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SUMMARY 

Phosphoenolpyruvate carboxylase (GTP: oxaloacetate carboxy-lase (trans- 
phosphorylating), EC 4.1.1.32) has been purified and obtained in a homogeneous 
form from sheep kidney cortex mitochondria. The purification procedure involved 
extraction of the freeze-dried mitochondria, (NH4)2SO 4 fractionation, Sephadex G- 
ioo gel filtration and ion-exchange chromatography on SE-Sephadex and DEAE- 
Sephadex. 

Ultracentrifugal analysis and acrylamide gel electrophoresis in the presence 
of sodium dodecyl sulphate gave molecular weight estimates of 71 ioo and 72 ooo, 
respectively. However, the protein behaved as a molecule with a molecular weight 
of about 5o ooo on gel filtration using Sephadex and BioGel. Amino acid analyses 
showed significant differences in composition between the sheep kidney and pig 
liver enzymes. 

The specificity of the enzyme with respect to nucleotide and divalent cation 
requirements at varying pH values has been investigated. The enzyme was shown 
to catalyse a Mn2+-dependent ~4CO 2:oxaloacetate exchange reaction in the absence 
of added nucleotide. Addition of either ITP or IDP markedly stimulated this ex- 
change activity. 

INTRODUCTION 

Previous studies have established a role for phosphoenolpyruvate (PEP) 
carboxylase (GTP:oxaloacetate carboxy-lase (transphosphorylating), EC4.I.I .32) 
in both renal and hepatic gluconeogenesis especially in the case of the cytosol ac- 
tivity 1-1°. Although renal gluconeogenesis appears to be as active as its hepatic 
counterpart, the quantitative contribution of the kidney cortex to glucose produc- 
tion is only about 5-1o% of the total glucose production because of the difference in 
tissue weight% 

Abbreviat ion:  PEP,  phosphoenolpyruvate .  
* Present  address:  Depar tmen t  of Surgery, Queen Elizabeth Hospital,  Woodville, S.A. 

5Ol i, Australia. 
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Hepatic PEP  carboxylases from a variety of species are remarkably similar 
with respect to kinetic and physical properties n-17, while only slight differences 
exist between cytosolic and mitochondrial activities from the same tissuetS, 17. There- 
fore, an investigation of the PEP  carboxylase from sheep kidney was initiated so that  
a detailed comparison of the hepatic and renal activities could be achieved. 

MATERIALS AND METHODS 

Sources of reagents were tile same as those previously described iS. In ad- 
dition, oxaloacetic acid, pyruvate kinase (EC 2.7.1.4o) and lactate dehydrogenase 
(EC I.I.1.27) were purchased from California Corporation for Biochemical Research, 
GDP, ITP, ADP and NADH from Sigma Chemical Company, GTP from P. L. Bio- 
chemicals and (NH4)2SO 4 (enzyme grade) from Mann Research Laboratories. All 
grades of Sephadex were products of Pharmacia. All other reagents were analytical 
reagent grade. Radioactive nueleotides were prepared by the method of Symons 19. 

Protein was measured by the method of Layne 2°. One unit of enzyme catalysed 
the carboxylation of I #mole of PEP  per min at 30 °C. 

P E P  carboxylase assay methods 
Three assay methods were used to determine PEP  carboxylase activityla: 

(i) the IDP- and Mn2+-dependent carboxylation of PEP;  (ii) the Mn2÷-dependent 
H14COa-oxaloacetate exchange reactions; (iii) the ITP-  and Mn2+-dependent decar- 
boxylation of oxaloacetate. 

(i) Tile carboxylation of PEP was followed by the incorporation of Ht~COa 
into oxaloacetate which was converted to aspartate by L-aspartate 2-oxoglutarate 
aminotransferase (EC 2.6.1.1) as previously described 18. All radioactive counting was 
corrected for quenching by tile channels ratio method 21. 

This assay procedure was used routinely in preference to tile decarboxylation 
assay method because of its greater sensitivity and convenience. 

(ii) PEP  carboxylase catalyses a Mn2+-dependent exchange reaction between 
Ht4COa and oxaloacetate and this reaction is stimulated by inosine (or guanosine) 
di- and triphosphates. Aliquots of tile enzyme (up to 0.o6 unit for a 2-min incubation) 
were incubated in reaction mixtures (total volume, 0.5 ml) containing (in #moles): 
imidazole-HC1, pH 6.5 (adjusted at 30 °C), 50; MnC12, 2; ITP, I ;  oxaloacetate, i ;  
NaHI4COa (2.5 #Ci), IO; GSH, 0.8. All solutions were previously adjusted to pH 6.5. 
The reaction was initiated by the addition of oxaloacetate, incubated at 30 °C for 
2 rain and stopped by the addition of 0.05 ml of 6 M HC1 saturated with 2,4-dinitro- 
phenylhydrazine. Tile f~4Qoxaloacetate was stabilized by its conversion to the 2,4- 
dinitrophenylhydrazone. The assay solutions were processed in triplicate as for the 
carboxylation assay. 

