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AMraet-Khloroplasts were prepared from cactus, @w&a l3kus-Mm Mill., phylloclades by aqueous and 
nowueous techniques in order to localize CG2 metabolism enzymes. ~~h~ol~~te carboxylase, 
malate dehydrogemw, malic enzyme, @&unic-oxaloacetic e, and glucose&phosphate dehydro- 
gaoase were shown to be associated with the puri6ed chloroplasts. Ma& dehydrogenase, malic enzyme, 
glutamic-oxaloacetic tmmamkw and glucose-&phosphate dehydrogenase wre associated with mito- 
chondria puritied by sucrose density gradients. Recovery of enzymic activity from chloroplasts prepa& by 
carbon tetrachloride-hexane density gradkmt centrifugation was significantly better than plastids prepared 
by sucrose density gradient centrifugatio~, Because P-enolpyruvate carboxylase. malic dehydroltenase, and 
ma& enzyme activities were associated with ~hlorop~~, Co, metabolism me&ted by these enzymes must 
be associated with chloroplast metabolism. 

INTRODUCTION 

IN G= tissues of succulent plants, it has long been known that in the dark COz is incor- 
porated into organic acids. This observation has been made both for cactus stem and root 
tissue,1*2 In green tissue phosphoenolp~vate carboxylase is implicated as the main carb- 
oxylating enzyme while the malic enxyme is suggested to function in either carboxylation or 
decarboxylation. The same enzymes are implicated in COz metabolism in non-green ti~suea.~ 
In this laboratory, both Penolpyruvate carboxylase and the malic enzyme have been 
demonstrated in cactus phylloclades. The exact significance of dark COa metabolism is not 
completely understood and for this reason information concerning the in~~~u~r location 
of enzymes implicated in COa fixation is important. In the present report we present data 
indicating that P-enolpyruvate carboxylase, malic dehydrogenase, the malic enzyme, glucose- 
6phosphate dehydrogenase, and glutamic-oxaloacetic transaminase are present in chloro- 
plasts of cactus. 

RESULTS 

Ahaqueously Prepared Chlorophsts 

Three distinct chloroplast containing bands were separated by nonaqueous density 
gradient centrifugation (Table 1). The lightest band (fraction 1, density= 1.420 to l-452) 
contained the least amount of chlorophyll and protein, but the best appearing chloroplasts 
as viewed with the electron microscope. Fraction 2 (density= 1,452 to l-479) contained the 

l Supported in part by a research grant from the U.S. National Sciaxx Foundation (GE3587). S. K.. N. 
was a Dry-Lands Research Institute postgraduate biacknist during the temue of this investigation. 
1 I. P. Tmo and W. M. Duoow, Plant PhysioI. 40,68 (1965). 
2 I. P. Tnw and W. M. Duociaa, Plant Physiol. 41,500 (W66). 
3 D. A. WALICER, B&l. Rev. 37,215 (1962). 
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TABUS 1. THE -CSLLULAR LocALuATIoN OF MALAm DaHYDRoQENAsa, FENowRwATgcARBo~,MAllcENzyMI:QLu~~P~IuTE 
DWYDRWf!NME, OLUTAME-OX.UKMCXIW -ASEAM) NADP+mmmm OLY~RR~~~~-~-~HA~-ROGENA~EOPCA~NS 

