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Summary 

Phosphoenolpyruvate carboxylase (or thophosphate:oxaloacetate  carboxy- 
lyase (phosphorylating), EC 4.1.1.31) from plant cells of  soybean nodules was 
studied to assess its role in providing carbon skeletons for aspartate and 
asparagine synthesis. The enzyme was purified 119-fold by (NH4)2SO4 frac- 
tionation and DEAE-cellulose, BioGel A-1.5m, and hydroxyapat i te  chromatog- 
raphy. Five activity bands were resolved with discontinuous polyacrylamide gel 
electrophoresis. A small quanti ty of  enzyme from the most active band was 
separated from the others by preparative electrophoresis. The apparent 
Michaelis constants of this enzyme for phosphoenolpyruvate and HCO~ were 
9.4 • 10 -2 and 4.1 • 10 -1 mM, respectively. A series of  metabolites tested at 
1 mM had no significant effect on enzyme activity. These experiments indicate 
that the major factors directly controlling phosphoenolpyruvate carboxylase 
activity in vivo are phosphoenolpyruvate and HCO~ concentrations. 

Introduct ion 

Recent experimentation has shown that cytosol phosphoenolpyruvate 
carboxylase (or thophosphate:oxaloacetate  carboxy-lyase (phosphorylating), 
EC 4.1.1.31) may play an essential role in the metabolism of legume root  
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nodules during fixation of atmospheric N2 [1,2]. Its role appears to be that of 
diverting phosphoenolpyruvate from the terminal steps of glycolysis to the syn- 
thesis of oxaloacetic acid. Oxaloacetic acid would then serve as a carbon 
skeleton for aspartate and asparagine synthesis. To define factors affecting 
phosphoenolpyruvate utilization and direction of carbon flow, an attempt was 
made to purify and study the properties of soybean nodule cytosol phospho- 
enolpyruvate carboxylase. 

Materials and Methods 

Plant culture. Soybeans (Glycine max L. var. Chippewa) were grown as 
described previously [3]. Plants were inoculated with peat cultures of 
Rhizobium japonicum (USDA 110). 

Reagents. Imidazole (Sigma, St. Louis, MO) was recrystallized from ethyl 
acetate. Bovine serum albumin was also obtained from Sigma. Polyvinylpoly- 
pyrollidone was purchased from GAF Corp. (New York) and washed with acid 
[4]. 

Electrophoresis. Polyacrylamide gels were used for separation of multiple 
forms of phosphoenolpyruvate carboxylase. The following buffer systems were 
employed: Running gel (0.6 X 10 cm): 176 mM imidazole/HC1, 10% (v/v) 
glycerol (pH 7.3). Stacking gel (0.5 cm): 176 mM imidazole/HC1, 10% (v/v) 
glycerol (pH 6.1). Lower (anode) reservoir buffer was 25 mM imidazole/phos- 
phate (pH 7.3). Upper (cathode) reservoir buffer was 5 mM imidazole/glycyl- 
glycine (pH 7.1). When protein entered the running gel, either phosphoenol- 
pyruvate (0.1 or 0.2 mM) was added to the upper reservoir buffer, or the buffer 
was changed to 20 mM potassium phosphate (pH 7.1). Both procedures served 
to stabilize the phosphoenolpyruvate carboxylase activity. Enzyme activity 
bands were located by incubating each gel with 10 ml phophoenolpyruvate 
carboxylase reaction mixture (without NADH and malate dehydrogenase, EC 
1.1.1.37) and 0.5 ml 65 mM Fast Violet B salt [5]. 

Purification of phosphoenolpyruvate carboxylase. Purification steps were 
similar to others [6--9] for plant phosphoenolpyruvate carboxylases. All 
procedures through the (NH4)2SO4 precipitation steps were conducted at 0--4°C. 
Except where indicated, the buffer was potassium phosphate (pH 7.2), 10% 
(v/v) glycerol. 