(iii) The ITP-  and Mn2÷-dependent decarboxylation of oxaloacetate by PEP  
carboxylase leads to tile formation of IDP and PEP. The spectrophotometric assay 
method of Chang and Lane ~ was found to be unsatisfactory with this enzyme since 
the non-enzymic rate of decarboxylation of oxaloacetate is dependent on the concen- 
tration of free Mn ~+ or Mg ~+ and, to minimize this reaction, excess ITP  must be pre- 
sent. However, this level of free ITP  would be inhibitory to the enzymic reaction. 
Therefore, the assay method used was modified from that  of Seubert and Huth  22, 
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whereby P E P  formation was measured. Aliquots of the enzyme (up to o.o3 unit) 
were incubated in reaction mixtures (total volume, 0.5 ml) containing (in/~moles): 
imidazole-HC1, pH 6. 5 (adjusted at 30 °C), 50; ITP,  0.5; oxaloacetate, I ;  MnC12, I ;  
GSH, 0.8. All solutions were previously adjusted to pH  6.5. The reaction was initiated 
by the addition of oxaloacetate, incubated at 30 °C for 5 rain and stopped by the ad- 
dition of 15 mg of N a B H  4. The solutions were immediately placed in an ice-bath for 
2 rain and o.2 nfl of I 5% (w/v) HCIO 4 was added. The solutions were neutralised 
with KHCOa, centrifuged to remove precipitated materials and the supernatant  re- 
tained for P E P  estimations. P E P  was est imated spectrophotometrically.  Aliquots 
of the supernatant  were added to a solution (total volume, i ml) containing (in 
#moles):  Tris-HCI, pH  7-4, 50; KC1, IO; ADP,  0.5; MgC12, I ;  NADH,  0.25; pyru-  
vate kinase, I uni t ;  lactate dehydrogenase, I unit ; and the oxidation of N A D H  was 
followed at 34 ° n m .  

I D P  (or GDP) can partially replace I T P  (or GTP) in the decarboxylat ion re- 
action. However,  in this case, pyruva te  is the product.  This observation is in agree- 
ment  with observations obtained using the enzyme from pig liver ~3 and yeast  "3, 
a l though in the latter case, in the conversion of oxaloacetate to pyruvate ,  A D P  re- 
places ATP.  

R E S U L T S  A N D  D I S C U S S I O N  

Purification of PEP carboxvlase 
All operations were conducted at o 4 °C. The averages of the results obtained 

from several preparations are presented in Table I. 

TABLE I 

P U R I F I C A T I O N  O F  SHEEP K I D N E Y  M I T O C H O N D R I A L  P E P  C A R B O X Y L A S E  

Treatment Protein A 2so nm Activi ty  Specific Yield 
(rag) (uni ts )  activity (%) 

A ~6o nm (units~rag) 

Fxt rac t ,  p H  6.o 13565 o.88 826 o.o6 IOO 
(NH4)zSO 4 fractionation 4443 1.19 728 o.16 88.6 
Sephadex G-ioo, pH 6.8 45 ° 1.58 458 i.o2 56.8 
SE-Sephadex,  pH 6.2 58.6 1.76 186 3.i 23. 5 
DEAE-Sephadex ,  pH 6.8 21.2 1.77 IOI 4.75 12.2 

(a) Preparation of freeze-dried mitochondria. Freeze dried mitochondria  were 
prepared from the cortex of fresh sheep kidney. The cortex was separated from the 
medulla, connective and adipose tissue and IOO g of cortex were homogenized in 
350 ml of 0.25 M sucrose containing I .  lO -4 M E D T A  for I rain. Tim homogenate  was 
centrifuged at 600 × g for 20 min. The supernatant  was then centrifuged at 23 ooo 
× g for 15 rain. The sedimented material  was evenly suspended in I .  Io  -4 M E D T A  to 

a final volume of half  tha t  of the original homogenate  and centrifuged at 23 ooo × g 
for 20 rain. The residue was suspended in a minimum volume of I . l O  -4 M EDTA,  
frozen quickly in a dry  ice-ethanol  mixture and lyophilized. 