P-ESASD- FyNONAQUEOUSL?OLATiQNOF-OPLA¶X 

NADPdcpedad p 
Pcnat- GlWMCd- Glutamie 

Pynrvatc 
Total d&y= 

phosphate ORRbRCCtiC 

carkxyh Maiiialzyme dehydrOgm= tlammhw ~Ydw== 
chlorophyll - - & - - - 

Bt FRtCtiOll @WI ActivityZ Ratht Activity Ratio Activity Ratio Activity Ratio Activity Ratio Activity Ratio 

k 

1 12.9 1-O 96 14 0c.l 

III 0.15 2528 la 0.6 O-2 7.9 1.0 

2 2586 1.0 3.1 10 12.1 19 7.3 1.0 04 
#K)6 08 :: 19 3.5 0.3 6.2 O-9 05 

In 0.05 2688 1.0 k: 0.1 6.9 19 1.4 0.1 5.6 08 0.4 14 

l Activity cxprescd in tcm~ of change in optical density at 340 ~/~/~ chlorophyll. 
tmm activih have been cmva%al to ratio values with fraction I values be@ &ablklxd at u&y. 
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most c~orophy~ and protein as well as the most emymic activity. Fraction 3 (density > l-50) 
contained an intermediate amount of chlorophyll, protein, and enzymic activity. Tire latter 
two fractions had intact and broken chloroplasts as well as other celhdar debris. Although 
all six of the enzymes investigated were associated with the nonaqueous c~orop~st fractions, 
thespeeif~c activities ~~orophy~ basis) of malic dehy~o~~, themalicenxyme, ghnam.ic- 
oxaloacetic tmmammase, and NIP-~y~~dehyde-lphosphate dehydrogenase were 
constant in all three fractions. These data indicate a direct association with the chloroplasts. 
The speci& activities of P~~olp~va~ carboxylase and ~~~~pb~p~~ dehydro- 
genase, however, dezmased with an increase in the density of the chloroplast preparation. 
Considering total activity, approximately 40 per cent of the latter enxymes were associated 
with fraction 2 while nearly 50 per cent of the others were associated with this fraction. 
Fraction 1 anon about 40 per cent of the P~olp~vate carboxylase and glucose-& 
phosphate dehydrogenase, but only 15 to 18 per cent of the others. Fraction 3 contained less 
P-enolpyruvate carboxylase and glucose&phosphate dehydrogenase (B-23 per cent) than 
the others (26-35 per cent). 

Low enzpic activity was recovered in particles isolated by standard aqueous techniques. 
Recovery of enzymic activity in nonaqueously prepared chloroplasts was sign&antly better 
than aqueously prepared c~orop~~, however, the recovery of c~o~phy~ was lower in 
nonaqueous preparations (Table 2). Leaching, rather than differential inactivation, probably 
accounted for low aqueous recoveries. Because of the nature of the cactus phylioclade (i.e. 
thick, fibrous epidermal tissue and abundant mucilage), many chloroplasts were cert&nly 
destroyed during ma~p~ation. Except for the lower recovery, the aqueous data agree with 
the aoaaqueous data. 

TABLB 2. RBXVERY OF ENZYWC ACIWTY IN caoR0PLAsn mLAm BY 

AQUEOUS AND NoNAQtJEQUS bBTIfOD.9 

Nowquux~~ Aqueous 

425.0 
471 

10,970 
6-8 

Z-7 

33.7 

32-O 

El0 
i.3 
l-7 
4.7 

59 

* Protein and chlorophyll expressed as tag per g fresh weight x 10% Ektzym3 
expEwsedastitspergfrcshweightx103. 

When aque-ously prepat& chloroplasts were pu&ed by sucrose density gradieut cent& 
fugation, the ~~bution of both protein and c~orophy~ followed a similar pattern (Fig. 1). 
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FIQ. 1. DomuBvnoN OF PROTEIN AND CHLORoP?iYLL. AFTRR SUCRQPB DRNSlTY ORADIRNT CENIIU- 
FUOATION OF THE PARTICULATE PRRPARATION OEUINED AT loooX.bJ (CIiLDROPLA.TIS) PROM CACTUS 
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FIG. 2. DL?IIUBUIION OF MUMYJ DEHM)ROMUSB (MDH), OLU~PH~HATE DEHYDROORNASR 
(G-6-PD) AND cxwrA~~c~xao~C~~‘~c TRANSAMPIASE (GOT) A- AFIER SUCROSE D- 
CmADmrr CENTRBUOATlON OF THE PARTICUUTE PREPARATION ORTAINRD AT loo0 X g (CHLOROPLA.STS) 
FROM CA= PHYLLQCIALXS. P-ENOUYRWATE CARBOXYLASE ANDMALICENZYMBACTMTlPSWEiU 