Nodules were harvested from 32--35 day-old plants, rinsed thoroughly with 
distilled water, and ground (in 40-g batches) with 1/3 amount (w/v) polyvinyl- 
polypyrollidone and 3 vols. 100 mM buffer (25% v/v glycerol, 5 plVI dithio- 
threitol), for 30 s in an Omni-mixer. The resulting slurry was filtered through 
cheesecloth and centrifuged at 37 000 × g for 10 min. The supernatant was 
removed and precipitates forming at 40, 45, and 55% saturation (NH4)~SO4 
were prepared. The 55% pellet was suspended in 200 mM buffer, frozen in 
liquid N2, and stored at --79°C. All subsequent steps were performed at room 
temperature. After thawing, the buffer was changed to 20 mM on a BioGel P-6 
column and the enzyme applied to a 2.1 × 5.7 cm DEAE-cellulose column (equi- 
librated with 20 mM buffer). A stepwise gradient of 90 ml vols. of 20, 60, 150, 
200, and 300 mM buffer was used to elute the activity from the column. The 
150 mM fraction was precipitated with 60% (NHa)2SOa.The resuspended pellet 
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was chromatographed on a 2.2 × 65 cm BioGel A-1.5m column, developed with 
20 mM buffer. Fractions containing at least halfmaximal (peak) activity were 
pooled and applied to a 1.5 × 2.9 cm hydroxyapat i te  column (equilibrated with 
20 mM buffer, glycerol omitted).  A 150 ml linear gradient of  20--400 mM 
buffer (glycerol omitted) seperated phosphoenolpyruvate carboxylase activity 
from the major 280 nm absorbing peak. Peak fractions were pooled, made to 
10% (v/v) glycerol, frozen in liquid N2, and stored at --79°C. Electrophoresis 
showed the presence of  five separate activity bands. 

The multiple enzyme forms were not  resolved by gel filtration or gradient- 
eluted ion-exchange columns. Therefore, a preparative electrophoresis tech- 
nique was employed.  Approx. 48 units frozen enzyme were contracted 
(PM-30 Amicon filter) and electrophoresed in nine tubes (approx. 80 pg pro- 
tein/tube) as described above, with 0.2 mM phosphoenolpyruvate added to the 
upper reservoir buffer. The desired enzyme form was removed from the gel sec- 
tions by electrophoresing into tied sections of dialysis tubing, which had been 
placed over the anode end of the glass tubes. Each dialysis tube segment con- 
tained 1 ml 200 mM imidazole/phosphate (pH 7.2). After electrophoresis, the 
pooled enzyme solutions (three units total) were made to 10% glycerol, frozen 
in liquid N2, and stored at --79 ° C. 

Enzyme assays. A colorimetric and a coupled enzyme assay were both used 
for measurement of  phosphoenolpyruvate carboxylase activity. The 2,4-dinitro- 
phenylhydrazine (colorimetric) assay was similar to that described by Kachmar 
and Boyer [10] for the detection of  pyruvate. The enzyme reaction was in 1 ml 
and was terminated with addition of  1 ml 0.0125% 2,4-dinitrophenylhydrazine 
in 1 M HC1. After 10 min at 30°C, 0.4 ml 3.5 M NaOH was added. The absor- 
bance was read at 414 nm after 10 min at 30°C. The standard reaction mixture 
contained 50 mM Tris-HC1 (pH 7.5), 5 mM MgC12, 10 mM KHCO3, and 2 mM 
cyclohexylamine phosphoenolpyruvate. Coupled enzyme assays contained the 
same concentrations of  reagents with 0.16 mM NADH and ten units pig heart 
malate dehydrogenase (Sigma) in a final volume of 2 ml. Activity was measured 
as the loss of  absorbance at 340 nm. ~-Hydroxy butyrate  dehydrogenase (EC 
1.1.1.30) was measured by the method of  Wong and Evans [11]. One unit of 
enzyme activity is defined as that forming 1 pmol product /  min at 30°C. 