(b) Extraction and (NH4)~SO4fractionation. Mitochondrial powder (50.0 g) was 
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extracted with I 1 of 5" lO-2 M potassium phosphate, pH 6.o, containing 5" Io-4 M EDTA 
and 5" Io-4 M GSH, with stirring for 15 rain, and the insoluble material wasre moved by 
centrifuging at 23 ooo × g for 15 rain. Solid (NH4)2SO 4 (24.3 g per Ioo ml of extract) 
was added to the extract, the pH being maintained at pH 6.5 with KOH. After 
standing for IO rain, the precipitated protein was removed by  centrifuging at 23 ooo 
× g for 15 rain and the supernatant recovered. Further (NH4)2SO 4 (13.2 g per IOO ml) 
was added to the supernatant maintaining the pH at 6. 5. The precipitated protein was 
recovered by centrifuging at 23 ooo × g for 15 rain. The sedimented protein was sus- 
pended in a minimum volume of 2" IO 2 M potassium phosphate, pH 6.8, containing 
5" lO-4 M EDTA and 5" lO-4 M GSH, and the protein was brought into solution by 
dialysing against the above buffer for I h. At this stage, the volume of the enzyme 
solution was 3o-35 ml. 

(c) Sephadex G-Ioo gel filtration. The enzyme solution was applied to a Sepha- 
dex G-Ioo column (6 cm × 85 cm) equilibrated with 2" lO -2 M potassium phosphate, 
pH 6.8, containing 5"1o-4 M EDTA and 5" IO 4 M GSH, and eluted with the same 
buffer. The fractions containing the highest specific activity were pooled and the 
protein precipitated with solid ammonium sulphate (39.0 g per IOO ml of solution) 
at pH 6. 5. After centrifuging at 23 ooo × g for 15 min, the sedimented protein was 
dissolved in 6.1o -2 M potassium phosphate, pH 6.2, containing 5-1o 4 M EDTA 
and 5 '  lO-4 M GSH (total volume, 5.o ml). The solution was desalted using a Sephadex 
G-25 column and concentrated to about 3 ml using a Sartorius vacuum-filtration 
membrane. 

(d) SE-Sephadex chromatography. The enzyme soltuion was applied to an SE- 
Sephadex column (C5o, 4 cm x 56 cm) previously equilibrated with 6. lO -2 M po- 
tassium phosphate, pH 6.2, containing 5"1o-4 M EDTA and 5"1o-4 M GSH, and 
eluted with the same buffer. The fractions with the highest specific activity were 
pooled and the protein precipitated with solid (NH4)2SO 4 (39.0 g per ioo ml of so- 
lution) at pH 6. 5. The protein was recovered, freed from (NH4)2SO 4 and concen- 
trated to about 3 ml as described above except that  the buffer was 5" IO 2 M potas- 
sium phosphate, pH 6.8, containing 5" lO-4 M EDTA and 5" lO-4 M GSH. 

(e) DEAE-Sephadex chromatography. The enzyme solution was applied to a 
DEAE-Sephadex column (A5o , 30 cm × 2. 7 cm) previously equilibrated with 5" lO-4 
M potassium phosphate, pH 6.8, containing 5"IO 4 M EDTA and 5"1o-4 M GSH, 
and eluted with the same buffer. The fractions with the highest specific activity were 
pooled and the enzyme was stored as a suspension in (NH4)2SO 4 (40 g per IOO ml of 
solution, pH 6.5). The enzyme was stable for several months in this form. 

(f) General comments. The difficulty in purifying PEP  carboxylase from this 
source was markedly increased by its instability when bound to any chromatographic 
support and because of this, neither of the previously published proceduresl3,17 
could be used. However, the enzyme was obtained in a form which was essentially 
homogeneous by ultracentrifugal analysis and electrophoretic analysis in the presence 
of sodium dodecyl sulphate. A minor contaminant of slightly lower molecular weight 
was detected. 

Physical properties of PEP carboxylase 
(a) Molecular weight. Sedimentation velocity experiments were carried out at 

9-12 °C in 5" Io-2 M potassium phosphate buffer, pH 6.8, containing i .  lO -4 M EDTA 
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and I "I0 -4 M GSH, with tile enzyme concentration varying between I.O and 7.5 
mg/ml. Sedimentat ion analysis using Schlieren optics revealed a single sedimenting 
boundary  with no evidence of any association and/or dissociation of the enzyme. Fig. 
I presents a plot of tile sedimentation data  where s,,0,,, ,, is plotted as a function of 
enzyme concentrat ion according to the equation, 

