporated into non-organic. acid fractions

14

bvaiving tissue (Table 2.9). Obviously both externa]iy‘évo]ved co

,
~and 1-]4C-pyruvate will be metabolised by the slices. The incorporation -
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Table 2.8 Evolution of ]4C02 from 1—]4C -pyruvate by isolated Stapelia
gigantea mesophyll cells in the Tight and in the dark compared
~ with ]4002 evolution by bo11ed cells.

Exposure Boiled cells Living cells -

?&?ﬁ) 14C02~evo1ved ‘Evo1ved ]4C02 Light ~  Dark
: _ ‘ ﬁ of total L
C-pyruvate C o :
4 4
- cpm X 100 1n medium o cpm x 10
5 5.7 0.6 0.9 2.3
o 11.6 . 1.2 1.4 - 2.8

30 | 19.0 1.9 3.6 3.8

.Table 2.9 Evolution of ]4C0 from ]—]4C-pyruvate by boiled Kalanchoe
- daigremontiana 16af slices compared with the amount of 14C
incorporated in non-organic acid fractions by deacidifying leaf
slices in the light.

Exposure = : Boiled tissue - : Living tissue

?;Tﬁ) | ]4002 evolved Evolved ]4C02 14 4n non organ1g(
_ as_% of total fractions
. g 1-14C-pyruvate .
cpm x 10 in medium ‘ -cpm x 10
10 96 0.8 I X

20 TR 12 -
I 7.8 1.9 108
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14

of 002 by deacidifying Teaf slices 1is, as shown ear1iek,}much more

rapid than the observed rates of ]4C—pyruvate uptake. The rapid refixation
of this externé11y produced ]4C02 combined with the slow rate of 14c;
'pyruvaté uptake-prec]udéd the collection of meaningful data from

1—]4C—pyruvaté feeding experiments. In spite of this; comparisons of the

products of 2-]40- and%3—]4C-pyruvate'metabo]ism remain relevant. .

The 1nbofporation of 25140- and 3-14C-pyPUVaté was linear with time in'
both Kalanchoe and Stapelia (Figure 2.21). Thé_distribution'of 8¢ in
the carbohydrate and organic acid fractions from both tissues is‘shdwn in

Figures 2.22. -

.;In Kalanchoe, fed with either 2-]4C- or 3-14C-pyruvate,'the amount and
'distribution of ]4C‘in‘the carbohydrate ffactions was sim11af (Figure
. 2.22R). The organic acid fractions contain s]ith]y more label when‘fed r
: 3-14C-pyruvate but the}differenceis marginal, pé;ticu1ar1y when.expressed on’
a chlorophyll basis (Figure 2;22C). In‘contrast,vthere were éppre¢1ab1e
vdiffekences in the amount.and‘distribution of label in the carbohydrate
and organic acid'fractions from Stapelia labelled with 2-14¢- or 3-]4C4 »
_pyruvate (Figures 2.228 éha D). After 40 minutes exposure 56% of the labél
'incofporated from 2-]4C4pyera£e-was’in carbohydrates compared with 31% wﬁen}
fed 3-]4C-pyruvate. ‘Conversely,'{n 2-]4C-pyruvate 1abe11ed tissue'on1yf
‘34%vof the 1abei was in orgahicvécids‘compared:with 61% in the 3-T4C-

pyruvate labelled tissue.

These dgta are interpreted as follows. If 3-]4C-pyruvate is metabolised

via the TCA cycle, it will enter the cyc]é as carbon-2 of citrate which is

not released as CO2 during the first two turns of the cycle. However due to



Figure 2.21

A.

Incorpdfation of 2—14C—pyruvate (o) and 3-14C-pyruvate (8).
in the light by deacidifying Kalanchoe daigremontiana leaf
slices. |

Incorporation of 2-]4C-pyruvate (o) and 3-]4C-pyruvateb(o)

~in the 1ight by deacidifying Stapelia gitgantea leaf slices.
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Figure 2.22 A.

Incorporation of 2-]4C-pyruvate (o) and 3—]4C-pyruvate (o)

into carbohydrates in the light by deacidifying Kalanchoe

daigremontiana leaf slices.

.- Incorporation of 2-]4C-pyruvate (o) and 3—]4C—pyruvate (o)

into ‘carbohydrates in the light by deacidifying Stapelia
gigantea leaf slices. '

Incorporation'of.2—]4C-pyruvate (o) and 3;]4C-pyfuvate (o)
into organic acids in the 1light by deacidifying Kalanchoe
daigremontiana leaf slices.

