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Suimmary. Three enzymes assumed to mediate CO., metabolism in corn roo,t tips,
P-enolpyruvate carboxylase, malic dehydrogenase, and the malic enzyme, were ex-
tracted to determine their relative specific activities and their partitioning between
soluble and partictulate fractions. The data indicated that the intracellullar location
of these 3 enzymes is nonparticulate and thuis these enzymatic reactions of CO.-
metabolism are apparently nonpanticulate. The soluble malic dehydrogenase fraction
dliffered from the particulate fraction in several kinetic properties, vriz., response to
the thionicotinamide analog of nicotinamide-adenine dinucleotide, oxaloacetate sub-
strate inhibition at pH 8.3, and Km's for nicotinamide-adenilne dinutcleotide and
L-malate. It was concluded that the soluble-malic dehydrogenase differed from the
particut,late forms in both structture and function. The soluble malic dehydrogeniase
is apparently involved in CO. metabolism.

In the prexious paper of this series, kinetic data
were presenited in support of a metabolic sequence
involving the carboxylation of P-enolpyruvate via
a PEP:; carboxylating enzyme (presu,med to be
PEP carboxvlase) to form oxaloacetate, subsequent
reductioin by malic dehydrogenase to form malic
acid, and (lecarboxylation of malic acid via the
malic enzyme to form CO., and pyruvic acidl (19).
Although these data did indicate that PEP car-
boxylase activity was suifficient to account for the
in vivo uptake of CO,, other carboxylating proteins
are known to occur in plant tisstue. For example,
the nuicleoti-de (lepen(lent carboxylation of PEP
carboxvk:-nase has been reported by seve,ral wvorkers
(20). Furthermore, since the metabolism seems to
be nonimitochonldrial in corn roots (9, 10) , it was
of importalnce to dletermine the intracelluilar location
of the ahbove enzymes. In this regard, malic de-
hydrog%enase is of especial interest since in corn
root tips 3 electrcxphoretically different bands have
been reported (18), one of which is apparenftly
located in the soluble fraction of the cell and 2 in
the particulate fraction. Thuis it was alsD of in-
terest to determine whether or Inot the 2 fractiolls
wvere kineticall) different.

1 Supported by the University of California Intramural
Research Fund (7056).

- Postgraduate Research Biochemist, Dry-Lands Re-
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3 The following abbreviations are used: PEP, P-enol-
pyruvate; GDP, 5'-pyrophosphate of guanosine; IDP, 5'-
pyrophosphate of inosine; DNP, 2,4-dinitrophenol.

In this report, we present data incdicatinig that
the 3 enzymes of in,terest are located in the soluble
fractioqn and that the soluble and partictulate malic
dehydrcgenase fractions differ kinetically.

Materials and Methods

Plant M1aterial. Buirpee's Golden Bantam Cross
seeds wvere used to obtain root tissue for alll pro-
ceduires. The method of growth was the same as
previotusly described (19).

Extractioni an1d Preparation of En_zymnes. Fresh
root tips were grouind in a mortar with acid washed
sand (3:1 w/w) for 2 minutes in 25 mm tris- 0.5 M
sucro,se buiffer at pH /7.5 (50). The ratio of rocots
to buffer was 1:1 (w/,'). All operations were
completed in the cold room. The homogenate was
centrifulged at 1000 X g for 5 mintutes to remove
celluilar debris and strained through 4 layers of
cheesecloth. The filtrate was centrifuged at 10,000
to 12,500 X g for 15 mintutes to obtain a suiper-
natant (soluible) and pellet (particu,late) fraction.
Electron micrographs indicated that the pelilet frac-
tion contained intact mitochondria as well as mem-
brane fragments. The pellet was w,ashed once with
a smnall amount of the suicrose btuffer an,d recen-
trifuged; the suipernatant solu-tion was discarded.
Solubilizatioln of the pellet was connduictedl by either
freeze-thawing or sonication for 60 seconds at 60
watts. The latter was founcd to be more efficient.
After solubilization, the fraction was recentrifuiged
to obtain a solubilized particullate fraction. Both
fractions were dialyzed against 2 cdhaniges of 25
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m.-t tris pH 7.5, for 15 to 20 houirs. [Dialysis tubing
was treatedl by boiling in 1 mm EDTA (disodium
salt) for 5-10 mins, rinsing, and storing in distilled
water.] After the dialysis proceduire, the non-
diffusible material was centrifuiged at 10,000 to
12,500 X g an(d the suipernatant was uised as the
soltlbilized particuilate fraction.

