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ABSTRACT 

Inhibition of Rat Liver Pyruvate Carboxylase by Inert 

Chromium-nucleotide Coordination Complexes 

ty 

David Allyn Armbruster 

Pyruvate carboxylase, PyruvatejCÛ2 Ligase (ADP)j EC 6.4.1.1, free 

of contaminating enzymatic activity and suitable for kinetic studies, 

was purified from rat liver. Protomers of the enzyme, rather than te- 

tramers, were purified using agarose bead columns and the protomer mo¬ 

lecular weight was found to be about 130,000. 

CrATP and bidentate and monodentate CrADP were prepared and used 

along with other Cr-nucleotide complexes, which are substrate analogs 

of MgATP, as dead end inhibitors of pyruvate carboxylase. The Cr-nu- 

cleotides are effective initial inhibitors of pyruvate carboxylase but 

the inhibition becomes more severe with time. Finally, this tightening 

of the inhibition ceases and a linear time course is observed. Maxi¬ 

mum inhibition of the enzyme occurs when it is incubated with the Cr- 

+o - 
nucleotide in the presence of Mg and HCO^ prior to the initiation 

of the reaction. CrATP is a competitive inhibitor with respect to Mg¬ 

ATP and a non-competitive inhibitor with respect to HCO^-. Bidentate 

and monodentate CrADP are both better inhibitors than CrATP and biden¬ 

tate CrADP is a stronger inhibitor than monodentate CrADP. The amount 

of inhibition caused by various Cr-nucleotides may indicate the rela¬ 

tive importance of the and "if* phosphate groups of MgATP in bind¬ 

ing to pyruvate carboxylase. The results of the inhibition experiments 

are in agreement with the proposed mechanism of action of the enzyme 
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Pos- which involves two partial reactions at separate catalytic sites, 

sible explanations of the tightening of the inhibition phenomenon are 

discussed. 
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INTRODUCTION 

I. Pyruvate Carboxylase 

Pyruvate carboxylase, Pyruvate»C02 Ligase (ADP)5 EC 6.4,1,1,/; was 

first purified from chicken liver in i960 (l) and catalyzes the overall 

reaction shown belowt 

COOH _ . GOOH 
j Me+% Me , acetyl-CoA | 

C=0 + MgATP + HCO3;     " C=0 + MgADP + Pi 

CH3 CH2 

COOH 

Since then, pyruvate carboxylase has been found in bacteria, yeasts, 

fungi, avian and amphibian liver, and in most tissues in mammals (2), 

Pyruvate carboxylase's wide tissue distribution in mammals has led to 

the postulation that the enzyme is involved in multiple metabolic 

schemes, includingi (l) gluconeogenesis from three-carbon precursors, 

(2) the anaplerotic synthesis of oxaloacetate for use in the Tricar¬ 

boxylic Acid Cycle, and (3) glycerogenesis and lipogenesis. 

Pyruvate carboxylases purified from vertebrate tissues are allo¬ 

steric enzymes that require acetyl-CoA as a positive modulator in or¬ 

der to catalyze a significant amount of oxaloacetate production (2). 

Rat liver pyruvate carboxylase has been found to catalyze carboxyla¬ 

tion of pyruvate in the absence of acetyl-CoA (3>4) but the condi¬ 

tions required for this acetyl-CoA independent reaction (very high 

concentrations of HCO3 ) indicate that it is not of physiological im¬ 

portance , 

Pyruvate carboxylases have also been shown to require HCO3", MgATP, 

XO — 

free Me and free Me for activity, HCO3 is utilized rather than 
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CO2 (5). The total concentration of Me+2 required for maximal activity 

is several fold greater than the optimal ATP concentration, indicating 

the requirement for excess Me+^ (3*6). In rat liver pyruvate carboxy¬ 

lase, Mg+^, Mn+2, and Go+^ can meet this requirement and activate the 

enzyme (3). Several cations can fulfill the Me+ requirement in rat 

liver pyruvate carboxylasej strong activators include K+, Rb+, Cs+, 

and NHij,+{ weak activators are Na+ and Li+j Tris+ is neither an acti¬ 

vator or inhibitor. 

Pyruvate carboxylases contain a bound divalent cation (2) which 

for rat liver pyruvate carboxylase is Mn+2 (3). Bound biotin is also 

present in pyruvate carboxylases as is shown by an irreversible inacti¬ 

vation of the enzyme by treatment with avidin, which binds biotin, and 

by detection of the coenzyme in purified preparations of the enzyme 

(2). Bound metal ion and biotin are present in pyruvate carboxylase 

in about equimolar concentrations, suggesting that the bound metal ion 

may be involved in catalysis (7,8), but recent NMB and EPR data indi¬ 

cate that the involvement is probably indirect rather than direct (9)» 

The bound biotin definitely is involved in the catalytic mechanism of 

the enzyme as is shown by the avidin inactivation. Isotopic exchange 

experiments have been performed with pyruvate carboxylase to eluci¬ 

date the mechanism of action of the enzyme (10,11). These experiments 

have shown that the exchange of ^2pi with ATP requires the presence of 

ADP, HCO3”, and Me+^ while exchange of -pyruvate with oxaloacetate 

occurs in the absence of the other reaction components. 