14

Incorporation of 2-14C-pyruvate (o) and 3- CfpyruVate (o)

into organic acids in the 1ight by deacidifying Stapelia

gigantea leaf slices.
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randomisation of the 1 and 4 carbons of succinate and fumarate by succinic
thiokinase and fumarase, half the ]4C 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-]4C-
pyruvate will enter the cycle as the terminal carbon-j 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

]4C from 3-]4C-pyruvate, ]4002 will be evolved ﬁore rapidly when 2-]4C—

with
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 cyc1e carbohydrates wou]d be expected to be more rap1d1y 1abe1]ed

when fed 2-]4

C-pyruvate than when fed 3-]40 pyruvate Moreover, unt1] the
acid pools became saturated, a‘greater proportion of the1abe17wou1d apoear
in TCA cycle acids in 3-]4C-pyruvate labelled tissue than in 2-]4C—pyruvate
labelled tissue. This is preeisely the pettern observed in,deacidifying‘
Stapelia tissue (Figures 2.22D). The amount of label in the TCA cyc]e
acids in the 3-]40 -pyruvate fed tissue had not saturated by the end of the

14

experiments, whilst the amount of label 1n the ac1d poo]s in the 2-""C-

pyruvate fed tissue appeared to be reach1ng saturation.

G]uconeogen1c metabo11sm of pyruvate involves the condensat1on of
complete pyruvate molecules. Therefore no d1fferences wou]d be expected

14 14

in the detributiOn‘of Tabel in the products of 2-""C- or 3-" 'C-pyruvate -

metabolism. This is what is observed in XKalanchoe (Figure 2.22A and C).
aq s L 14 14,
2.3.3.3 Metabolism of 1,4~ "C- and 2,3- C-succinate
Labelled succinate was fed to deacfdifying Kalanchoe and Aloe leaf

~slices in an attempt to confirm Tndications that the TCA cycle may_be
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active in the 1ight and to ascertain whether there was any export of
carbon, in a form other than COZ’ out of the mitochondria. Succinate
is thought to be metabolised exclusively in the mitochéndria (Chapman

and Osmond, 1974). If ¢ succinate is metabo}iséd via the TCA cycle then

T4, 14 ’ )
C from I,4~" C-succinate will be released during the first turn of

the cycle ( Figure 2.23 ). No I4(1 from 2,3—IAC—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.

14

The incorporation of 1,4-'"C and 2,3414C-succinate by Kalanchoe leaf

slices and of 1}4—]4C-succinate by 4loe leaf slices in the light is shown
in Figure 2.24. Succinate incorporation was Tinear after an initial phase
of rapid incorporation but the absolute rates varied between treatments.

_I have no exp1ahation'f0r thé variation observed in the incorporation of

1,4—14Cf and 2,3-]4C-succinate by Kalanchoe tissue, although it may be

due,mere1y to differences in the leaf tissue used in the two experiments.

14

The rates of ' C-succinate incorporation were very low and were between one

14

sixth and one third of those observed for ' C-pyruvate ianrpbration.

14

‘bThe distribution of label amongst the prbducts of C-succinate

"metabolism is shown in Table 2,10. - Although the data must be interpreted

Vcautious1y due to the irregular rates of incorporation certaih.generaIQ

14

isations can be made. Label from both 1,4-""C- and 2,3—14C—succinate is

almost équa1Ty converted to carbohydrates. Since, in Kalanchoe, label from

14C-succi’.nate is converted to carbohydrates more slowly than from

14 14

1,4-

2,3- C-sutcfnate, it is poséib]e thatv C is being‘expokted from the



Figure 2.23 Scheme showing the predicted transfer of ]4C from

v I,4e]4C-succinate within the TCA cycle.
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F1gure 2 24 The 1ncorp0rat1on of 1, g-"4¢- succinate (o) and 2, 3-T4¢-
: - succinate (o) by deacidifying Kalanchoe leaf slices and of

1,4-]4C succinate (A)‘by deacidifying 4AZoe leaf slices in the
Tight. ’ | ‘ ' '
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mitochondria in a metabolite rather than as 14

C0,. The low amount of
label in citrate/isocitrate and the absence of 1abe1_in_glutamate suggest
that succinate does not proceed to citrate and a—ketog]utarate., It
appears%]ike]y that_the route of carbohydrate 1ahe11ing from succihate ‘.
does not involve the compiete cyc11ng of carbon through the TCA cyc]e.