D-ABM2 Pr FRACTION 8. 
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FIG. 4. -UIlON OF HALmATS DEHYDROGRNASS (M13EI), blAL% RNZYME (ha?), otucosgd 
PHOSPHATE DEHYDROGENASE (Ga-pD), AND OLUTAMIC-O~ALDA~~ m (GOT) 
A- APlBR SUCRCk% DENSiTY QRADIEZNT CENTRIWOATION OF THB PARlWULATB PREpARATIoEl 

OJWAfNI!D AT lo,ooo X g (b¶fKK?tiONDRXA) FROM CACTUS P-ES. 
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Maximum chlorophyll, protein, and enzymic activity occurred at a density of l-102 (fraction 
8). The distribution of malic dehydrogenase, glutantic-oxaloacetic transaminase, and 
glucoseaphosphate dehydrogenase corresponded exactly with that of chlorophyll and 
protein indicating association with chloroplasts (Fig. 2). Pcnolpyruvate carboxylase and 
malic enzyme activities were detected in fraction 8 (see Fig. 2), thus suggesting a similar 
correlation. 

Distribution of Protein, Chlorophyll, and Enzymes in Sucrvse Density Gradients 
of Mitochondrial Preparations 

Sucrose density gradient centrifugation of mitochondrial preparations resulted in two 
protein and chlorophyll peaks (Fig. 3). The second peak (density = 1.102 to l-134) contained 
less chlorophyll than the more dense peak (density= l-20). Electron micrographs indicate 
that the lighter band contained good, intact mitochondria. Both malic dehydrogenase and 
glutamic-oxaloacetic transaminase were distributed in three peaks, two near the mitochondrial 
band (density= 1.102 and 1.134) and one in the chlorophyll dominated band (Fig. 4). Malic 
enzyme had maximal activities in two peaks (density=1*20 and l-134). Glucose-6 
phosphate dehydrogenase also had two peaks occurring in fractions with densities of 1.20 
and 1.102. These data suggest different particulate distributions of these enzymes. 

DISCUSSION 

The data presented in this report strongly suggest that in cactus, P-enolpyruvate carb- 
oxylase, malic dehydrogenase, glucose&phosphate dehydrogenase, glutantic-oxaloacetic 
transaminase, and the malic enzyme are localized, at least in part, in chloroplasts. Both 
aqueously and nonaqueously isolated chloroplasts, after washing and purifying by gradient 
centrifugation, gave positive assays for the above enzymes (Table 1 and Fig. 2). Although 
aqueously prepared chloroplasts contained activity, after sucrose density gradient fractiona- 
tion, P-enolpyruvate carboxylase and malic enzyme activity were too low for reproducible 
assays. Prior to purification by density gradient centrifugation, however, activity was present. 
Chloroplasts prepared in nonaqueous solvents and purified on hexane-carbon tetrachloride 
gradients resulted in three distinct chloroplast bands. The activities of malic dehydrogenase, 
the malic enzyme, glutamic-oxaloacetic transaminase, and NADP-glyceraldehyde-3- 
phosphate dehydrogenase were constant when expressed on a chlorophyll basis. P-enol- 
pyruvate carboxylase and glucose-6-phosphate dehydrogenase, however, were not distributed 
as a function of chlorophyll. Relatively more activity was present in the less dense chloro- 
plasts. Although an explanation is not readily apparent, these results may indicate differences 
in localization within the chloroplasts. 