On the basis of the preceding observations, it has been concluded 

that the overall pyruvate carboxylase reaction consists of the two par¬ 

tial reactions which followi 
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Me+2, Me+, acetyl-CoA 

E-blotin + HCO3" + MgATP   * E-biotin-C02 + MgADP + Pi 

E-biotin-G02 + pyruvate E-biotin + oxaloacetate 

Product inhibition studies (12,13»!^) also indicate the existence of 

these two partial reactions and point to a two-site mechanism for the 

enzyme. These studies show that competitive relationships exist when 

concentrations of a substrate and a product of the same partial reac¬ 

tion are varied and the data obtained from these analyses fit a two- 

site Ping Pong Bi Bi Uni Uni mechanism in which the two partial reac¬ 

tions occur at separate catalytic sites (13)• EPR data (9) also show 

that two catalytic sites exist and a rough estimate of the distance 

between them is about 10 angstroms. In Cleland's notation (15) the 

pyruvate carboxylase mechanism may be expressed as follows (13)* 

MgATP MgADP Pyruvate Oxaloacetate 
A 

HCO3" Pi 

11 it I 
E P E 

For rat liver pyruvate carboxylase, the following schematic represen¬ 

tation of the enzyme’s reaction has been proposed (l3)l 

MgATP MgADP 

lysine residue which can act as a 14 angstrom long swinging arm to 

communicate between the two sites. FIG, 1 shows a proposed reaction 
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FIG. 1 

Proposed, mechanism for the first partial reaction of pyruvate carboxylase 
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mechanism for the first partial reaction of pyruvate carboxylase (13)• 

For pyruvate carboxylases, the biotin-protein stoichiometry ap- 

proachs 4 moles/mole and electron micrograph structural studies indi¬ 

cate a tetrameric structure for the enzyme (2), Rat liver pyruvate 

carboxylase has a tetrameric molecular weight of about 5 x 10^ and a 

protomer molecular weight of 1,3 x 10^ (13). Inactivation and disso¬ 

ciation experiments with rat liver pyruvate carboxylase show that the 

tetramer dissociates into dimers and protomers which maintain or lose 

their activity depending on the severity of the dissociation treatment 

and indicate that one molecule of biotin is bound to each protomer and 

each protomer has its own active center (l6). SDS-gel studies suggest 

that the protomer consists of five polypeptide chain subunits whose 

individual molecular weights add up to 1,28 x 10-^ (16), 

As has been mentioned previously, pyruvate carboxylase is in¬ 

volved in several metabolic pathways and for this reason the regula¬ 

tion of the enzyme is complex. It is not regulated in a simple 

"on"-"offM manner like gluconeogenic enzymes because it is involved 

in lipogenesis and the Tricarboxylic Acid Cycle as well. The follow¬ 

ing diagram shows the relationship of pyruvate carboxylase to these 

activities (17)1 

n<s 
Acetyl-CoA  — > Citrate >Fktty Acids 

J ^ 

PDH 

Pyruvate 

The oxaloacetate produced by pyruvate carboxylase cant (l) be reduced 

to malate by malate dehydrogenase and be converted to glucose in the 
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cytosol, (2) condense with acetyl-CoA formed by pyruvate dehydrogenase 

to form citrate via citrate synthestase and go into fatty acid syn¬ 

thesis, or (3) feed into the TCA cycle as citrate. This last alter¬ 

native explains why pyruvate carboxylase is found in abundance in the 

mitochondria in the liver in most species. When the TGA cycle is de¬ 

ficient in oxaloacetate or other intermediates, pyruvate carboxylase, 

stimulated by acetyl-CoA, the fuel of the TCA cycle, can produce the 

needed intermediates in an anaplerotic reaction (18). 

II. Chromium-nucleotide Complexes as Dead End Inhibitors 

Recently a series of inert chromium-nucleotide coordiantion com¬ 

plexes have been synthesized (19»20) and used as substrate analogs of 

MgATP to inhibit a variety of enzymes (20,21,22,23). Most enzymes that 

have nucleotides as substrates actually react with a Mg-nucleotide com¬ 

plex, one of the most common examples being MgATP. Dead end inhibitors 

are useful in kinetic studies of such enzymes and a good choice for an 

inhibitor would be a divalent metal-nucleotide complex analogous to the 

Mg-nucleotide complex which would bind to the enzymes in a similar man¬ 

ner but which would not undergo a reaction. Cr+3 is a transition metal 

with octahedral coordination geometry which forms stable essentially 

inert coordination complexes with nucleotide di- and triphosphates and 

these complexes are substrate analogs of Mg-nucleotide di- and tri¬ 

phosphates (19). 

CrATP and CrADP are two compounds that are representative of these 

Cr-nucleotides and both have been used to inhibit a number of kinases, 

including yeast hexokinase, and rat liver pyruvate carboxylase (23). 

Recently CrATP has been found to inhibit chicken liver pyruvate 
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carboxylase but whether or not CrATP inhibition causes the same tight¬ 

ening behavior, which will be discussed presently, with this enzyme 

as it does in the rat liver enzyme, has not been reported (9)» CrATP 

is a competitive dead end inhibitor of hexokinase vs. MgATP but the 

degree of inhibition by CrATP increases with time with the initial 

rate decreasing over several minutes until a slower rate is reached 

after which the rate does not change (20). This tightening of the in¬ 

hibition with time was not observed when CrATP was used to inhibit 

several other kinases. This same behavior, an increasing severity of 

the inhibition with time until a leveling off occurs and a linear time 

course is reached, has also been observed when CrATP, CrADP, 

CrCNH^^ATP, and Cr(NH-j)^ATP were used to inhibit rat liver pyruvate 

carboxylase (24). 