S20,w S~n,tr ]~'C 

where c is the enzyme concentrat ion in mg/ml and le is the slope of the line. The value 
of k (o.o3135 mg 1. ml) indicates only a slight dependence of the sedimentation velo- 
city on protein concentration, and a value of 4.58 S for S,,o, w compares with 5.21 S 
for tlle pig liver mitochondrial  enzymO a. Diffusion experiments were performed at 
0.5 ~'(; in 5 '  io  " M potassium phosphate buffer, pH 6.8, containing I • Io 4 M EDTA 
and i . i o  4 M GSH. The diffusion coefficient (5.858-io 7) was determined by the 
method of Kawahara  24. The partial specific volume of the enzyme, calculated from 
its amino acid composition was o.73 (ref. 25). Fi t t ing the above data  to the Sved- 
berg 26 equation yields a molecular weight for sheep kidney mitochondrial  P E P  
carboxylase of 71 ]oo which compares with tha t  of tile pig liver mitochondrial 
enzyme (73 3oo; ref. I3) and rat cytosol enzyme (74 5oo; ref. i7). 

4.8 

4 6  ~ - - - - - T ~ o  o " 

44  

42 

0 
' ~ , ~ , ; , 

Protein (mg/ml )  

[3i~. I .  V a r i a t i o n  o f  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  a s  a f u n c t i o n  o f  e n z y m e  c o n c e n t r a t i o n  o l ) t a i n e d  
f r o m  a se r ies  o f  m e a s r u e m e n t s  in 5" [o  "~ M p h o s p h a t e ,  I - I O  ~ M E D T A ,  l - i o  ~ M ( ; S H ,  p H  6.8,  
o v e r  t h e  c o n c e n t r a t i o n  r a n g e  o f  i . o - 7 .  5 m g  o f  p r o t e i n  p e r  ml .  R o t o r  v e l o c i t y  w a s  59 78o  r e v . / m i n .  

A second molecular weight estimate was obtained by polyacrylamide gel elec- 
trophoresis in the presence of sodium dodecyl sulphate27, 28. The calibration curve for 
this method is shown in Fig. 2 and gave a molecular weight estimate of 7 2 ooo 
which is in good agreement with the value obtained using the ultracentrifuge. 

Despite the good agreement between the above two estimates, a value of only 
47 8oo was obtained for the molecular weight of this enzyme using gel filtration (Fig. 
3). Since the enzyme also appears to behave as a polymer of molecular weight less 
than 71 ooo on Bio-Gel Proo,  it would appear  tha t  the enzyme assumes a more com- 
pact  conformation than that  normally shown by globular proteins 29. 

(b)  A m i n o  acid compositio~z. Prior to acid hydrolysis, tile protein was carboxy- 
methyla ted  by the method of Milne and Wells a°. The protein was hydrolysed under 
vacuum in glass distilled constant  boiling point HCI at lO5 IIO ,(i for 22 and 48 h. 
The hydrolysates  were analysed using a Beckman I2oC Amino Acid Analyser, using 
a single column with gradient elution according to the method of Piez and MorrisaL 
Tryp tophan  was determined spectrophotometrical ly by the method of (;oodwin and 
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Fig. 2. Molecular weight determinat ion of P E P  carboxylase from polyacrylamide gel electro- 
phoresis in the presence of sodium dodecyl sulphate.  A semilog plot of polypeptide molecular weight 
against  distance of migrat ion relative to the migrat ion of the dye. The proteins used were: 1, 
myosin;  2, fi-galactosidase; 3, phosphorylase  b; 4, P E P  carboxylase;  5, bovine serum albumin;  
6. catalase; 7, g lu tamate  dehydrogenase;  8, ovalbnmin.  

Vig. 3. Determinat ion of the molecular weight of P E P  carboxylasc by gel filtration. A Sephadex 
(;-15o column (185 cm × 1. 5 cm), previously equilibrated with 5" io 2 M potass ium phosphate ,  
p H  6.8 containing 5" lO-4 M EDTA and 5" IO ~ M GSH, was calibrated with the following pro- 
teins : i, cytochrome c ; 2, pancreatic ribonuclease ; 3, chymotryps inogen  ; 4, ovalbumin ; 6, bovine 
serum albumin monomer ;  7, bovine serum albumin dimer; 8, cytochrome by Elution volunle was 
plotted against  log molecular weight 2~. PI£P carboxylase (5) was detected using the CO 2- 
fixation assay. 