As me1ate ahd'fhmarate, but not citrate/isocitrate, contain éubstahtial
‘amounts of ]40‘1t is possible that ma1ate 0AA, or Some derivative of
malate or OAA such as pyruvate, is 1abe11ed from 14C succ1nate and exportedh

'from the m1tochondr1a

The data broadly agree with the observations of Chépmah and |
Osmond (1974) who fed 1 ,4-1%c- and 2,3-1%c-succinate in the Tight and in

,the dark to leaf slices of the NAD malic enzyme Cy p1ant Atrzplex |

14

' spongzosa. Both 1,4-""C- and 2,3-]4C-succ1nate were converted to sucrose -

and other photosynthetic products at about equal rates in the Tight.

This conversion was however, considerably more rapid than the rate of ]4C02f-

re]ease in the dark and it was suggested that even if 14

14

COz-re1ease cont1hued
‘unabated in the 11ght‘the refixation of 02_dur1ng photesynthesis cduld

" not account}for the observed 1abe111ng'patterns, particu]ar]y in the qaee

, of'2,3-]4c-succinate,‘ The authors concluded that the mostvplausible
explanation, as it seems to be in the present study, washthat ]4C-suc¢ihate

14 14

was not metabo]tsed beyond | —ma]ate or

C-0AA 1in the TCA cyc]e Presumably
- malate can e1ther be decarboxylated by NAD ma11c ‘enzyme 1n the: m1tochondr1a L

or it can be exported to the cytop]asm and decarboxylated there.

2.3.4 Discussion

The distribution of label in the proddcts of ]4C—pyruvate metabolism is

consistent with the conversion of Pyruvate-to.carbohydrate'via a g]ueoneogenic
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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 1in Stapelia, C3 Mésembryaﬁthémum or in spinach. It is possib]e.
that Stapelia, a PEPCK CAM plant which produces PEP but not pyruvate

| during deacidification, can convert PEP to carbohydrate but is unab]e to

| convert pyruvaté to cdrbohydrate. The conversion of pyruvate to PEP as»tHe

first:step in g1uconeogenests requires anﬁehzyme'such as pyruvate,-Pi

d1k1nase to' reverse the phys1o1og1ca11y 1rrevers1b1e pyruvate ‘kinase

_ ADP . ATP
reaction PEP ‘ ~ PYRUVATE. Pyruvate, Pi dikinase has been reported

to be presént_in Kalanchoe (Kluge and Osmond, 1971; Sugiyama and Laetsch,

- 1975) but, as will be shown in Chapter 4.1, is absent from Stapelia.

‘ In' Sfapeliq; and to a lesser extent in KaZanéhoe, a- substantial
proportioh'r’of the 1ébe1 from‘3—]4C-pyruvatevrapid1y appearﬁ in the organic
ac1d fraction, pr1nc1pa11y in ma]ate and c1trate/1soc1trate Tﬁe differénces
in the amount .of rad10act1v1ty in the carbohydrate and organic ac1d fract1ons

from tissues fed either 2-14C- or 3-]4

C-pyruvate suggests that, TH‘StapeZta?
- TCA cyc]e reactions may be 1mportant in pyruvate metabolism. The distri-
bution of Tlabel in the fract1ons from Kalanchoe indicates that on]y a
'sma11,proport1on is metabo]nsed by this means. In spinach,the bulk of the

]4C—pyruvate‘wa$ in aTanThe and glutamate Which-suggests that

Tabel from
‘pyruvate was metabo]ised'principally via transamination, not by the TCA

cyclel or gluconeogenesis.

Th1s 1nterpretat1on of the d1str1but1on of ]4C in products of ]4C-pyruvat

metabo]1sm s, however, based on two assumpt1ons. The first is that during
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]4C-pyruvate feeding, ]4C—pyruvate is the only Tabelled compound fed to the

tissue. The second is that 14

C is only exported from the mitochondria as
14 ‘

C0,.

The 1-]4C-pyruvate‘data suggests that a small proportion of external

pyruvate is non-enzymatically decarboxy]éted. The most probable

14

2-carbon product is ' 'C-acetate. Acetate is rapidly taken‘up by tissues

and is metabolised within the mitochondria. It is thus posSibTe that a

small proportion of the initial label in TCA cycle acids and subsequently

in both acids and carbohydrate is due to the incorporation of 14

t ]4Cepyruvate. A small amount of ]4C-acetate incnrporation does not

C-acetate,

| significantly a]ter the interpretation of the data. In K&Zanchoe,t'

14

aT]owance for C-acetate incorporation suggests that a greater proport1on

of the 1abe1 from ]40 pyruvate was converted d1rect1y to carbohydrates than
was initially indicated i.e. it strengthens the evidence for a g]ucon-

14.