The reactions catalyzed by hexokinase and pyruvate carboxylase are 

essentially different, one being a phosphate transfer reaction, the 

other a carboxylation reaction, but both require MgATP as a substrate 

and clearly the Cr-nucleotide complex is inhibiting the enzymes by 

interacting at the MgATP binding sites on both enzymes. The tighten¬ 

ing with time of the Gr-nucleotide inhibition until a linear time 

course is reached that is observed with these enzymes indicates that 

the Cr-nucleotides are not simply binding the MgATP sites and block¬ 

ing access to them for MgATP molecules but the complexes are causing 

some change in the enzyme structure that further decreases enzymatic 

activity. After a certain amount of time elapses, the complexes must 

have caused this change to occur in all enzyme molecules present as a 

linear time course is reached, indicating that all enzyme molecules 

have similar activity, or else the system is at a new equilibrium state. 
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In the case of hexokinase, it has been proposed that the tightening 

of the inhibition by Cr-nucleotides is due to a conformational change 

in the enzyme induced by the complexes (20). 

The purpose of this study was to obtain a preparation of pyruvate 

carboxylase from rat liver, suitable for kinetic studies, using a 

slightly modified, faster purification scheme than those used pre¬ 

viously (3,16) and to further investigate the inhibition of the en¬ 

zyme by Cr-nucleotides in hopes of gaining further insight into the 

enzyme's reaction mechanism and to attempt to understand the tighten¬ 

ing of inhibition phenomenon. 
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EXPERIMENTAL PROCEDURE 

Materials 

Potassium pyruvate, dithiothreitol, cytochrome C, malate dehydro¬ 

genase, bovine serum albumin, NADH (Sigma); MDH, catalase, ferritin, 

cyt C (Boehringer-Mannheim); Na2ATP, NaADP (Calbiochem); Tris, EDTA 

(J, T, Baker Chemical Co.); PPO, POPOP, dioxane, sucrose, CrClyé^O 

(Mallinckrodt); lithium acetyl-CoA (P-L Biochemicals); and Na^-^C-S'*. 

ATP (New England Nuclear) were purchased from the indicated sources. 

Agarose bead columns were prepared using Sepharose 6B-100, 100- 

200 mesh, exclusion M.W.^ x 10^ (Sigma) and Bio-gel A-0.5» 100-200 

mesh, exclusion M,W.=5 x 10^ (Bio-rad Laboratories). Sephadex G-25 

was obtained from Pharmacia Fine Chemicals, Inc. 

CrATP and bidentate and monodentate CrADP were prepared as de¬ 

scribed in Results. Other Cr-nucleotide complexes used in inhibition 

studies of pyruvate carboxylase were kindly provided by W. W. Cleland, 

Methods 

Standard Assay The standard assay for pyruvate carboxylase ac¬ 

tivity used during the purification of the enzyme and for most of the 

kinetics experiments was that used by McClure, Lardy, and Kneifel (3), 

except that it was run at pH 7*0. The assay mixture contained» ATP, 

2.0 mM; potassium pyruvate, 8.0 mM; KHCO3, 21.0 mM; MgSOtj,, 9*0 mM; 

acetyl-CoA, 0.16 mM; Tris-Cl, pH 7.0, 80.0 mM; NADH, 0.16 mM; and MDH. 

The total reaction mixture volume was 1,0 ml and the reaction was fol¬ 

lowed by monitoring the decrease in absorbance at 3^0 nm in a Cary 118, 

using the 0.0-0.1 absorbance scale, or a Gilford 222, using the 0,0- 

0.2 absorbance scale, recording spectrophotometer, both thermostated 
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at 30°C. During the purification of the enzyme, the ATP was added to 

the reaction mixture last, after addition of the enzyme sample, to in¬ 

sure that pyruvate carboxylase activity was being observed instead of 

some ATP-independent dehydrogenase activity, e.g., lactate dehydroge¬ 

nase, When performing kinetic studies, the reaction was usually ini¬ 

tiated by addition of pyruvate. In some experiments the buffer was 

HEPES, pH 7,0, 0,1 M with KC1, 0,01 M, instead of Tris and concentra¬ 

tions of other components were sometimes changed slightly but these 

Molecular Weight Determinations The molecular weight of the 

purified pyruvate carboxylase was determined using molecular sieve 

column chromatography. Both Bio-gel A-0.5 and Sepharose 6B agarose 

bead columns were used to obtain standard protein curves by eluting 

proteins of known molecular weight from the columns, and to determine 

the molecular weight of the purified pyruvate carboxylase. The two 

buffers used for elution of the proteins from the columns werei 0,1 M 

Tris, pH 7.5, with 0.4 M KC1, 10 mM HC03“, 10 mM Mg+2, and 1 mM DTT, 

and 0.05 M KPO4, pH 7.2, with 0.1 mM EDTA, and 1 *M DTT. A Gilson Mi¬ 

crofractionator was used to collect 1.6 ml fractions. 

Binding Studies Bio-gel A-0.5» Sepharose 6B, and Sephadex G-25 

columns were used in attempts to isolate a (^G)CrATP-pyruvate carboxy¬ 

lase complex. The (^G)CrATP was incubated with pyruvate carboxylase 

for 20-30 minutes before application to the column. The pH of the 

(^C)CrATP solution (storage pH is 3*0) was adjusted to 6.5-7.0 before 

being mixed with the enzyme so as to not cause dénaturation of the en¬ 

zyme. The buffers used for elution of the columns were the same as 

those used in molecular weight determinations. A Gilson Microfractionator 

instances are noted. Initial velocity 
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was used to collect 1,6 ml fractions, A sample of each column fraction, 

0,2 ml, was added to 10 ml of a scintillation cocktail solution con¬ 

taining 600 mg of P0P0P and 29»^ S °f PPO in 1 gallon of dioxane and 

radioactivity was counted using a Beckman LS 233 liquid scintillation 

14- 
counter with standard G windows. 