TABLE I 1 

A M I N O  A C I D  C O M P O S I T I O N  O F  P E P  C A R B O X Y L A S E  

d mino acid Residues per mole Resid*tes per mole 
(sheep kidney)  a,b (pig liver) e 

Cysteine a 13 15 
Aspartic acid 57 53 
Thre°ninee 38 3 I 
Serinee 39 3 I 
Glutamic acid 79 7 ° 
Pr°linee 54 56 
Glycine 63 64 
Alanine 55 55 
Valine 42 44 
Methionine 14 2o 
lsoleucine 29 28 
Leucine 52 58 
Zvrosine I 2 I 2 

Phenylalanine 29 27 
Lysine 34 26 
Histidine 13 t 2 
T ryp tophan  f 13 13 
Arginine 38 48 

a Molecular weight, 71 ioo. 
b Average of four determinations.  
e Molecular weight, 73 ooola- 
a Determined as carboxymethylcysteine.  
e Corrected for destruction during hydrolysis. 
t Deterinined spectrophotometr ical ly  by  the method of Goodwin and Morton ~2. 
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Morton 32. The amino acid composition of sheep kidney and pig liver mitochondrial 
PEP  carboxylases are compared in Table II.  

Kinetic properties 
(a) Relationship between p H  and activity. The effect of pH on the activity of 

PEP  carboxylase was examined over the range, pH 5.7 to 8.8, for both the CO~- 
fixation reaction (Fig. 4) and the HCO2-oxaloacetate exchange reaction (Fig. 5) in 
the presence of Mn 2+ and Mg 2+ as  the activating metal  ion. With the carboxylation 
reaction, the pH optimum is 6. 5 with Mn 2+ but with Mg 2+ the pH opt imum shifts 
to 7.5 with a lower maximum velocity. This shift in pH opt imum could be important  
mechanistically and could reflect either a different COe species being used by the two 
activating metal ions or the different pKa values of metal-bound water molecules 
which have been implicated in the PEP  carboxylase reaction (unpublished obser- 
vation). On the other hand, these metal-bound hydroxyl ions would not be involved 
in the ~4CO~-oxaloacetate exchange reaction and it would be expected that  the pH 
opt imum would be independent of the activating metal ion. This was in fact observed 
(Fig. 5) although the pH optimum varied with the added nucleotide, viz. pH 6.5 
with the triphosphate but pH 7.0 with the diphosphate. 
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Fig. 4. Effect of p H  on the P E P  carboxylat ion activity with Mn ~+ or Mg ~+ as the act ivat ing 
divalent cation. Assay conditions were as described in Materials and Methods except tha t  the 
buffers used were potass ium 3,3'-dimethyl glutarate  (open symbols) and Tris-HC1 (closed sym- 
bols, both at o.i M). I1--11 and [] [], Mn2+; & - - &  and A - - A ,  Mg ~+. 

Fig. 5. Effect of p H  on the t4CO.2 oxaloacetate exchange activity with Mn 2+ or Mg 2+ as the acti- 
vat ing divalent  cation and in the presence o f I T P  (A) or I D P  (B). Assay conditions were as describ- 
ed in Materials and Methods except tha t  the buffers used were potass ium 3,3'-dimethyl glutarate  
(open symbols) and Tris-HC1 (closed symbols, bo th  at o.i M). - - - - - ,  Mn~+; . . . . . .  , Mg 2+. 

(b) Effect of M n  2+ and Mg 2÷ with inosine or guanosine nucleotides on the reaction 
rates. The relative magnitude of the carboxylation reaction, the 14CO2-oxaloacetate 
exchange reaction and the decarboxylation reaction was assessed using either ino- 
sine or guanosine nucleotides in the presence of either Mn 2+ or Mg 2+ as activating me- 
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tal ion (Table III). The exchange reaction was faster than the decarboxylation re- 
action which, in turn, was faster than the carboxylation reaction. Similar results 
have been reported for the pig 14 and chicken 33 liver mitcohondrial activities. How- 
ever, there appear to be species differences with respect to the relative rates of the 
three reactions since Chang et al. 14 report a 32-fold difference in rates between the 
exchange reaction and the carboxylation reaction. 

T A B L E  I I [  

C O M P A R I S O N  OF T H E  R A T E S  OF T H E  E N Z Y M E - C A T A L Y S E D  R E A C T I O N S  W I T H  I N O S I N E  OR G U A N O S I N E  

N U C L E O T I D E S  A N D  M n  2+ A N D  M g  i+  

S t a n d a r d  assay  condi t ions  were as descr ibed in Mater ia l s  and  Methods  excep t  t h a t  nucleot ide  and 
me ta l  ion were added  as ind ica ted  above.  W h e n  bo th  ca t ions  were present ,  each was added  to a 
concen t r a t i on  ha l f  t h a t  n o r m a l l y  present .  