* eogenic mechanism. In Stapelia, although any allowance for C-acetate .

incorporation would lower the initial apparent amount of label from

]4ijyruvate in the_organic acid fraction, the acids are still easily

the heaViest labelled fraction. In fact, the metabo?1ism of 180 acetate
by TCA cycle reactions should be almost identical to the mitochondrial
metabolism of ]4C-pyruvate and the relative proportions of label in the acid

and tarbqhydrate‘fractions should remain constant.

Both the ]4C-succinate data and observations with isolated CAM mito-
chondrta, mentioned earlier, suggest that malate, pyruvdte'and 0AA (as
- well as aspartate, a-ketog1utaratenand g]utamate) can cross the’ m1tochondr1a1
' membrene. If such export occurs then the 1abe]11ng pattern observed in

Kalanchoe would only be obseryved if the exported metabolite was rapidly
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converted in toto to carbohydrate, which again implicates a gluconeogenic
pathway. The distribution of Tabel in the products of ]4C-oyruvate |
metabolism in Stapelia could only occur ﬁfkthe exported metabo1ite was
decarboxylated and the Y4eo €0,, buttnot the 3-carbon skeleton, was cOnVerted
to carbohydrate. If the 3-carbon ske]eton’was directly converted to |

carbohydrate one would not expect to observe either such a large proport1on

of the label in organic ac1ds, or-a distribution of ]4C amongst the

14C

products of ]4C-pyruvate which is dependent upon the position ot the
in the labelled pyruvate. This evidence’plus‘the observations that PEPCK
plants have low malic enzyme activities (Dittrich et al., 1973 D1ttr1ch

14 14

1976) suggests that any CO2 produced interna]]y from C- pyruvate is

done so in the m1tochondr1a ‘most probab]y from TCA cyc]e react1ons

Unfortunately, due to the uncertainties caused by the internal dilution

14

of C-pyruvete,fit is difficult to estimate the relative rates of TCA

cycle activity in’stapeZia~énd K&Zanéhoe. The observation that label in
]4C¥succinate is exported from the mttochondrﬁa suggests that if the TCA
cycievis 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 Stapélia it is possible that the actinty of the
TCA cyc]e may be adequate to oxidise the small amounts of pyruvate wh1ch may
be produced durlng dea01d1f1cat1on by NADP malic enzyme. However, the slow ‘
rate of conversion of ]4C pyruvate to carbohydrates and the Tow activity of .

pyruvate kinase in CAM p]ants (Sutton, 1974, 1975b) make it un11ke1y that

the PEP formed_durlng the same period is converted t0“pyruvate then oxidised.

It is also possible that some exogenously supp]ied 14C -pyruvate may be

directly oonverted to‘ma1ate‘fn the cytop]asm. In Kalanchoe this could
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occur via pyruvate, P{ dikinase and PEP carboxylase if the latter enzyme
retains any activity, although such a conversion would result in a futile
cycle. It is hard to envisage how this would occur in Stapelia particu]af]y |
when 6ne considers the différences in the distribUtion of label from

2-]40- and 3-]4C- fed tissue.

The distribution of 14¢ amongst the products of-3-14C-pyruvate o
metabolism in'C3 Mesembryanthemum 1S simi1ar to that observed in Stapelia,

whilst the distribution of 14

C in CAM‘Mesembryanthemum is intermediate between
Stapelia and Kalanchoe. However; when.the internal dilution of T4C-pyruyate.
is taken into account. CAM M@sembryanthemum quite obv{ous1y has a‘far Qreater
capacity‘té:convert pyruvate to carbohydfate fhan C3 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 arg;ﬁié acid‘fraction$ were‘so 
heavily'1abé11ed in CAM Mésembryanthemum. Interpretation is complicated L
by the high NaCl content of the tissue which interfered with the |
chromatography- of ma1afe and citrate in particular, énd which made the two
acids run és a-single spot. It is possible that PEP carbéxy1ase may have
been still significantly active‘ahd may have Con?erted”PEP, which could be
o formed from pyruvate (see Chépter 4.3), to malaté. Unforfqnate]y,_for
pUreiy éircumstantia1 reasons, I was unable to,ﬁistinguishibetween
respiratory and non—respirafbry pyruvaté metabd]ism by feeding 2-140-
and 3¥]4C—pyruvate'to‘both C3‘and CAM tissues. It is probéb]y reasonable
to state that, in 1ieu of a more detailed ihvestigation; the CAM tissue
has a far greater cépacity'to corivert 3—]4C—pyrUVate to carbohydrate