Sucrose density gradient fractionation of aqueously isolated mitochondria did not result 
in a direct correlation between protein and enzymic activities (Figs. 3 and 4). Malic dehydro- 
genase and glutamic-oxaloacetic transaminase were distributed in three distinct bands, while 
malic enzyme and glucose&phosphate dehydrogenase occurred in two bands. P-enol- 
pyruvate carboxylase was not detectable after layering. In general, these data suggest that 
glucose&phosphate dehydrogenase, the malic enzyme, malic dehydrogenase, and glutamic- 
oxaloacetic transaminase are present in both chloroplasts and mitochondria. P-enolpyruvate 
carboxylase activity was shown in chloroplasts, but insufficient evidence was obtained to 
demonstrate mitochondrial activity. When aqueous particles were prepared, most activity 
was found in the high-speed supematant fraction. Undoubtedly, much of the supematant 



activity was leached from the particles. An interesting question which remains is whether 
or not these different enxymic activities, i.e. in chioropiasts, mitochondria, and perhaps in 
the high-speed supematant, reflect different isoxymes. 

The intraceliuiar location of C!Oz metabolism enzymes has been of interest in recent 
years. In 1957, Maxeiis and Vennesiand4 and later Rosenberg et uL5 demonstrated P-enoi- 
pyruvate carboxyiase in chioropiasts of spinach. Gamier-Da&r@ reported Pzno!pyruvate 
carboxyiase, maiic dehydrogenase, mahc enzyme, glucose&phosphate dehydrogenase, and 
NADP-oxidoreductase in chloropiasts of the succulent Bryophyihun daigremontiiznmn, and 
Brandon presented evidence for COz metabolism enzymes in mitochondria of B. t&jZorwn. 
Also, Ma&is and Vennesland4 reported P-enoipyruvate carboxyiase in mitochondriai 
fractions from cauliflower and pea seedlings. In corn-root tissue, in this laboratory, we were 
not able to find P-enolpyruvate carboxyiase nor malic enzyme activities in mitochondria.* 
Slack and Hatch9 reported P-enolpyruvate carboxylase, maiic dehydrogenase, glucose-6 
phosphate dehydrogenase, malic enxyme, as weli as others in nonaqueously prepared 
chloropiasts of maize leaves. In crassuiacean succuients6 and in the cactus reported here, 
P-enoipyruvate carboxyiase and associated enxymes were present in chloropiast preparations. 

Important relative to the significance of CO2 metabolism is the observation that the 6rst 
stable products of photosynthesis in sugarcane were maiic and aspartic acids;‘O the main 
products of dark CO, fixation. Later it was shown that sugarcane leaves contain P-enoi- 
pyruvate carboxylase activityv9 Significantly, malate is a dominant product of photosynthesis 
in cactus.” 

Plant Ma ted 

MATERIALS AND METHODS 

Young phylioclades of tire cactus, Opuntla Fims-tica MU., were freshly collected. The 
stem tissue was washed, cut into pieces, and vacuum infiitrated with 1% NH3 for 2-3 hr in 
the cold (O-5”). The latter was used for aqueous extractions. For nonaqueous extractions, 
the tissue was iyop~~ while frozen at appro~ateiy - IO” in a sait-ice mixture. The 
dried samples were stored under vacuum at - IO” untii used. 

Nanaqueous Chloropiasts 

Chioropiasts were prepanxl essentially by the method of Stocking12 and Bird et uLr3 
Generally, duplicate 2.5 g samples of the lyophiiixed phyiioclade material were ground at 
low speed in a Waring Blendor for 30 set with about 75 ml of an ice-cold hexane-CCi, 
mixture (density = 150). The homogenate was Gitered through four layers of cheesecloth and 
the filtrate centrifuged for 30 mm at 12,000 xg. The green pellet deposited on the wail of the 
centrifuge tube near the surface together with the green super&ant solution were separated 
by decant&ion from the heavy sedimented material. The iigbt supematant fraction was 

4 N. MAzELls and B. vs, Piant Physioi. 32,591(1957). 
s L. L. R CXENBER~ J. B. CAPINDAU and F. R. WILEY, Nutwe 181,632 (1958). 
6 J. GARNIER-DARDART, Physiol. Veg. 3,215 (1965). 
7 P. C. BRANDON, Pknt PhysEol. 42,977 (1967). 
‘ J. D- and I. P. ‘ha, Phant Phystoi. 42,719 (1967). 
9 C. R. SLACK and M. D. HAXH, Biochem. 1.103.660 (1967). 