11 



RESULTS AND DISCUSSION 

Purlficatl on of Rat Liver Pyruvate Carboxylase 

The purification scheme of McClure, Lardy, and Kneifel (3) was 

generally followed up to the sucrose density gradient centrifugation 

step. The rats were starved for 24-48 hours before being sacrificed 

in order for high levels of pyruvate carboxylase to build up in the 

liver (pyruvate carboxylase is an inducable enzyme and it is induced 

by fasting (25))» Higher levels of the enzyme were found after a 48 

hour fast than after a 24 hour fast. The rats were sacrificed and their 

livers extracted and placed in an ice cold 0,3 M sucrose solution con¬ 

taining 1 mM DTT. The livers were minced with a scissors and sus¬ 

pended (it6 weight to volume) in 0,3 M sucrose with 1 mM DTT and ho¬ 

mogenized in a 50 ml Potter-Elvejhem homogenizer which was driven by a 

variable speed electric drill set on "high" speed. The rat liver ho¬ 

mogenate was centrifuged at 600 x g for 10 min in a Beckman J-21 cen¬ 

trifuge, The supernatant was stored on ice and the soft pellet resus¬ 

pended (1|4 weight to volume) in the sucrose-DTT solution and centri¬ 

fuged again at 600 x g for 10 min. Both supernatants were combined 

and the soft pellet discarded; the supernatants were centrifuged at 

15*000 x g for 5 min and the supernatant was discarded. The pellet 

was suspended in 0,02 M KPOjj,, pH 7»2, with 0,2 mg BSA/ml. After 20 

min in an ice bath, the suspension was centrifuged at 2,000 x g for 

15 min. The supernatant was discarded and the pellet (mitochondria) 

was suspended in the minimal amount of distilled water. The suspended 

mitochondria were then lyophilized. 

The lyophilized mitochondrial powder was extracted for 5 min, with 
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mechanical stirring, with 0.05 M KPO4, pH 7.0 (20 ml buffer/g powder). 

The extract was then centrifuged at 40,000 x g for 45 min. The pel¬ 

let was discarded and the clear yellow supernatant was fractionated 

with (NH^^SOjj,. The supernatant was maintained at pH 7*0 with Tris 

during the salt fractionation; the supernatants were centrifuged at 

12.000 x g for 10 min after the salt precipitation. Most of the pyru¬ 

vate carboxylase activity was in the 28-35% (NH^^SO^ saturation pel¬ 

let. The 28-35% pellet was extracted successively with solutions con¬ 

taining 19.6, 16,5» 14.4, and 12.6 g of (NH^^SOzj, per 100 ml of water, 

brought to pH 7.2 with Tris. The pellets were extracted for 15 min 

with slow mechanical stirring and then centrifuged at 7»200 x g for 

6 min. Each clear supernatant was saved and the pellet was suspended 

in the next solution. After the (NH^^SO^ back extraction, the 14,4 

and 12.6 fractions contained most of the activity. To these fractions 

was added (NH^^SOi* to a concentration of 50 g/l00 ml; the pH was main 

tained at 7.5 with Tris. The fractions were centrifuged at 30,000 x 

g for 15 min; the supernatants were discarded and the pellets were 

dissolved in 0.05 M KPO4, pH 7.2, with 0.1 mM EDTA and 1 mM DTT. 

The enzyme solutions were then placed on agarose bead columns, 

either Bio-gel A-0.5 or Sepharose 6B, and the enzyme was eluted with 

0.05 M KPO4, pH 7.2, with 0.1 mM EDTA and 1 mM DTT. Fractions were 

collected (fraction volume varied with the size of the prep) using a 

Gilson Microfractionator and tested for activity to locate the pyru¬ 

vate carboxylase peak. The high activity fractions were pooled and 

(NH4)2SO4 was added to a concentration of 50 g/100 ml; the pH was 

maintained at 7*5 with Tris. This solution was then centrifuged at 

30.000 x g for 15 min and the supernatant discarded. The pellet 
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(pyruvate carboxylase) was dissolved in a storage buffer containing 1 M 

sucrose and 0,1 M Tris, pH 7»5* with 0,4 M KG1, 0,1 M EDTA, and 1 mM 

DTT. 

No contaminating enzymatic activity was observed in these pre¬ 

parations of pyruvate carboxylase and the enzymatic activity was de¬ 

pendent on the presence of the pyruvate carboxylase reaction's sub¬ 

strates; MgATP, HCO-j", and pyruvate, and it was independent of the a- 

mount of malate dehydrogenase added to the coupled assay mixture. 

The preparations exhibited high levels of pyruvate carboxylase ac¬ 

tivity, well suited for kinetic studies, and were inhibited by Cr- 

nucleotides in the same way as previously reported (24), 

Synthesis of Cr-nucleotides 

CrATP was prepared following the method of DePamphilis and Cleland 

(19) using CrCl-j,6H20 instead of ^(^0)5(0104)3, A 20 mM green solu¬ 

tion of CrCl^'é^O was mixed with a 20 mM solution of Na£ATP to give 

a light green solution 10 mM in Cr ^ and ATP. This solution was then 

heated at 80°G for 12 min; the solution turned to a dark green in color. 

The solution was then cooled and adsorbed on a Dowex 50-X (H+) column. 