Protein measurement. Protein was determined by the method of Lowry et al. 
[12]. For measurements from crude extracts, the protein was first precipitated 
with trichloroacetic acid. 

Results 

Multiple enzyme forms 
Enzyme purified through the hydroxyapat i te  step (Table I) was electro- 

phoresed and the gels stained for enzyme activity and protein (Fig. 1). The 
enzymically active regions of  the gels were subjected to electrophoresis in a 
second direction (Fig. 1). With the exception of  band IIIb, they ran as distinct 
enzymes. Band IIIb, when electrophoresed in the second direction, gave a wide 
band of  activity in regions corresponding to band IIIa and IIIb. Although it is 
likely that  this was due to a lack of resolution in the first direction, it can only 
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TABLE I 

PARTIAL PURIFICATION OF CYTOSOL PHOSPHOenolPYRUVATE CARBOXYLASE ACTIVITY 

FROM ROOT NODULES 

96 g nodules were harvested from 33 day-old soybean plants. 

P u r i f i c a t i o n  s tep  To ta l  To ta l  Spec i f ic  R e c o v e r y  

un i t s  p ro t e in  ac t iv i ty  (%) 
(mg)  ( u n i t / m g )  

Crude  e n z y m e  620  1728 0 .36  

( N H 4 ) 2 S O 4 ,  4 5 - - 5 5 % 417 322  1.30 67 
DEAE-ce l lu lose ,  150  m M  p o t a s s i u m  p h o s p h a t e  213  61 3.49 34 

BioGel  A-1.5 m 103 8.6 12.0  17 
H y c r o x y a p a t i t e  64  1.5 * 42.7 10 

* E s t i m a t e d  f o r m  the  A 280 prof i le  o f  c o l u m n  e luate  and the  to ta l  p r o t e i n  appl ied  to the  c o l u m n .  
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Fig.  1. Ac t iv i t y - s t a ined  p o l y a c r y l a m i d e  gels a f t e r  one- and  t w o - d i m e n s i o n a l  e l ec t ropho re s i s  o f  par t ia l ly  
pu r i f i ed  s o y b e a n  n o d u l e  cy to so l  phosphoenolpyruvate c a r b o x y l a s e  ac t iv i ty .  E n z y m e  pu r i f i ed  t h r o u g h  the  

h y d r o x y a p a t i t e  s tep (Table  I) was  e l e c t r o p h o r e s e d  on  5% p o l y a c r y l a m i d e  gels wi th  0 .2  m M  phospho-  

enolpyruvate a d d e d  to  the  u p p e r  ( c a t h o d e )  r e se rvo i r  b u f f e r .  A p p r o x .  0 .12  un i t  (40 pg  p r o t e i n )  was  app l i ed  
to  each gel. One  f i r s t - d i m e n s i o n  gel ( far  lef t )  was  s t a ined  fo r  ac t iv i ty .  F o r  e l e c t ropho re s i s  in the  s econd  

d i r ec t ion ,  4 - ram gel sec t ions  were  cu t  f r o m  an  u n s t a i n e d  gel. T h e y  were  t h a n  p laced on 12-cm gels of  
t he  s a m e  c o n c e n t r a t i o n  p o l y a c r y l a m i d e  and  c o n t a i n i n g  the  s a m e  bu f f e r .  E l e e t ropho re s i s  was  t h e n  con- 

t i nued  as in t he  f i rs t  d i m e n s i o n .  Ac t iv i t y  s ta in  was  a d d e d  wi th  e n z y m e  r e a c t i o n  m i x t u r e  to  the  f i rs t  direc- 