Components % Activity* 

Carboxylation 
I D P  + Mn 2+ IOO 
G D P  q- Mn 2+ 83 
I D P  + Mg 2+ 3 
G D P  + Mg 2+ 5 
I D P  + Mn ~+ + Mg ~+ 46 
G D P  + Mn 2+ ff Mg~+ 46 

t4CO2-oxaloacetate exchange 
I T P  q- Mn ~+ 260 
GTP  + Mn 2+ 213 
I D P  + Mn *+ 132 
G D P  + Mn 2+ 14o 
I T P  + Mg ~+ 185 
GTP  + Mg*+ 161 
I D P  + Mg ~+ 8 

- -  + Mn 2+ 8 
- -  + Mg ~+ Trace 
IMP + Mn 2+ 19 

Decarboxylation 
I T P  + Mn 2+ 13o 
GTP  + Mn ~+ 68 
I T P  + Mg 2+ Trace 
GTP  + Mg 2+ Trace 
I T P  + Mn ~+ -- Mg 2+ 131 
GTP  -}- Mn ~+ + Mg 2+ 68 

* Expressed  as % a c t i v i t y  re la t ive  to c a r b o x y l a t i o n  wi th  I D P  and  Mn 2+. 

(e) 14C02-oxaloacetate exchange reaction. The only detectable exchange reaction 
catalysed by the sheep kidney mitochondrial PE P  carboxylase was the 14C02-oxalo- 
acetate exchange reaction which appeared not to be dependent on the presence of 
nucleoside triphosphate (Table III). This is contrary to the results obtained using 
pig liver mitochondrial enzyme where the 14C02-oxaloacetate exchange activity is 
dependent on the presence of Mn 2+, is not activated by Mg 2+ but is stimulated 15- 
fold by IDP (or GDP) and 3o-fold by ITP (or GTP). Further evidence to support 
the conclusion that  the exchange reaction is not dependent upon the presence of 
nucleoside triphosphate is indicated by the fact that, (i) Mg 2+ was ineffective in acti- 
vating the exchange reaction at pH 6.5 although activity was observed with Mg 2+ 
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a n d  I T P  (or G T P )  (Tab le  I I I ) ;  (ii) A t t e m p t s  to  d e t e c t  n u c l e o t i d e s  in  t h e  n u c l e o t i d e -  

free e x c h a n g e  r e a c t i o n  a s s a y  s o l u t i o n  were  u n s u c c e s s f u l ;  (iii) T h e  s t e a d y - s t a t e  r a t e  

e q u a t i o n  for  t h e  i n c o r p o r a t i o n  of  14CO 2 i n t o  o x a l o a c e t a t e  p r e d i c t s  i n t e r s e c t i n g  in i t i a l  

v e l o c i t y  p a t t e r n s  w h e n  t h e  r ec ip roca l  of  t h e  i n i t i a l  v e l o c i t y  is p l o t t e d  as a f u n c t i o n  

of  t h e  r e c i p r o c a l  of  t h e  s u b s t r a t e  c o n c e n t r a t i o n  (see A p p e n d i x ) .  Th i s  was  o b s e r v e d  

! i • ! 

1 

T 

• ~ / I S I  I/o .'I 
J / I 7 "  

I I I 

o~ o'3 o'.~ 
[NaHC03]-' (mbl -I) 

Fig. O. l)ouble-reciprocal plots of the initial velocity of the ~4CO~-oxaloacetatc exchange reaction 
against the NaHC():~ concentration. The concentrations of oxaloacetate were: I - - I ,  2.o raM; 
[] -[~, o.6 raM; I I - -A,  o.4 raM. The assay mixtures contained: imidazole HCI, pH 6. 5, o.i raM; 
MnC] 2, 4.ore,M; reduced ghltathione, r .6mM; enzyme, o.oi unit. Incubation w a s  for 4 rain. 

(Fig. 6). T h e  r e su l t s  of  t i le  i n i t i a l  v e l o c i t y  s t u d i e s  of  t h e  n u c l e o t i d e - i n d e p e n d e n t  

e x c h a n g e  r e a c t i o n  are  p r e s e n t e d  in F igs  6 a n d  7. 