The resulting green band was washed well with water to remove ATP, 

ADP, Cr2(ATP)g, and Cr(ATP)2 and the band separated into a thin dense 

green band at the top of the column consisting of side products, a 

lighter green area of Na+ in the middle, and a broad green CrATP band 

on the bottom. The bottom band was then eluted with 0,1 M Li+ formate, 

pH 3,5. The CrATP band came off the column at pH 3*5 and the pH was 

immediately adjusted to 2.0 with HCIO4 to prevent incorporation of 

the formate in the Cr coordination sphere. The CrATP solution was 

diluted with an equal volume of distilled water and adsorbed on 
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another Dowex 50-X (H+) column and eluted with 0,1 M aniline. The e- 

luted band was then extracted 3 times with 10 volumes of ether to re¬ 

move the aniline. Nitrogen was then bubbled through the CrATP solu¬ 

tion to remove the ether. The CrATP was stored in the cold box at pH 

3,0. (^C)CrATP was prepared in the same way starting with Na-^C-8- 

ATP. The purity of the product was checked by recording the visible 

spectrum and comparing the absorbance maxima to those given in the 

literature (19)» 

Bidentate CrADP was prepared following the method of DePamphilis 

and Cleland (19) using CrCl^-éHgO instead of Cr(H20)6(C104)-j, A light 

green solution 10 mM in Cr+^ and NaADP was heated for 12 min at 80*Gj 

it turned dark green in color. The cooled solution was adsorbed on a 

Dowex 50“X (H+) column and the CrADP band was eluted using gradient 

chromatography from 0 to 1 M HCIO4. The CrADP solution was diluted 

1011 with distilled water, readsorbed on a Dowex 50-X (H+) column and 

eluted with 1 M HCIO4. The CrADP solution was then neutralized to pH 

3.0 with KHCO3, placed in a cold box until all the KCIO4 was completely 

precipitated, filtered, and stored in the cold box. The visible spec¬ 

trum absorbance maxima were compared to those given in the literature 

(19). 

Monodentate CrADP was prepared following the procedure of Cleland 

(26), A solution 10 mM in both CrCl^*6H20 and NaADP was heated at 

80*C for 1 min. The solution was cooled, adsorbed on a Dowex 50-X 

(H+) column and the CrADP was eluted with 0,1 M HC1, The CrADP solu¬ 

tion was then diluted and readsorbed on a Dowex 50-X (H+) column and 

eluted with 0,1 M Na+ acetate. The pH of the CrADP solution was ad¬ 

justed to pH 4.3 and it was stored in the cold box. The visible spectrum 
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of monodentate CrADP appeared to "be identical to the spectrum of bi- 

dentate CrADP, 

Molecular Weight of Pyruvate Carboxylase 

Ferritin, BSA, and cyt C were used to calibrate a Bio-gel A-0.5 

column and obtain a standard protein curve for the column. The elu¬ 

tion buffer was 0,1 M Tris, pH 7.5» with 0.4 M KC1, 10 mM Mg+2, 10 mM 

HCO-j", and 1 mM DTT. Purified pyruvate carboxylase was then placed on 

the column and eluted with the same buffer. Fractions were collected 

and tested for pyruvate carboxylase activity in order to find the en¬ 

zyme's peak. FIG. 2 is the standard protein curve for the column and 

indicates the position of pyruvate carboxylase on the curve. This ex¬ 

periment shows that the purified enzyme is a protomer of pyruvate 

carboxylase with a molecular weight of about 1,3 x 10^. 

Ferritin, catalase, BSA, and cyt C were used to calibrate a Sepha- 

rose 6B column and obtain a standard protein curve. The elution buffer 

was the same pH 7*5 Tris buffer used with the Bio-gel A-0.5 column. 

Purified pyruvate carboxylase was similarly eluted from the column and 

the enzymatic peak located. FIG. 3 is the standard protein curve for 

the column and the position of pyruvate carboxylase is indicated on the 

curve. This experiment also shows that the purified enzyme is a pro- 

tomer of pyruvate carboxylase with a molecular weight of about 1,3 x 

10
5. 

The same Sepharose 6B column and the same standard proteins were 

used in another experiment with a different buffer; 0.05 M KPO4, pH 

7.2, with 0.1 mM EDTA and 1 mM DTT. The standard proteins ferritin, 

BSA, and cyt G elute a fraction sooner with this phosphate buffer and 

catalase is dissociated to a dimer. Catalase is a tetrameric protein 
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FIG. 2 

Standard protein curve for the Bio-gel A-0.5 agarose bead column. The 

elution buffer was 0.1 M Tris, pH 7.5. with 0.4 M KG1, 10 mM Mg+2, 

10 mM HGO3“, and 1 mM DTT. The molecular weights of the standard pro¬ 

teins are i 

Ferritin 540,000 

BSA 67,000 

Cyt G 12,500 

The two points for PC were obtained from two different runs. The es¬ 

timated molecular weight of PC from the standard curve is about 130,000, 
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FIG. 3 

Standard protein curve for the Sepharose 6B agarose bead column. The 

elution buffer was 0.1 M Tris, pH 7-5» with 0.4 M KG1, 10 mM Mg+2, 

10 mM HCO3”, and 1 mM DTT. The molecular weights of the standard pro¬ 

teins are» 

Ferritin 5^0•000 

Catalase(tetramer) 232,000 

BSA 6?,000 

Cyt C 12,500 

The two points for PC were obtained from two different runs. The es¬ 

timated molecular weight of PC from the standard curve is about 130,000. 
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but the dissociation of lyophilized commercial preparations of cata¬ 

lase into dimers and protomers has been observed (27)» The molecular 

weight of the catalase dimers as determined by the standard calibra¬ 

tion curve, about 115,000, agrees well with the molecular weight of 

a catalase dimer as reported in the recent literature (28), FIG, 4 

is the standard protein curve for the column using the phosphate buf¬ 

fer and indicates the position of pyruvate carboxylase on the curve. 