Proteini DeterminitiO1n. Protein content was
estlmate(l by the 280 mpt to 260 m,u ratio method
(lescribe(l by Layne (8). All samples uised had a
280 to 260 ratio equial to or greater than 0.7.

P-Enolpyruva'atc Carboxylase Assay. The reac-
tion mixtuire for the assay of P-en'olpyruvate car-
boxvl ase [()rthophosphate oxaloacetate carboxy-
lyase (phosphorylating) EC 4.1.1.31] consisted of 0.5
ml of 30 m't P-enolpvruvate trisoiulm salt), 0.3 ml
of 20 mau NaHCO., 0.3 ml of 20 mM\ MgCI, and
:50 mnM tris, pl1 7.4, pltus enzyme homogenate to
make a total of 2 ml. All materials were prepared
in the buffer. Tw o methods of assay were used.
Firstly, oxaloacetate wras (leterminie(l as the 2,4-dini-
trophenylihydrazone derivative accor(dinig to Friede-
mann and( Hauigen (5). Reagent v-olumes were
modified to (letect 50 to 200 lamoles of oxaloacetate.
Under these conditions, the PEP carb)oxYlase assay
was linear tip to an OD4,50 of 0.400 anid was linear
with time for 7 minulites.

Secondly, PEP carboxylase was assay-ed spec-
trophotometrically b)y couLpling the reaction w,Nith
endogenotis malic dehydrogenase an;d meastirinig the
chanige in optical (len,sity at 340 mu. For this
assay, 0.1 ml of 1.2 mm 'NADII w-as substituted
for 0.1 ml of bu-ffer.

alaic Dchivdrogcnase Assayv. MIalic dehydrog-
enase (r-malate:NAD oxidoredtictase-EC 1.1.1.37)
was asF,ayedl spectrophotometrically at 340 m,u in
the (lirectioni of oxaloacetate redtiction with 0.2 ml
of 6 mmu oxaloacetate (neutralized with NiaOH),
0.2 ml of 1.2 m-u\i N\ADTI, andI btiffer pltus extract
to make a total of 3 ml. The btiffer was either
pH /7.4 or 8.3, 50 mm tris. The reaction was
started with the adcdition of ex(tract, diluted 50 to
200 times. The assay was linear with enzyme
coon,centration uip to a A OD340 mM / A t (min) =
0.055. Activity is defined as ,umoles of NADH
oxidized per mintute and specific activity as the
activity per mg protein. The reverse direction was
assayed with 0.3 ml of 1.0 Al L-malic acid (neutral-
ized with NaOH), 0.2 ml of 41 mm NAD, and
2.5 m,l of extract pltus 50 mAt tris, pH 7.4 or 8.3.
The extract was tusually diluted 5 to 20 times. The
assay was liniear with enzyme concentration tip to
a A 0D40 / A t (min) = 0.055. Activity is
(lefine(l as jwmoles of NAD redulced per minuite and
specific activity as the activity per mg protein.
NAD analog ratio experiments were condticted

accordling to Kaplan and Ciotti (7). The assay
proceddure was the same as that for the assay of
malic dehydrogenase in the (lirection of malate
oxi(lation except th!at 0.1 ml of 14 m-t. NAD was
uised.

PHYSIOLOGY

Michaelis constants were determinle(l il the
iusuial manner and analyzed statistically according
to the method o,f Elmore et al. (4).