t i on  gel,  and  20 ra in  a f t e r  t he  r e a c t i o n  m i x t u r e  fo r  s e c o n d  d i r e c t i o n  gels. In each  case the  e l e c t ropho re t i c  
' f r o n t '  is m a r k e d  by  a d a r k e n e d  area  t h a t  had  the  s a m e  m o b i l i t y  as b r o m o p h e n o l  blue.  Gels  are  a r r a n g e d  
( inve r t ed )  and  b a n d s  n u m b e r e d  a c c o r d i n g  to I .U.B.  ru les  for  i s o e n z y m e  n o m e n c l a t u r e .  I - -V r e p r e s e n t  the  
anod ic  to  c a t h o d i c  bands ,  r e spec t ive ly .  A gel a n a l o g o u s  to  the  f i rs t  d i m e n s i o n  gel a b o v e  was  s ta ined  for  
p r o t e i n  wi th  C o o m a s s i e  blue.  D a r k  b a n d s  a p p e a r e d  a t  t he  or ig in  of  t he  r u n n i n g  gel and  at  the  p h o s p h o -  
enolpyruvate c a r b o x y l a s e  V loca t ion .  T h e r e  was  one l ight  b a n d  b e t w e e n  these  t w o  and  one  near  the  
' f r o n t ' .  L igh t ,  b r o a d  b a n d s  were  vis ible  at  phosphoenolpyruvate c a r b o x y l a s e  IV  a n d  I I Ia  r eg ions  of  the  gel. 
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be concluded that five of  the six bands in Fig. 1 were not  generated from other 
enzyme forms during electrophoresis. Furthermore,  they do not  seem to 
represent a dynamic equilibrium between several forms (e.g. subunit  combina- 
tions) of phosphoenolpyruvate carboxylase. Individual enzyme sections cut 
from one-dimensional gels gave phosphoenolpyruvate carboxylase activity 
when incubated with the coupled enzyme reaction mixture. The enzyme prep- 
aration contained no lactate dehydrogenase (EC 1.1.1.27 and 1.1.1.28), malate 
dehydrogenase, pyruvate kinase (EC 2.7.1.40), or phosphoenolpyruvate phos- 
phatase activities. Therefore, the bands appeared to be due to phosphoenol- 
pyruvate carboxylase activities. 

The gels in Fig. 1 were run with phosphoenolpyruvate added to the upper 
reservoir buffer. When phosphate was used in the alternative procedure for 
enzyme stabilization, the one-dimensional pattern on 3.5% gels was almost 
identical to that in Fig. 1 (5% gels). The procedure using phosphate gave notice- 
ably greater stabilization but  the use of phosphoenolpyruvate gave better  
resolution. When potassium phosphate was used in the same manner and at the 
same concentration (0.2 mM) as phosphoenolpyruvate, activity on the gels was 
barely detectable. 

Estimates of relative amounts of the multiple forms were made in an a t tempt  
to evaluate the relative significance of each to cellular metabolism. The most  
cathodic enzyme (band V) accounted for approx. 50% of total carboxylase 
activity in the gels (Table II). This activity band also corresponded to a main 
band in gels stained for protein (Fig. 1). 

The possibility exists that one or more of the detected multiple forms arose 
from breakage of  bacteriods or mitochondria during the isolation procedure. 
Activities of  f l-hydroxybutyrate dehydrogenase (bacteriod enzyme) and 
phosphoenolpyruvate carboxylase were compared in crude cytosol and soni- 

T A B L E  II 

R E L A T I V E  A M O U N T S  OF S O Y B E A N  N O D U L E  C Y T O S O L  PHOSPHOenoIPYRUVATE C A R B O X Y L -  
ASE M U L T I P L E  FO R MS A F T E R  E L E C T R O P H O R E T I C  S E P A R A T I O N  