than the C, tissue and this observation, coupled with the relatively lower
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respiration rates,‘suggests that pyruvate is rapidly converted to
carbohydrate}in_CAM Mesembryanthemum by a non-respiratory process. Such

a process will most Tikely involve a gluconeogenic mechanism.
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3 ISOLATION AND METABOLISM OF INTACT MESOPHYLL CELLS

3.1 Introduction

Isolated mesophy11 cells are a useful experimental system for
investigating some physiological and biochemical processes in'p1ant -
tissues. Photosynthetically active leaf mesophyll cells and protoplasts
- have beén enzymatically 1solated from C3 and C4 plants (cf. Kanai and
Edwards, 1973), however, it is only recently that ﬁntact‘cells_have been
isolated from CAM tissue. Mechanica]]y isolated mesophyll cells from the
malic enzyme CAM plant Sedum telephium, required the addition.of :

]4C02 incorporation was

phosphorylated compounds before significant
observed (Rouhani, 1972; Rouhani et ai., 1973). In subsequent studies
: with”enzymaticé]]y isolated Sedum teZephium'protop]asts and cells, high

rates of,14

Coz;incorporation of 30-70 umoles mg ch1'1 hr'] at 30°C were
observed without the addition of any substrates (Kahai and Edwards, 1973; -
Spalding and Edwards, 1978). The cells exhibited high, Tinear rates of
oxygen evolution, and ratios of oxygen evolution to CO2 1n¢drpora£iqn of

close to-unjty. 14 1!

COé incorporation rates of 56-73 umoles mg'ch]‘ hr
at 30°C, which were also independent ofiaddéd sﬁbstrates, have been
reported for mesophyll cells iso]ated'from Opuntia polyeantha and Opuntia
mOnocanth&(Gerwick et al., 1978). To,date there have been no:reports of:

~.cells isolated from any PEPCK CAM p]ant;.

'In this séctidn‘Somevof'the'properties of»infact_and phOtOsyntheti¢a11y‘,‘
active mesophyll cells, enzymatically isolated from,thebma1i¢.enzyme CAM |
plant KaZanchoe*daigrembntiana,.and from the PEPCK CAMvp1ant Stapelia |
: gigantea'wi]1 be 1nvestigated; In particu1ar;evﬁdence will be sought for

a difference in‘the response of these cells to externally added pyruvate.
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The gluconeogenic hypothesis presentedbin 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 StapeZia'ce11s and
this may be ref]ected in the rates of CO2 ass1m11at1on via PEP carboxy]ase

in the 11ght

3.2v Méteria]s and Methods

3.2.1 Exper1menta1 mater1a1
Plants were grown as described in Section 2.1. 2. For Kalanchoe the
second expanded Teaf was used. It was 1mportant to use young actively

growing tissue since the cell yield diminished with increasing tissue ége.

3.2.2 Iso]ation of cells |

Deac1d1f1ed Kalanchoe and Stapelta tissue was cut with a sharp razor -
blade into 0.5-1 mm thick s]1ces and suspended (about 5 g in 50 m]) in an iso-
Jating med1um conta1n1ng 50 mM MES- NaOH pH 5.5, 0.3 M mann1to1 5 mM MgClz,
1M KZHPO4, 0.1 CaSO4, 0.5% (w/v) PVP-40 and 0.5% (w/v) Macerase
(1.0% Macerase was used for KaZanchoe tissue). .The slices were vacuqm
infiltrated for 5 seéond periodsyunti] they hb longer: floated.  This -
usually required three or four infiltrations. A piecé of gauze Qn the
surface of the isolation medium énsured'that the sTicesvwehe:completely

submerged throughout'the‘1nfi1tration.‘

The tissue was digested af room temperature with_otCésidnéT'shaking,
for 1-2Hhours.befbre being placed, together with a magnetic f]ea;fih the
central well of a two compartment chamber similar to that“describéd by
Rehfeld and Jensen (1973).. A. . »v The‘we11-was covered with coarsé

mesh (1 mm) ny1on gauze and the chamber filled with iso]atjon médium td
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a 1eve1 0.5-1.0 cm above the 1ip of the centre well. The suspension was
stwrred for up to 45 m1nutes, depend1ng upon both the species and the

cell yield. The st1rr1ng speed was adJusted so that the yortex created was
just sufficient to push any separated cells upwards through the gauze

and outwards. The ce]]sjwhich setf]ed in the unstirred outer well were
transferred using a wide mouthed pippette tova test tube containing