This experiment is in agreement with the results obtained from the 

previous columns as it shows that a pyruvate carboxylase protomer is 

the species purified in the preparation and is perhaps the most con¬ 

vincing as it uses the same buffer that was used in the actual puri¬ 

fication of the enzyme using agarose bead columns. 

Non-linear Inhibition of Pyruvate Carboxylase by CrATP 

FIG, 5 shows that non-linear inhibition of pyruvate carboxylase 

is caused by CrATP, Without CrATP the enzyme's reaction time course 

is linear. When CrATP is added, inhibition increases with time after 

the addition. Usually after about 10 minutes this tightening of the 

inhibition ceases and a linear time course is observed. Additions of 

extra auxilliary enzyme components does not alter this phenomenon 

and an immediate utilization of added oxaloacetate by malate dehydro¬ 

genase occurs, indicating that the effect is on pyruvate carboxylase 

itself. This behavior is identical to that previously reported for 

Cr-nuclèotides used as inhibitors of rat liver pyruvate carboxylase 

(24). 

Effect of Reaction Components on CrATP Inhibition 

TABLE 1 shows the conditions required to maximize and minimize the 

CrATP inhibition of pyruvate carboxylase and the effect of various 
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FIG. 4 

Standard protein curve for the Sepharose 6B agarose bead column. The 

elution buffer was 0.05 M KPO^, pH 7*2, with 0.1 mM EDTA, and 1 mM. DTT 

The molecular weights of the standard proteins arej 

Ferritin 540,000 

Catalase(dimer) 115,000 

BSA 67,000 

Cyt C 12,500 

The two points for PC were obtained from two different runs. The esti 

mated molecular weight of PC from the standard curve is about 130,000, 
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FIG. 5 

The reaction time course of pyruvate carboxylase without the addition 

of CrATP as an inhibitor and after the addition of CrATP. Note the non¬ 

linear inhibition. The assay mixture was the standard assay mixture 

given in Methods, 
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TABLE 1 

Effect of Reaction Components on CrATP Inhibition 

Conditions Relative Activity (%) 

1, Buffer 100 

2. Buffer without CrATP 314 

3. + ATP 107 

4. + HC03~ 42 

5. + pyruvate 100 

6. + Mg+2 35 

7. + acetyl-CoA 142 

8. + HCO3- + acetyl-CoA 100 

9. + HCO3” + acetyl-CoA + pyruvate 100 

10. + Mg+2 + ATP 35 

11. + Mg+2 + acetyl-CoA 42 

12. + Mg+2 + acetyl-CoA + pyruvate 42 

13. Total mixture - ATP 42 

14. Total mixture - ATP - Mg+2 100 

15. Total mixture - pyruvate 100 

The enzyme was incubated for 10 min at pH 7.0 with 205 CrATP in 

0.1 M HEPES with 0.01 M KC1. Other concentrations weret ATP, 0.25 

mM} pyruvate, 2.5 niM} acetyl-CoA, 0.l6 mM} HC0^“, 30 mM} Mg+2, 9 mM} 

NADH, 0.16 mM} and MDH. 
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components of the reaction themselves and in combinations on the 

inhibition* 10C$> activity was defined as the activity observed after 

the enzyme was incubated with CrATP in 0*1 M HEPES, pH 7*0, with 

0.01 M KC1, for 10 min and the reaction was initiated by addition 

of all necessary reaction components. The enzyme was incubated with 

CrATP, except in the second assay, in the buffer for 10 min along with 

the additions indicated in TABLE 1 and the reaction was initiated 

by addition to the reaction mixture of what ever components were 

missing. The volume of the additions was kept small to minimize 

dilution of the incubated enzyme. 

The enzyme's activity is over 2/3 inhibited by 205 ^/tM CrATP 

when no other reaction components are present during the incu¬ 

bation. As would be expected, addition of ATP during incubation 

decreases the inhibition slightly as the ATP competes with CrATP 

for the same binding site on the enzyme. Acetyl-CoA is even more 

+2 
effective in protecting the enzyme from inhibition. Both Mg and 

HCO^” dramatically increase the inhibition, causing about a three¬ 

fold increase in the CrATP inhibition. This is to be expected 

+2 » 

as Mg and HCO^ are components of the first partial reaction, 

in which MgATP or its substrate analog, CrATP, bind to the enzyme, 

and it has been shown that the binding of HCO^ enhances the 

binding of MgATP (13) and it should be expected to enhance CrATP 

binding as well. The actual effect with HCO^ may be greater 

than that observed since a low indigenous level of HCO^ is always 

present. The effect of buffer alone may be somewhat due to the 

presence of HCO^". The presence of both Mg+2 and HC0^“ appear 

to be necessary for maximal tightening of the complex, but Mg 
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-J-p 
has a larger effect, perhaps reflecting upon the proposed role of Mg 

in FIG, 1 of orienting HCO3- and ATP, The protective effect of ATP is 

enhanced by addition of the other first partial reaction components, 

Mg+^ and HCO^“, consistent with the enzyme's mechanism of action. 

These observations are consistent with previous reaction component 

studies (24), 

Amount of Inhibition Proportional to CrATP Concentration 

FIG, 6 compares pyruvate carboxylase activity without CrATP and 

with two different concentrations of CrATP when the reaction is ini¬ 

tiated after a 10 min incubation in order to observe linear time 

courses. The amount of inhibition is seen to increase with increased 

CrATP concentration in a linear fashion as the inhibition caused by 

51 CrATP is about five times as great as the inhibition caused by 

10,2 yM CrATP, An excessive amount of CrATP will produce 100% inhi¬ 

bition of enzymatic activity even without incubation, 

CrATP as a Competitive Inhibitor vs, MgATP 

FIG, 7 shows that CrATP is a competitive inhibitor of pyruvate 

carboxylase with respect to MgATP both with and without incubation. 