T h e  m e c h a n i s m  of  t h e  s t i m u l a t i o n  of  t h e  e x c h a n g e  r e a c t i o n  in t h e  p r e s e n c e  of  

n u c l e o t i d e  r e m a i n s  u n e x p l a i n e d .  B o t h  I D P  a n d  I T P  c o m p l e t e  a n  o x a l o a c e t a t e  deca r -  

b o x y l a t i o n  s y s t e m  g i v i n g  e i t h e r  p y r u v a t e  or  P E P ,  r e s p e c t i v e l y  1~,'3 so t h a t  r e v e r s a l  of  

t h e s e  s e q u e n c e s  w o u l d  effect  a n  e x c h a n g e  of  COo i n t o  o x a l o a c e t a t e .  H o w e v e r ,  t h e  

TABIA: IV 

C O N T R I B U T I O N  Ol;  T I l E  RE V I '2 RSA L  O F  THD; C A I ? , H O X Y L A S E  R E A C T I O N  TO "I'HI'; l l ( ' (  )~ OXALOACI , ;T ,kTH 

E X C I I A N G E  R E A C T I O N  

Components common to all assay mixtures (o. 5 ml) were: o. t IXl imidazole-I I('1, pH 0.5, (adjusted 
at  3 o<C; 4 mMMnCI2; 2 mMoxaloacetate;  2 m M I T P  (orlDI>); 2o mM NaHL4C()a (6.~o ~cpm/ 
/tmole) ; 1.6 mM GSH. in  addition, o. 5 mM ADP, ~ mM NADIt,  5 ° mM KCI, 5 milts pyruvat t '  
kinase and 4.5 units lactate dehydrogenase were added as indicated. The reaction was star ted by 
the addition of oxaloacetate and incubation was for 2 rain at 3 ° °C except for the control where 
incubation was for 4 rain. 

Components ,4 ctivity 
(cpm incorporated) 

(;ontrol (no nucleotide) 97 
(a) MnCI 2 + oxaloacetate d ]TP ~ NaHHC()a / KC1 146o 
(a) ~ pyruva tek inase  + ADP t5oo 
(b) MnC12 oxaloacetate ~ [DP ~ NaHlaCOa 880 
(b) t- lactate dehydrogenase i- NADH 85o 
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Fig. 7- Double reciprocal plots of the initial velocity of the uCO2-oxaloacetate exchange reaction 
with varying amoun t s  of MnCI, (A) and oxaloacetate (B). Reaction mixtures  contained: imida- 
zole-HC1, p H  6.5, o.i M; NaH~CO~, 2o.o inM; reduced glutathione, 1.6 inM; enzyme, o.o2 unit. 
incubat ion  was for 4 min. A. MnC12 was varied at the cons tant  oxaloacetate levels: O - - O ,  
2.0 raM; A - - ~ ,  1.2 raM; ~k--&, o.8 mM; ~ - - D ,  0.4 raM; II--I1,  o.2 mM. B. Replot  of the data 
in A. Oxaloacetate was varied at  the constant  MnCI~ levels: [:]--[B, o.I raM; I I - - I I ,  o.o6 mM; 
. ~ - - / %  o .o4mM;  ik--A,  o.o3 mM; O - - @ ,  o.o2 raM; O - - O ,  o.ot5 raM. [nset: replots of the 
intercepts  ( l l - - I I )  and slopes ( [ B - - ~ ) ,  obtained from the related pr imary  plots, versus the reci- 
procal concentration. OAA -- oxaloacetate. 

data presented in Table IV where the decarboxylation products were continuously 
removed by coupling systems negates this possibility. Also, it is possible that the 
exchange reaction in the absence of added nucleotide could be an abortive pathway 
in which case the exchange reaction in the presence of nucleotide would be energy 
dependent. However, the results presented in Table V demonstrate that the 14CO2- 
oxaloacetate exchange reaction is independent of phosphoryl transfer in the presence 
and absence of nucleotide. 

These results are consistent with the hypothesis that during carboxylation of 
PEP catalysed by sheep kidney mitochondrial PEP  carboxylase, the central com- 
plex, consisting of enzyme, Mn e+, IDP, PEP  and CO 2 undergoes a two-step conver- 
sion via an enzyme-bound three-carbon intermediate to give a complex consisting of 
enzyme, Mn 2+, [TP and oxaloacetate. This proposed mechanism is in contrast to the 
concerted conversion of the central complexes proposed for the pig liver mitochondrial 
PEP  carboxylase 3'~. The fact that the exchange activity is independent of phosphoryl 
transfer (Table V) indicates that the nucleotide becomes an activator of this reaction 
(c[. Bridger el al.a6), and that the phosphoryl transfer or the splitting of the high 
energy phosphate bond would not be essential for carboxylation or decarboxylation 
per se. Attempts to demonstrate a three-carbon enzyme-bound intermediate by a 
carboxylation of pyruvate or an exchange of pyruvate into oxaloacetate have been 
unsuccessful. 