5-10 m1 (depending upon the cell yie]d) of resuspens1on med1um cons1st1ng of
'n25 mM HEPES NaOH 25 mM MES- NaOH pH 7.5, 0.25 M mannitol, 5 mM N‘gC]2 and

0.1 mM CaSO4. After*sett]1ng for 5-10 minutes the cel]s-were,resuspended in'
5 to 10 m1 of the resuspension medium."This nesuspension was répeated '

 before storing the cé]]s'at room temperatuké until used (1-3 hours).

I was unabie to iso]atei photosynthetically active cells from

n_Ananas COmosns (pineapple),-AZOe arbdrescensbor Hoya éarnosd. Cells
from the latter two speciés-appeared to have been rUptdred by crystals

»which were abundént in the tissueé Ce11s wh1ch evolved 02 at low
rates were 1so]ated from Bryophyllum ptnnatum, Escheverta gZauea and

: Sanseverza ;rzfascmata. Ce1ls of varying act1v1ty were also isolated

from C4 and CAM MéSembryanthemum_crystalltnum,

3;2.3 Inconporation of 14002
_ | v]4C02'fiiation.was assayed at room temperature (21°C) in sealed |
'scinti]iation-via]é Cells (200-400 ug ch]orophyll'in 200 ul) were
suspended in 0. 7 ml of assay medium conta1n1ng 25 mM HEPES—NaOH pH 7.8, 025 M
mannitol, 5 mM MgC]Z, T mM KZHPO4 and 0.1 mM CaSO4 ~ The vials were |
111um1nated with a quantum. flux dens1ty of 1,200 ue]nstein'r{2 sfj at

dnvié1—top height from a 1000 W Philips HPLR high pressure'mércury vapour
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fluorescent lamp through a 5 cm water filter. The cells were preincubated
for 10»m1nutes in a mechanical shaker (= 20 strokes min']) with or without

umole). After appropriate intervals the cells were killed with 200_n1

substrates before 10 umoles NaH CO3 in 0.1 ml was addedv(1—2 x 10

of 20% trichloroacetic acid. The suspension was blown to dryness and acid—‘
stab]é counts were detérmined by Tiquid scintillation counting. Products |
of 14002 fixation were separated and identified as described in Section
2.2.2, but chrématogfaphy of soluble sugars prbved imprathcab]e due to the
high concentration of mannitol in the reaction mixture which coeluted from
the Dowex reéin with thé neutral;fraction. |
| : N
3;2.4 ’OXygeh exchange measurements
Oxygen exéhange was measured at 25°C using a C]afk—type Rank

electrode. Cells (100-250 ug chl in 0.1 ml) were suﬁpendéd in 2.9 ml of
buffer. identical to that used for.MCO2 incorporation»excébt‘fhat the

buffer was C02 free., "CO2 free"‘buffer was prepared by heating the buffer
, close to boi]ihg point whi]st bubbling with N, in an Erlenmeyer f]ask..’A
tube containing Cafbosorb was placed in the‘f]ask'qnd the f]ask wa§ sealed

-and aTlowed tovcool;

The reaction vessel was illuminated by a 150 W projector lamp which

provided 1000-1200 peinstein m2 s at the vessel centre. When a red

filter was used, the 1ight intensity dropped to about 800 peinstein mfz 5'1,
3.2.5 Estimation of intactness of cells
 The intactness of cells was routinely verified by 1ight microscopy. (Fig;3}

To examine for intact cells-a small amount of Evans Blue in 0.3 M mannitol



Figure 3.1

A.

1501§t9d mesophy11 ce]]s'from'StapeZia gigantea. Smaller
ch1orop1ast deficient cells are pith cells..

Exclusion of Evans B]ue‘by isolated mesophyll cells from

Stapelza gitgantea.

Mesophyl1l cell from Stapelta gigantea. The orientation of

‘ ch]orop]asts on the periphery of the cell indicates that
Athe tonoplast and plasmalemma are intact.