Malic Encymiie AssaY. The malic enzyme (L-
malate :NADP oxidoreduictase (decarboxylating)
EC 1.1.1.40) was assayed spectrophoGtometrically at
340 m,u with 0.2 ml of 0.1 M L-malic acid, 0.2 ml
of 20 mm MnCI9, 0.1 ml of 50 m,r.\iAMP, 0.2 ml of
1.2 mNi NADP, and extract pltus 50 m-m tris, pH
7.4 to miake a total volume of 3.0 ml.

The OD340 was read at 1 minute intervals for
4 minutes. The assay was linear with time for
10 mintutes and with enzyme concentration ulp to
A OD34,, / A t (miml) = 0.020.

Results

PEP Carboxylatse. Maximum PEP carboxylase
activity was pre,sent when PEP, HCO3 , Mg2&. aind
NADH were added to the homogen,ate. The initial
linear rate in the absence of HCO3- was 56 % of
the complete reaction. Bandurski (1) previotis]l
made the same o,bservation with extracts from
spinach leaves, anid uinder stringelnt conditions in
'which dissolved CO., was renmoveed, the rate of
oxaloacetate formation was reduced to 18 %. The
necessity for CO. was demonstrated with 14CO,
(2). In the absence of Mg2+, the initial linlear
rate was 10 % of the co-miplete reactioni while the
abseince of PEP gave a rate of 7 % of the com-
plete. The latter rate was duie to the preseince of
an _NADH oxidase. The amount of extract re-
qtlired for the PEP carboxylase assay, however,
wvas stich that NADH oxidase did not inteirfere
signlificantly, and the oxidase activity w\vas essein-
tiallv negligible tinder all coniditionis.
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FIG. 1. Assa.v for PEP carboxvlIa.e and PEP car-
boxvkinase in the supernatant aind partictilate fractions.
No PEP carboxvkinase \-as detectable andl PEP car-
boxylase -was apparently present only in the solhble fra.-
tion. The reaction mixture contained 0.5 ml of 30 mi:%i
PEP. 0.3 ml of 20 inmr NaHCO 3, 0.3 ntil of 20 ni-f
MgCI., 0.2 ml of 1.2 mnu NADH, and 50 mM1\i tris (pH
7.4) pIis extract to a total of 2 ml, -with or w ithout ADP.
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Suipernatant and particulate fractions were as-
sayed for PEP carboxylase activity by coupling
with endogenous malic dehydrogenase. As previ-
ously shown, both fractions contain malic dehy-
drogenase (18 and see next seotion). The results
of these studies indicated that there was no detect-
able PEP clarboxylase activity in the particulate
fraction (fig 1). When a nucleotide (ADP, GDP,
or IDP) was added to the extract as a phosphate
acceptor, i.e., an assay for PEP carboxykinase, not
only was there no kinase activity, btut the carboxy-
lase activity in the stupernatant fluid was completely
inhibited. Tphe inhibition may have been duie to
activation of pyruvate kinase activity which we
have measured in our preparations (our unpub-
lished data). Thus these data indicate that in corn
root tips PEP carboxylase activity is confined to
the soluble fraction of the cell, and that under these
conditions, no PEP carboxykinase activity could be
detected. In spinach leaf tissule, PEP carboxylase
activity was detected in particulate rather than
soluble fractions, however, in cauliflower buds and
pea seedlings most of the activity was localized in
the cytoplasm (11). In barley roots, both frac-
tions give positive assays for PEP carboxylase (6).

Malic Dehydrogenase. As previously indicated,
mialic dehydrogenase represents a special case since
isozymes exist in both soluble and partictulate
fractions. Tthe following series of experiments was
designed to determine whether or not the soluble
and particulate fractions differ kinetically in order
to gain some insight as to their possible catalytic
roles. Our existing hypothesis is that the solub-le
malic dehydrogenase, and not the particullate, fuinc-
tions in dark CO. metabolissm in this tisstue (18).