10 H. P. KORTSCHAK, C. E. I~RTT and G. 0. BURR, Pkimt Phydd 40,209 (1965). 
‘1 I. P. ‘MO and W. M. Duomut, Bottm. Car., in press. 
12 C. R. S~CKINO. Pkmt Physiol. 34,56 (1959). 
1) I. F. BID, H. K. PORTER and C. R. S~ocrcmo, Biochim. B&phyJ. Actu I@,366 (1965). 
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mixed with an equal volume of hexane. After recentrifugation of the latter at 4500 xg for 
15 mm, the supematant liquid was discarded, and the sedimented material was suspended in 
4 ml of a cold hexane and Cc14 mixture (density= l-42). The suspension was layered on a 
density gradient of hexane and Cc14 from l-420 to 1538 and centrifuged at 1000 xg in a 
swing-out head (International Refrigerated Centrifuge, PR-2). 

The material sedimented by the initial centrifugation (density greater than 150) was 
suspended in 4 ml of hexane and CQ (density = 150) and layered on a density gradient 
ranging from l-502 to 1.590 and centrifuged at 1000 x g. 

Density layers were removed with a pipette and diluted with an equal volume of hexane. 
The particles were sedimented by centrifuging at 4500 xg for 15 min and the solvent was 
decanted. The preparation was dried by vacuum evaporation in the cold and the pellet was 
resuspended in 4 ml of O-1 M tris, pH 7.4. Solubilization of the pellet was conducted by sonic 
irradiation at 60 W for 60 sec. Aliquots were removed for chlorophyll and protein deter- 
minations. After centrifuging for 10 min at 2000 x g, supernatants were assayed for enzymatic 
activity. All operations were completed in the cold (O-5”). 

Aqueous Chloroplasts and Mitochondria 

Chloroplasts and mitochondria were prepared according to Pierpoint.r4 After infiltration 
with 1 oA NH3, approximately 100 g (fresh weight) of tissue was homogenized in 4 to 5 volumes 
(wt./vol.) of sucrose&is buffer (sucrose, 0.4 M; tris 0.2 M; EDTA, 5 mM; Nas citrate, 
0.02 M; final pH =7*8). Homogenization was conducted by grinding at low speed in a 
Waring Blendor for a total of 30 set, in 5 set increments. The resulting homogenate was 
squeezed through four layers of cheesecloth and centrifuged at 500 xg for 5 min, and the 
supematant was centrifuged at 1000 x g for 20 min. The pellet was resuspended in 5 ml of the 
extracting medium and designated as chloroplasts. The 1000 xg supernatant was recentri- 
fuged for 30 min at 10,000 xg to obtain a mitochondrial preparation. The latter was sus- 
pended in 5 ml of extracting medium. The 10,000 xg supernatant was designated as a soluble 
fraction. All operations were carried out at O-5”. Enzyme activity, protein, and chlorophyll 
were determined in all three fractions. Sucrose gradients were made by layering sucrose 
solutions of decreasing densities in 25-ml cellulose nitrate tubes (solutions of sucrose used 
were 1.75 M (density = l-228), 1.5 M (density= l-200), 1-O M (density= l-134), 0.75 M 
(density= l-102), 0.5 M (density= 1*070), and 0.25 M (density= l-032) in 0.05 M tris buffer 
(pH 7.4). Gradients were established with 4 ml of sucrose of each solution except 2 ml of 
the lightest solution was placed at the top of the centrifuge tubes. The chloroplast or mito- 
chondrial preparations were layered on the top after the interfaces of the sucrose layers were 
allowed to smooth by standing for at least 4-5 hr in the cold. The tubes were centrifuged at 
1000 x g for 30 min in a swing-out head. 