: Mesophy]] cells isolated from KaZanchoe daigremontiana.
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was mixed with the cell preparation on a microscope slide and examined under
a Tjght microscdpe‘for exclusion of the dye. Evans Blue is a water soluble
dye (M.wt = 900) which is excluded by intact semipermeable membranes (Figure

3.1)(6aff and Okong'o-Ogloa, 1971).

3.2.6 Chlorophyll estimation
~ A1 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 c]inica] Centrifuge

- The ch]orophy]] content of the supernatant was assayed after Arnon (1949)

described in Seet1on 2.1.2.4.

3.3 Results

The mannitol cbncentration required for production of intact cells
waS'determined'in a number of preltminary experiments. It appeared
: that the cells were more viable when isolated in a slightly plasmolysed

- state. Hence ce11s were extracted in 0.3 M mannitol and assayed in 0 25 M

- mannitol.

Cells were more easily obtaihed from Stapeiia than from Kalanchoe.
Stapelia tissue usua]]y.required on1y about 15’minutes stirring to
.produce a high y1e1d of cells that were regularly 75 90% intact before
pur1f1cat1on The cells were considered physically intact if they
actively echuded Evans Blue. The yield of cells from Kalanchoe was less
predictab]e:as_both the_pereentagevof intacthcells and the tota1vyie1d‘
varied betWéen experimehts. Cells from KaZanchée}were not used un1ess they
were at‘1eastq60% tntact‘before purification. The eeils remafning after

'purificatton_were about 75-85% intact. Cells of older Kalanchoe leaves
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were less easily Separated than those from young leayes. Tissue age had
no effect on cell separation from Stapelia tissue although the older

cells had Tess chlorophyll.

- 3.3.1 Oxygen evolution and consumption ‘

Isolated Kalanchoe and Stapelia mesophyll cells exhibited Hign‘rates,'
of Tight dependent 02 evolution which were 1inean for at least 15 minutes
and proportional to the amount of chlorophyll presenf (Figure‘3.2).
'Intactness of the cell ch]ordp]asts is indicated by the obeervation _

‘that 0, evolution ‘was not- stimulated by ferr1cyan1de (Table 3_]) ~ The
'_rat1o of O2 eyo]utTon to DCMU sensitive ]4C02 ]ncorporat1on is close to

unity which indieates that the PCR.cyc]e is functiona] and coupled

to the photosystems (Table 3.2).

Oxygen evolution. 1n both species, although requ1r1ng exogenous CO2
for maximum activity, was on]y partially dependent upon external 002
(Table 3.1). "Both the external C0, dependent and the independent
‘componenté Were completely inhibited by 4 nMvDCMU (Tab]e 3. 3)~"A1thbugh
the maximum observed rates of 02 evolution were similar for each spec1es
(20-50 .:umoles mg. ch]‘ hr'] in Kalanchoe and 50 70 umoles mg chl -1 hr~ -1
in Stapelza) the proport1on contr1buted by the external CO2 1ndependent
- component varied cons1derab1y between extract1ons Similar externa]
002 independent oxygen evolution has been observed in Aloe 1eaf s]1ces and
“in 1so]ated Sedum telephium cells (Den1us and Homann, 1972; Spalding and
EdWards,‘i978). In:AZoe leaf s1ices, external 002 independenﬁ Oé}eVolution‘
is propdrtiona] to the tissue malate content and is mostfprebab1y due to
CO2 being pnoduced internally via malate decarboxy]ation’ Spalding and
- Edwards (1978) reached the same conclusions regard1ng the externa1 CO2

1ndependent 02 evo1ut1on observed in Sedum ce]]s



Figure 3.2 O2 evolution in the Tight by isolated mesophy11)ce11s from
Kalanchoe dazgremontumal\)and Stapelia gigantea Jexpressed as
a function of chlorophyll content. Results of two experiments.
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" Table 3.1 Effect.of ferricyanide on het oxygen exchange and oxygen' _
evolution in isolated Xalanchoe and Stapelia mesophyll cells.