Act iv i ty  (1.2 uni ts ,  136 pg p ro te in /ge l )  f r o m  an e x p e r i m e n t  involving anae rob ic  isolat ion and  prec ip i ta -  
t i o n  was e l ec t rophoresed  wi th  0.2 m M  phosphoenolpyruvate ad d ed  to  the  u p p e r  reservoi r  buf fe r .  T h e  
e n z y m e  p r e p a r a t i o n  was a de r iva t ion  of  a s t anda rd  p r o c e d u r e  involving isolat ion,  ( N H 4 ) 2 S O  4 Precipi ta-  

t i o n  and BioGel A-1 .Sm c h r o m a t o g r a p h y  as descr ibed for  pur i f ica t ion .  One gel was  s ta ined for  ac t iv i ty  
and 4 - m m  sect ions  co r r e spond ing  to individual  b a n d s  w e r e  cu t  f r o m  t w o  uns ta ined  gels. The  sec t ions  were  
e a c h  gent ly  shaken  at r o o m  t e m p e r a t u r e  wi th  4 ml  e n z y m e  reac t ion  m i x t u r e  (co lo r imet r i c  assay) for  1 h.  
A sec t ion  of  the  gel  b e t w e e n  e n z y m e  I and  the  e l ec t rophore t i c  ' f r o n t '  was used as cont ro l .  Con t ro l  values 
were  subs t rac ted  f r o m  individual  e n z y m e  values.  

Phosphoenol- 
p y r u v a t e  ca rboxy lase  

Oxa loace t i c  acid 
( p m o l  syn thes ized /ge l  slice) 

Gel No.  1 Gel No.  2 

Relat ive  a m o u n t  
as p e r c e n t  of  tota l  

I 0 . 124  0 .072  9 
II  0 . 080  0 .080  7 
I I Ia  0 . 060  0 .064  6 
I I Ib  0 .124  0 .126  12 
IV 0 .160  0 . 172  15 
V 0 .504  0 . 580  50 
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cated bacteroid extracts. Calculations from these data showed that  bacteriod 
phosphoenolpyruvate carboxylase probably did not contribute more than 0.2% 
to the total activity in cytosol e~tracts. The data in Table II show that no 
enzyme form contributed less than 6% of the total activity. Therefore, all the 
detected multiple forms were very likely to be of cytosol origin. In agreement 
with the results of Christeller et al. [2], phosphoenolpyruvate carboxylase 
activity associated with the bacteroids was barely detectable. Mitochondria, 
which could have been a source of activity [13,14], were not  examined. 

Screening for Artifacts 
Protein purified through the hydroxyapat i te  step had an A2so/A26o ratio of 

1.49, which was not  as good as commercial bovine serum albumin (A28o/A26o = 
1.67). This result indicated a possibility of phenol and/or quinone contamina- 
tion [4,15]. It is possible that  the multiple forms were artifacts caused by 
discrete at tachment  of phenols or quinones which may have been present in the 
crude enzyme preparation. This possibility and several others were examined 
by electrophoresing enzyme samples extracted and partially purified under 
different conditions. The basic procedure for partial purification was as 
described in Table II. A number of changes in the standard procedure were 
used which were designed to alter the possible effects of phenols or quinones 
[4], metal ion interactions, and low temperature. In all cases, the activity- 
stained gels (one dimension) were very similar to that in Fig. 1. The data 
strongly suggest that  the multiple enzyme pattern was not artifactual. 

Properties of phosphoenolpyruvate carboxylase V 
Thawed phosphoenolpyruvate carboxylase V was very unstable, losing up to 

80% of its activity in 30 min at room temperature. A variety of treatments 
failed to significantly stabilize the activity. However, by using the colorimetric 
assay and rapidly initiating assays, kinetic data were obtained. 