After centrifugation, a pin hole was made at the bottom of the tube and 10 to 11 fractions 
of approximately equal volume in decreasing densities were collected by applying a mild air 
pressure from above. All isolation steps were carried out at 0 to 5”. Solubilization of the 
pellet for enxymic activity was conducted by sonic irradiation in the same way as for the 
nonaqueous procedure. 

Enzyme Assays 
All enzyme assays were conducted in a dual beam spectrophotometer equipped with a 

recorder and automatic sample changer, by measuring the change in absorptivity of pyridine 

14 W. S. PIERFOINT, Biochem. J. 82,143 (1962). 
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nucleotide cofactors at 340 nm. Unless otherwise indicated, all reagents were prepared in 
the buffer used in the assays. Preliminary experiments were conducted to determine the pH 
optimum of each enzyme under assay conditions. 

Malic dehydrogenase (L-n&ate; NAD oxidoreductase, EC 1.1.1.37) was assayed in the 
direction of oxaloacetate reduction with oxaloacetate, 1.2 pmoles; NADH, 0.4 pmole; 
tris O-1 M, pH 7.4 and 20-50 times diluted enzyme; total volume = 3-O ml. 

P-enolpyruvate carboxylase (orthophosphate : oxaloacetate carboxy-lyase (phosphory- 
lating) EC 4.1.1.31) activity was determined according to Danner and Ting8 by coupling the 
reaction with endogenous malic dehydrogenase. The reaction mixture consisted (in pmoles) 
of P-enolpyruvate, 3; NaHCOs, 2; MgC!12, 20; NADH, 0.4; tris, O-1 M, pH 7.4 and enzyme; 
total volume = 3.0 ml. 

Malic enzyme (L-malate: NADP oxidoreductase (decarboxylating) EC 1.1.1.40) assay 
mixtures contained the following components in pmoles: L-malate, 1.5; Mn&, 3; NADP, 
0.6; tris, O-1 M, pH 7.2 and enzyme; total volume= 3-O ml. 

Glucose-6phosphate dehydrogenase (n-glucose-6phosphate : NADP oxidoreductase, 
EC 1.1.1.49) assay mixtures contained the following components in pmoles in a final volume 
of 3.0 ml; glucose&phosphate, 5; MgCl*, 10; NADP, 0.6; tris buffer, @l M, pH 7.2 and 
enzyme. 

Glutamic-oxaloacetic transaminase (L-aspartate: 2-oxoglutarate aminotransferase, 
EC 2.6.1.1) was assayed by coupling the reaction with endogenous malate dehydrogenase. 
The composition of the reaction mixture in pmoles was: a-ketoglutarate, 10; Dcaspartate, 10; 
NADH, 0.4; tris buffer, 0.1 M, pH 8-O and enzyme; total volume= 3-O ml. 

NADPdependent 3-phosphoglyceraldehyde dehydrogenase (n-glyceraldehyda3-phos- 
phate: NADP oxidoreductase, EC 1.2.1.9) was assayed according to Amon.” The reaction 
mixture contained in pmoles of Dr.-glyceraldehyde-3-phosphoric acid, 3; NaAsOs, 15; 
NaF, 10; NADP 0.6; tris buffer, O-1 M, pH 8.5 and enzyme in a total volume of 3-O ml. 

Specific activity was expressed as change in optical density per min per mg protein, per 
mg chlorophyll or per ml of enzyme preparation. Protein was estimated by the method of 
Lowry et aZ.16 as described earlieS and chlorophyll by the method of Amon.** 
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