Biochim. Biophys.  ,4eta, 276 (1972) 284-296 
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T A B L E  V 

COMPARISON OF C O  2 AND NUCLEOTIDE TURNOVER IN THE 14CO2--OXALS)ACETATE EXCHANGE 
REACTION 

T h e  r e a c t i o n  w a s  s t a r t e d  w i t h  o x a l o a c e t a t c  a n d  i n c u b a t i o n ,  a t  3 ° "'C, w a s  s t o p p e d  a f t e r  o, 2 .25 
a n d  4.5 m i n  w i t h  o .o  5 m l  o f  5 M f o r m i c  a c i d .  D e n a t u r e d  p r o t e i n  w a s  r e m o v e d  b y  c e n t r i f u g i n g  a n d  
a l i q u o t s  o f  t h e  s u p e r n a t a n t  w e r e  c h r o m a t o g r a p h e d  o n  P E I - p a p e r  34 u s i n g  o. 3 M N H ~ H C O  a. T h e  
u l t r a v i o l e t - a b s o r b i n g  r e g i o n s  w e r e  c u t  o u t  a n d  c o u n t e d  in  a P a c k a r d - T r i c a r b  s c i n t i l l a t i o n  s p e c t r o -  
n i e t e r .  

A ctivati~g mtcle.otide Turnover (izmole/min) 

1~C02" [32P]Nucleotide*" 

G T P  o . 0 2 3 0  o . o 1 5 2  
G D P  o . o i 5 9  o .o  
N o  n u c l e o t i d e  0 . 0 0 9 5  - -  

* E x p e r i m e n t a l  c o n d i t i o n s  w e r e  t h e  s a m e  as  d e s c r i b e d  in  T a b l e  I V  a n d  s a m p l e s  a s s a y e d  f o r  
a c i d - s t a b l e  r a d i o a c t i v i t y  a t  2 .25 a n d  4.5 ln in .  

*" C o n d i t i o n s  w e r e  as  a b o v e  e x c e p t  t h a t  n o n - r a d i o a c t i v e  N a H C O  3 w a s  u s e d  a s  wel l  a s  
[ a - a 2 p ] G T P  o r  U[~-a2P]G1)P. 

This inability of the enzyme to bind or utilise pyruvate is reminiscent of the 
enzyme PEP carboxytransphosphorylase. PEP carboxytransphosphorylase carboxy- 
lates PEP in the presence of orthophosphate to yield oxaloacetate and pyrophos- 
phate 37 but also fails to utilise pyruvate even though pyruvate is formed from PEP 
in the absence of C02. The enzyme also appears to catalyse a Mn2+-depednent, pyre- 
phosphate-stimulated exchange of C02 into oxaloacetatO 8. Therefore, it is quite 
feasible that these two related PEP carboxylating enzymes may have similar me- 
chanisms. 

A P P E N D I X  

Consider Eqn  I which is the  sequence whereby  14CO2 is incorpora ted  into oxa- 
loacetate .  

.4 P* Q 

E EA EQ E (~) 

(where A == oxa loace ta te ;  P = 14CO2; Q = p y r u v a t e ;  E = enzyme;  and * represents  

a l~C-labelled component) .  
F rom s t eady- s t a t e  kinetics,  

d E*A 
- -  k z P *  E Q  - -  ( k ~  + ka) E*A = o ( 2 )  

d! 

k 4 P* EQ 
• E * A -  (3) 

(k~ + k3) 

d A *  
v -- - 1% E*A 

dt 

k2k4P*EQ (4) 

Biochim. Biophys. Acta, 276 (1972) 284  z96  



PURIFICATION OF PHOSPHOENOLPYRUVATE CARBOXYLASE 295 

where v is the initial velocity of the isotope exchange reaction. Using the distribution 
equation derived by the method of  King and Al tman 39 and put t ing  Q = o 

EQ = h~h.A (.5) 
Et h~(k~ + ha) + ht(k a + kn)A + kak4AP + kzk.~P 

Subst i tut ing for E Q  in Eqn  4 

klk~kak4A P*Et  
v = (6) 

(k2 + ha) Fks(k,a + ka) + kt(ka + ks)A + ktkaAP + kak4P] 

k2ka 
- -  A P*Et 
k2 + ka 

(7) 
h,dk~ -~ h~,) (k.~ ~ h~) h.~ 

' ' -~ ' A + P + A P  
hlk 4 k4 

which is an equation for a straight line if I/V is plotted as a function of I/A. If P is 
held at fixed non-saturating concentrations then a series of straight intersecting lines 
will be obtained. 
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