Species ' Treatment Net 0, o 402a .
exchange ' evolution
(umoles mg.ch1;] hr']) |
Stapelia  light on® 232 3.8
+ ferricyanide [1 mM] 21.8 : © 33.4
+ NaHCO5 [10 mM] | 33.4 . 45,0
-+ DCMU [4 uM] . -11.6 0
sf 1ight onb . 9.4 . 32.8
4 NaHCO4 [10 mM] | ©39.8 . 63.9.
light off S 234 | 0
light on 7.5 60.9
+ ferricyanide [1 mM] 37.5 '\ 60.9
Kalanchoe —  light on® - 4.0 145
-+ NaKeo, [10 mM] 56 256
+ ferricyanide [1 mM] 15.6 . 25.6

4 light off ‘ -10.5 o0

a Apparent 0, evolution calculated by assuming the basal dark 02 uptake -
- rate was equivalent to zero 0Op evolution:

b A1l cells initially in COp free buffer
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Table 3.2 'Relationship between ]4002 assimilation and oxygen evolution in
1so1ated Kalanchoe and Stapelia mesophyll cells in the Tight.2 |

Species  14cy 4. b 1460, minus 0, evo- 0, Evoln. | ‘02 Evoln.
' corporat1on DCMU insgn- Tutiond -
sitive 14 :
. -1, -] L0, Incorpn. Co,, - DCP
(umoles mg Ch1™" hr ") - - : sencitive
Kalanchoe ~ 36.5(+3.0) ~31.6(:3.0) 31.9(:4.9) 0.7 . .1.00
Stapelia  59.5(:2.1) 49.4(:2.7) 53.7(:7.5)  0.90 1,09

a Both 0, evolution and NaH14CO3 1ncorporat1on in the presence of 10 mM
NaHCO3. Assay conditions as described in methods

b Mean of 4 determinations plus standard deviation .

¢ Mean of 3 determinations plus standard deviation. 5 uM DCMU used

Mean of 6 determinations plus standard deviation
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Table 3.3 Effect of DCMU on net oxygen exchange and oxygen evo]ut1on
~in isolated Xalanchoe and Stapelia mesophy11 ce]ls

o

. Net 0, | - >
Species _ Treatment . exchange evolution
' (rmoles .mg.chl 1 -l
Kalanchoe dar‘kb v -7.0 0
light on _ 4.7 2.9
+_NaHCO3 [10 mM] - 20.8 27.8
+ NaHCO3 + DCMU [4 wM]  -7.0 0
Stapelia  darkP - -10.0 0
’ Tight on 21.1 31.1
+ NaHCOg [10mM]  35.0. 45.0
+ NaHC03 + DCMU [4 uM] -9.6 0.4

a Apparent 0, evolution calculated by assuming the basal dark 02 uptake
rate was equivalent to zero 0, evolution

b A1l cells initially in COZ free buffer
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The addition of malate in the absence of external €O, did not
increase Oz.evolution to the levels observed in CO, fed cells (Table 3.4).
~ This suggests that either malate is not entering the ce]]svor, if it is,
“the rate of malate. decarboxylation was already saturatedt Since the

]4C02 feeding .data presented in the following section indicates that

the cells are permeable to PEP and to a lesser extent to PGA and pyruvate,\

it is.most unlikely that they are impermeable to malate. L

Accurate measurements of.dank respiration were not obtained. Although
‘;'very hign rates of dark'.O2 uptake were observed, it is un]ike]y,tnat

the uptake was of nespiratory origin as it was insensitive to a'range‘

';0f neSpiratory.amiother inhibitors even when expoéed to very'htgh ‘
concentratione'viz,lo mM KCN, 0.5 mM antimycin-A, 0.4 mM oligomycin

and 1 mM DCMU.. Sinflarly, ]ight\depéndentVOZ uptake observed in the
'bpresence pf.4 uM DCMU, was insensitive to KCN,,antimycin and o]igomycin,

| Light dependent 02 uptake was observed in boiled cells from bothvspeciesg ‘
It is poss1b]e that this 15 a similar phenomenon to that observed by
’.Den1ns and Homann (1972) in AZoe leaf slices and is due to photo—ox1dat1on
of light absorbing pngments. Obviously there are a]so other factors

finvo]ved which require further investigation,

3.3.2 L1ght and dark ]4602 f1xat1on

Ce]]s isolated from deac1d1f1ed Kalanchoe and Stapel%a mesophy]]

tissue fix 14CO2 more rapidly in the 11ght than in the dark and

]4C02,ffxatf0n is l1near for at 1east 30 minutes. The d1str1but1on of

14

]abe] in the products of,30 minutes light and dark CO2 1ncorporat1on

by Stapelia cells (Table 3.5) is similar to the distribution observed in
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Table 3.4 Effect of malate, PEP and pyruvate on net oxygen exchange and

oxygen evolution in isolated Kalanchoe and Stapelza mesophyl1
ce11s. :

Treatment , Kalanchoe ~ Stapelia
| net 0p 0