The apparent Michaelis constants of the enzyme were 9.4 • 10 -2 and 4.1 • 
10 -~ mM for phosphoenolpyruvate and HCO~, respectively. These values were 
determined from least-squares regression analyses of Hanes plots of the data. 
The apparent Km (phosphoenolpyruvate) was similar to (+5 • 10 -2 mM) values 
reported for a number of other plant phosphoenolpyruvate carboxylases [7--9, 
16--19]. The apparent Km (HCO~) was similar to the value (3.1 • 10 -1 mM) 
reported for peanut cotyledon enzyme [6]. Most such constants for HCO~ have 
been in the range 5 • 10-2--1.5 mM [6,8,9,17] for plant enzyme. In addition, 
a number of metabolites were tested for their effects on enzyme activity. Con- 
centrations of phosphoenolpyruvate and KHCO3 were lowered to 1.0 and 4.0 
mM, respectively, for these tests. At 1 mM, D-fructose-6-P, D-fructose-l,6-P2, 
ATP, ADP, L-aspartate, L-asparagine, L-glutamate, L-glutamine, citrate, iso- 
citrate, succinate, and malate did not alter the amount  of product synthesized 
by more than 9% when compared with controls. Similar results were obtained 
with 5 mM NH4C1. 1 mM AMP caused 12% inhibition of the activity. Pyruvate 
and a-ketoglutarate (both at 1 mM) were tested with the coupled enzyme assay 
and neither influenced activity by more than 9%. 
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Discussion 

The evidence presented indicates that at least five distinct phosphoenol- 
pyruvate carboxylase enzyme forms are present in the plant cell cytoplasm of soy- 
bean root  nodules. Lack of  resolution on gel filtration columns suggests that the 
enzymes do not  differ greatly in molecular weight. This fact, combined with 
the regular nature of  the electrophoretic pattern (Fig. 1), indicate that the 
enzymes may be similar proteins that differ in charge properties. Such charge 
differences could be a result of covalent a t tachment  of quinones or other plant 
products [4]. This possibility was not  completely eliminated in the experi- 
ments. In addition, deamidation of  glutamine and asparagine occur spontane- 
ously in proteins [20].  Such deamidation of  or quinone at tachment to phos- 
phoenolpyruvate carboxylase V would be consistent with the observed electro- 
phoretic pattern. Answers to these questions await the isolation and charac- 
terization of  individual enzyme forms. 

The kinetic properties of  phosphoenolpyruvate carboxylase V were 
examined on the assumption that this enzyme plays a major role in the scheme 
proposed earlier [21] for the utilization of  phosphoenolpyruvate in the soy- 
bean nodule cytosol.  The apparent K m for HCO~ was approximately 100-fold 
higher than that calculated for lupin nodule phosphoenolpyruvate carboxylase 
[2]. With the soybean enzyme, rates without  added HCO~ in crude and puri- 
fied preparations were usually about  five-fold lower than V rates. From these 
results and the considerations of  Christeller et al. [2], it is likely that the in 
vivo rate of  phosphoenolpyruvate carboxylase activity in soybean nodule 
cytosol is limited by HCO~. This property indicates that  higher proportions of 
carbohydrate could flow to aspartate and asparagine synthesis when nodule 
respiration and nitrogen fixation are high. 

The metabolites tested appeared to have no great effect on phosphoenol- 
pyruvate carboxylase V activity. However, as pointed out  by Wong and Davies 
[19],  it is possible that the purification could have affect the allosteric proper- 
ties of  the enzyme as also suggested by the loss of stability after purification. In 
addition, several of  the amino acids (aspartate, asparagine, glutamine) were 
tested at a concentration (1 mM), much lower than those probably found in 
the nodules. A slight inhibition by AMP was detected and this metabolite may 
therefore serve as a weak feedback inhibitor, as it is generated in the asparagine 
synthetase reaction. However, its role as an inhibitor might be questioned 
because of  possible equilibration with ATP and ADP via adenylate kinase. 
Therefore, a phosphoenolpyruvate- and HCO~-limited and slightly AMP- 
inhibited phosphoenolpyruvate carboxylase is tentatively added to the scheme 
proposed for control of  pyruvate kinase and phosphoenolpyruvate utilization 
[21] in soybean nodule cytosol.  
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