Table I. Oxaloacetate Suibstrate Inhibition of Malic
Dehydrogenase in Soluble and Particulate Fractions
The data are ratios of specific activities at 8 mM to

0.4 mm oxaloacetate. Maximum rates were obtained with
0.4 mm. The spectrophotometric assay was conducted
with 0.2 ml of 1.2 mm NADH, oxaloacetate, and 50 mM
tris buffer plus extract to a total of 3 ml.

Prep Soluble Particulate pH

1 0.85 0.56 8.3
2 0.96 0.61 8.3
2 0.56 0.61 7.4

Table II. Ratio of Malic Dehydrogenase Specific
Activity at pH 8.3 to pH 7.4

Assay was spectrophotometric with 0.2 ml of 6 mm
oxaloacetate, 0.2 ml of 1.2 mM NADH or 0.3 ml of 1.0
Ml L-malate, 0.2 ml of 41 mm NAD and 50 m-m tris
buffer plus extract. Total volume for the assays was
3 ml.

Oxaloacetate -* malate Malate -- oxaloacetate

Soluble 0.85 2.2
Particulate 0.72 2.6

Raval and Wolfe (13) reported oxaloacetate
substrate inhibition wTith pig heart malic dehydrog-
enase. The optimum substrate concentration for
the soluble and particuilate malic dehydrogenases in
corn root tips was 0.4 mair oxaloacetate. An oxalo-
acetate concentration of 8 mt.i restulted in little or
no inhibition of the supernatant malic dehydrog-
enase, yet the particulate fraction was inhibited
about 40 % at a pH of 8.3. At a pH of 7.4, both
fractions were inhibited abotut equally (table I).
Thus with respect to substrate inhibition, there
appears to be kinetic differences between the 2
fractions.

As shown by Raval and Wolfe (12), the forward
and reverse directions of malic dehydrogenase ac-
tivity hiave different pH optima. They reported
an optimtum for oxaloacetate to malate of pH 7.5
and malate to oxaloacetate of pH 8.9. Our resuilts
with partially pturified preparations were essen-
tially the same with no apparent differences be-
tween the 2 fractions (table II).
A sensitive methiod for differentiating between

malic dehydrogenase isozymes is their reaction in
the presence of nucleotide analogs (7). WNThen
measured at a pH of 8.3, the thionicotinamide
(TN-NAD) analog of NAD restulted in an in-
creased rate of soluble malic dehydrogenase activity
(malate to oxaloacetate), and a decreased rate of
the particulate (table III). Similar results were
obtained at pH 7.4. The deamino analog was not
as active but the 3-acetylpyridine derivative was
more active in both fractions. The fraction dif-
ferences of the latter 2 analogs were slight, while
the differences between the rates in the presence
of TN-NAD indicate significant differences be-
tween the 2 malic dehydrogenase fractions.

TMichaelis constants for the 2 main substrates
and nucleotides were determined at pH 8.3 for both
fraction!s. There were no apparent statistical dif-
ferences between the fractionis with respect to
oxaloacetate and NADH, however, the Km's for
malic acid and NAD were statistically different at
the 1 % confidence level (table IV). Thuis these
data also indicate significant protein differences
and further stuggest different functional roles for
the malic dehydrogenase fractions.

AMalic Enzyme. MNIaximum malic enzyme activity
reqtuired the presence of a metal ion (Mn2n),
NADP, and L-malic acid. Magnesium ions can
replace M\ln2+; however, only about 70 % of the
rate was obtained. Becatuse of metal ion protein
precipitation, AMP was found to be necessary when
Mn2 was uised, but not when Mg2+ was used. NAD
would not replace NADP. Thus the enzyme is
similar to previously reported malic enzymes (3).
A comparison between soluble and particulate

fractions indicated that malic enzyme activity was
not present in the latter (fig 2), nor was any
activitv present in either fraction when NAD was
used in place of NADP. Since in the presence of
NAD and malic acid, the proper substfates are
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Table III. Mtalic Dehvdrogenase Activity as a Ratio of NAD to an NAD Analog
Assay was spectrophotometric in the direction of maliete oxidation with 0.3 ml of 1.0 M L-malate, and 0.1 ml of

14 miu NAD or analog plus 50 mni\ tris buffer and extract to a total of 3 ml.