The change in the severity of the inhibition with time is clearly seen 

the bottom line is with no CrATP, the middle line represents the ini¬ 

tial velocities immediately after addition of CrATP to the reaction 

mixture, the top line represents the initial velocities when the reac¬ 

tion was initiated by addition of pyruvate after the enzyme had been 

incubated with CrATP for 10 min. The apparent Kj's for this data 

change from 7*5 f°r the initial inhibition to 0,15 ytft. for the 

final inhibition. These observations are consistent with previous 

work (24), 
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FIG. 6 

The amount of Inhibition produced by CrATP is a function of the concen¬ 

tration of CrATP, Five times the concentration of CrATP causes about 

five times as much inhibition. The assay conditions were those of the 

standard assay given in Methods. CrATP was added to the reaction mix¬ 

ture and incubated with the enzyme for 10 min before the reaction was 

initiated by addition of pyruvate. 
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FIG. 7 

CrATP as a competitive inhibitor of pyruvate carboxylase with respect 

to MgATP with and without incubation. The reaction mixture was the 

standard assay mixture given in Methods except that ATP was varied, 

ATP concentrations used werei 0.5, 0.25» 0.16, and 0.125 mM. The re¬ 

action was initiated by addition of pyruvate. The bottom line is 

without CrATP, the middle line is with 100 CrATP and no incuba¬ 

tion, and the top line is with 100 ftM CrATP and a 10 min incubation. 
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Or ATP as a Non-competitive Inhibitor vs, HCOq~ 

FIG, 8 shows that CrATP is a non-competitive inhibitor of pyru¬ 

vate carboxylase with respect to HCO-j", The inhibition appears linear 

at high HC0^“ but clearly curves off and is non-linear at low HCO-j", 

This non-linearity at low concentrations of bicarbonate may be ex¬ 

plained since at low HGO-j" one would expect that a longer incubation 

period would be required in order for the small population of HCO^- 

molecules to bind to the enzyme and promote binding of CrATP whereas 

at high HCO3- there is a large enough population of HCO3- molecules 

to allow CrATP to readily bind to the enzyme and exhibit a linear time 

course. This explanation is supported by the fact that the binding 

of CrATP has been shown to be enhanced by the presence of HCO-j", 

This non-competitive inhibition is in agreement with the proposed 

kinetic mechanism for the enzyme (13), 

Effectiveness of Various Cr-nucleotides as Inhibitors 

TABLE 2 shows the concentrations of various Cr-nucleotides, at 

different MgATP concentrations, required to inhibit the pyruvate car¬ 

boxylase reaction by 5®%» As can be seen, a smaller concentration of 

any given Cr-nucleotide is required to produce 50% inhibition at the 

lower MgATP level than at the higher MgATP level. This is consistent 

with the fact CrATP competes with MgATP for the enzyme's MgATP binding 

site. In general, CrATP, its methylene analogs, and Cr-8-Br-ATP in¬ 

hibit well. CrADP was a significantly better inhibitor than CrATP, and 

Cr-8-Br-ATP was a slightly better inhibitor than CrATP, When ammonias 

are substituted for H£0 in tie chromium coordination sphere, the re¬ 

sulting complexes generally inhibit less with the inhibition decreas¬ 

ing with the increasing number of ammonias coordinated. The one anom¬ 

aly was Cr(NH3)i|APPNP which is about as good an inhibitor as CrATP, 

33 



FIG. 8 

CrATP as a non-competitive inhibitor of pyruvate carboxylase with re¬ 

ject to HCO3-. The reaction mixture contained 1 HEPES, pH 7.0, 0,1 Mj 

KG1, 0.01 Mj ATP, 0.75 mMj acetyl-CoA, 0.l6 mMj Mg+2, 9 mM; NADH, 0.16 

mMj HCO3”, 30» 15» 7*5» 3«8* or 1*9 mMj MDH, and PC. The reaction was 

initiated with pyruvate, 2.5 mM. When CrATP was added to the reaction 

mixture, the reaction was not initiated until after a 10 min incubation. 
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TABLE 2 

Inhibition of pyruvate carboxylase by various Cr-nucleotides. The re¬ 

action mixture contained» HEPES, pH 7«0, 0.1 M; KC1, 0.01 M; ATP, 0.25 

mM> acetyl-CoA, 0.16 mMj Mg+2, 9 mM; HCO3", 30 mMj NADH, 0.16 mM; MDH; 

PC} and Cr-nucleotide. 
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TABLE 2 

Inhibition of PC by Various Cr-nucleotides 
Compound 50% Inhibition Level at 

0.125 mM ATP 
Bidentate CrADP 65 yitt 

Cr-rf,^-CH2-ATP 49 99 

Cr-yÔ,/-CH2-ATP 60 •• 

CrAPPNP 62 99 

Cr-8-Br-ATP 63 19 

Cr(NH^)^APPNP 54 99 

Cr(NH3)4ATP 329 99 

Cr(NH3)4GTP 645 99 

CO(NH3)4ATP 833 99 

Compound 50J& Inhibition Level at 
0.05 mM ATP 

CrATP 39 yiVi 

Cr-tf.^-CH^-ATP 47 •9 

Cr-/,^-CH2-ATP 63 99 

CrAPPNP 61 99 

Cr-8-Br-ATP 35 99 

Cr(NH3)^APPNP 4 5 99 

Cr(NH3)^ATP 268 99 

Cr(NH3)3ATP 400 99 

Cr(NH3)^-8-Br-ATP 272 99 

Bidentate CrADP 23 99 

Cr(NH3)2ADP 117 99 

Cr(NH3)3ADP 273 99 

Cr(NH3)4ADP 663 99 

CrAdenylylimidePP 35 99 
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Bldentate and Monodentate GrADP as Inhibitors 