Prepi) Analog pH Soluble Particulate

1 TN-NAD* 7.4 0.48 2.4
2 TN-NADI 7.4 0.48 3.5
3 TN-NAD* 8.3 0.62 3.8
3 De-NAD** 8.3 3.2 5.3
3 AP-5NAD*** 8.3 0.68 0.48

TN-NAD Tliioniicotiniamide analog.
' De-NAD Deaninlo analog.

*4 AP-NAD Acetylpyridine amaelog.

Table IV. Apparent KI'[ms Mevasurcd (It pH 8.3 for Solulec (11td Particieho( .1al/ic Dh'hvdroqena.'s(
Assav 3\ as spectrophotometric.

Substrate Solulle Kmii (si) Particulate Km1 Significant difference

2.46 >X 10 - 0.176 X 10-
2.78 X 10 -+ 0.395 X 10-
9.32 > 10-4 - 1.00 X 10-4
1.74 X 10 4 --+ 0.214 X 10-4

M

2.22 X 10- -+ 0.199 X 10-
3.54 X 10 - 0.657 / 10-5

16.98 X 10 -4- 1.51 X 10-4
5.94 X 10-4 +- 1.75 X 10-4

N.S. = Not significanit.
1 % Confidence level.
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FIC. 2. Assay of imalic enzyme itn soluble and par-

ticulate fractions from corin root tips. Essentia-Ily, no

activity NN as -detectable in the particulate fraction. The
reacition mixture contained 0.1 mil of 50 mM L-malate,
0.2 ml of 2.5 mM NADP, 0.5 mil of 20 mM MnCl.,, 0.2
mil of 50 mnm AMP ani(l 50 n-mr tris. pH 7.4 plus extract
to a volumiiie of 3.0 mfl.

present for malic dehydrogen.ase activitV, some
reactioln might he expected when measuired spectro-
photometrically. The Km's for these subhstrates,
however, are suifficienltly high so that the reaction
is not measu-rable (see table IV).

Discussion

Nonphotosynthetic tuptake of CO. by corni root
tips ani(l other tissues is a well known and( repe,atedly
v-erified ol)servation. The biological significance,
however, is not by any mean's completely uinder-
stoo(l for all tisstues (20). The presence of CO.,
is apparenitly necessarv for optimuim root growthI
(15) and( this hias been shown for corn root tips
( 14). Splitstoesser (14) recently demonstrated a
correlationi between protein synithesis and CO, meta-
holism in corn root tissuie. Furthermore, more
CO,) metabolism takes place at the root tip (14, 17).
Thuis CO., is iintimately linke(d with growth and
development. Lips anid Beevers (9) have shown a
strict compartmentalization of the products of CO2
fixation and acetate metabolism. UInIdor certain1
con(litionis of stress, suich as DNP inhibition, there
seems to l)e a transfer of CO, fixation products,
i.e., malic acid, to the mitochondria (10). There-
fore, tinder certain conditions CO. fixation is
anlaplerotic in ciorn roots. Under most conditions,
howevrer, the 2 pools of malic acid are separated
intracelluilarly.

Previouisly it wvas reported that 14CO, baken ulp
lI)v corin root tips was rapidcly utilized as meastured
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by 1CO, release (16). The same observation was

made for Opunittiti root tips (17). Further, Ting
and Dugger (16) postuliated a turnover of carbon
after CO, fixation via the malic enzyme and sug-

gested thtat CO,, metabolism in corn root tips would
regulate reduiced and oxidized nuclelotide levels in
the soluible portion of the cell.

In the previous paper of this series (19), the
kinetics of carboxylation and decarboxylation were

shown to be compatible with the sequence PEP
carboxylase ' malic dehydrogenase -* malic en-

zyme. The latter wvas based oIn the assumption
that the metabolism was extra-mitochondrial and
that the tturniover of malic aci(I was not duie to
respiratory actirrity.

In this paper we have shosvn that the carboxy-
lating enzyme is probal)ly PEPR' carboxyliase, andI
that it is a non,particulate enzyme in corn root tips.

Thiat the soluble malic dehydrogenase activity
(liffers kineticall) from the particulate in several
properties, viz., oxaloacetate suibstrate inhibition,
activity with the INAD analog, TN--N\AD, ani( Km's
for malate and(I NAD, they wouldk appear to ftunction
differently intracelluflarly. Sinice these properties
are for the,mnost part pH (lepclnideilt and probably
dependent on other intracelltular conditions as well,

little can be sailI for their exact meaniing. It is
interestinig, however, that the supernatant malic
dlehy(rcgenase is less affecte(d by oxaloacetate suib-
strate inhibi,tion at pH 8.3 thani the particulate
forms. Based on the Kin's, both the soluble and(l
particulate forms seemi to favor oxaloacetate
malic ac Ad rather thani malic acid oxaloacetate.
The latter seems to be trUe for malic dehydrogen,ase
in genieral (12). The (lata in this paper also indi-
cate that the malic enzyme in corni root tips is not
a partictulate enzyme. \V c concltude, therefore, that
these 3 enzymes (PEP carboxyase, soluible malic
dehydlrogenase, andl the malic 'enzyme) are non-

particulate in corn root tips and(I that the CO.,
metabolism mediatedl 1y these enzymes is evidently
not (irectlv related to m.tocho1d(1rial metabolism.

WN ith regard to the (lifferellces ni)ted betcell
the solibule fractioni an(l particullate fractionimalic
tlehydlbrogenases, it mtist be emphasize(d that ouir

fractions are not by allny meanis puire. Electro-
phoretically, the soluble fractioni appears to have
predominantly the Foluble malic dlehy(Irogenase, but
is contaminate(l with the 2 1a,nds which seem to be
associatedl with the partictilate fraction (18). The
particuilate fraction, contained 2 bands and11 was

apparently free from the soluble form (18). It is

clear that the 2 fractions are (lominated 1b\ theilr
respective proteins, however, the specific (lata -which
w%\e obtained must be considered in light of the
cross interactioils.

The 14C(2., data reported in the previous paper

(19) indicated that PEP carboxylase activity was

suifficient to accouint for the uiptake of CO., by
corn root tips. Earlier, e-idence was presented to
stiggest that the decarlboxylation of malic acicl vria

the malic enzyme cotiuld account for the observed
rate of 14CO. turniover (16). The ratio of the
rate of malate decarboxylation via the malic enzyme
to the rate of malate formation via PEP carboxy-
lase and solitble malic dehydrogenase as calcuilated
from ouir data was 0.455. Thus these data indicate
that the breakdown of malic a.cid by the malic
enzyme couild take place at a rate of 45 % of its
formation. The rate of 14C tutrnover (measured
as 14CO0 release), after a period of p4CO.,uPtake,
seemis to be on the order of 50 % or more of the
tuptake rate (16, 1/7). These data., however, reflect
the synthesis aind subsequent tturnover of all prod-
ticts. The rate of tuirnover of malic '4C from 14CO.,
fixation seeimfs to be mulch the same (see fig 8 of
19). Therefore, these data also suggest that the
enzymic seqtuence PEP carboxylase - soluible malic
dehydrogen,ase -- malic enzyme could accouint for
much of the CO., fixatioin and turnover observa-
tions. The distilnct possibility that other enzymes
contribuite to the tulrnover of malic acid is, of
couirse, lnot eliminated.

In sim, the data in this paper are consistent
with the hypothesis that CO., metalbolism to form
malic acid in coril root tips is mediated in part by
PEP carboxvlase, soluble malic dehydregeinase, aind
the malic enzyme, aInd that the major portion of
the metabolism mediated by these enzymes is prob-
ably nonparticullate.
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