FIG. 9 shows that both bldentate and monodentate CrADP are good 

inhibitors of pyruvate carboxylase and that bidentate CrADP is a 

better inhibitor that monodentate CrADP, causing about 20jS more 

inhibition. In the bidentate compound, the « and yô phosphates are 

coordinated to the Cr and in the monodentate compound, only the 

phosphate group is coordinated. The clear difference in their 

efficiency as inhibitors may be presumed to be directly related 

to their structural differences and may reflect upon the impor¬ 

tance of the « and yô phosphates in MgATP and MgADP in the binding 

of the compounds to the enzyme. The linear time courses were 

obtained after a 10 min incubation period. 

Binding Studies 

All attempts to isolate a stable pyruvate carboxylase-(^C)CrATP 

complex were unsuccessful. Three different columns and two different 

buffers were used. Each time, activity assay of the fractions col¬ 

lected located the pyruvate carboxylase peaks and OD28O readings easily 

showed which fractions contained the unbound (^C)CrATP due to the 

very high extinction coefficient, 1.3 x 10-^, of ATP at 260 nm. The 

pyruvate carboxylase and (^C)CrATP were clearly separated by the mo¬ 

lecular sieve chromatography, the (^C)CrATP being eluted after the 

much larger enzyme. Liquid scintillation counting of the fractions 

showed no noticeable concentration of ^C counts in the pyruvate car¬ 

boxylase fractions, all of the radioactivity appeared to be in the 

(^CjCrATP fractions, indicating that very little if any (^C)CrATP 

remained bound to the enzyme after elution from the column. The 

(^C)CrATP recovered from the column was still effective in causing 

inhibition of pyruvate carboxylase. 



FIG. 9 

Inhibition of pyruvate carboxylase by bidentate and monodentate CrADP. 

The assay mixture was the standard assay mixture described in Methods. 

I No CrATP 

II 20.5 J*-M Monodentate CrADP 

III 20.5 Bidentate CrADP 

IV 41 Monodentate CrADP 

V 41 yuft Bidentate CrADP 
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GENERAL DISCUSSION 

The purification scheme employed in this study succeeded in yield¬ 

ing pyruvate carboxylase that exhibited high enzymatic activity and 

was suitable for kinetic studies of the enzyme. No claim of purifica¬ 

tion to homogeneity is made but this was not the intended goal. Bet¬ 

ter purification surely results using the scheme of McClure, Lardy, 

and Kneifel (3) but if a preparation is desired purely for the purpose 

of kinetic experiments, the scheme presented in this study has the ad¬ 

vantage of being quicker and simpler as it utilizes agarose bead column 

molecular sieve chromatography rather than the sucrose density gradient 

centrifugation procedure. An interesting observation is that the su¬ 

crose density gradient centrifugation procedure yields tetramers of py¬ 

ruvate carboxylase (3) whereas the agarose bead column procedure yields 

protomers of the enzyme. 

It is known that treatment of rat liver pyruvate carboxylase with 

1 M solutions of chloride salts of monovalent cations can reversibly 

inactivate and dissociate tetramers to dimers and protomers and that 

treatment with 30~100 mM NH^Cl results in reversible tetramer dissocia¬ 

tion to active dimers and protomers (16). Dimers and protomers of other 

pyruvate carboxylases, e.g,, the chicken liver enzyme, have been ob¬ 

served but lack activity (29)* but conditions such as those described 

above have not been used in studying these enzymes* dissociation phe¬ 

nomena. Since sucrose is effective in protecting the enzyme from dis¬ 

sociation (l6), it is not surprising that purification via sucrose 

density gradient centrifugation should yield a tetramer of pyruvate 

carboxylase. Furthermore, the storage buffer, 1 M sucrose, with 0,1 M 
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Tris, pH 7.5, 0.4 M KC1, 0.1 mM EDTA, and 1 mM DTT, would certainly 

have a high enough concentration of sucrose to keep the enzyme in the 

tetrameric form. The agarose "bead column material may in some way 

promote dissociation of the tetramer to active protomers but it is 

perhaps more likely that the buffers employed in the elution of the 

enzyme are both of high enough ionic strength to cause dissociation 

of the tetramer to active protomers but not concentrated enough to 

cause inactivation of the protomers. At any rate, active rat liver 

pyruvate carboxylase protomers have been previously isolated after a 

2 hour incubation with 30 mM NH^Cl and a 22 hour sucrose density gra¬ 

dient centrifugation run; they may now be isolated with much improved 

speed and ease by use of the agarose bead columns and buffers that 

have been described in this study. 

The failure of the binding studies to isolate a stable pyruvate 

carboxylase-CrATP complex is of interest since yeast hexokinase, the 

only other enzyme observed so far to exhibit tightening of CrATP in¬ 

hibition, forms a stable hexokinase-CrATP complex that has been iso¬ 

lated (20), This suggest that the rate constants for dissociation of 

CrATP from the two enzymes are very different even though the inhibi¬ 

tion constants are similar. 

The fact that HCO3” increases the amount of CrATP inhibition ob¬ 

served and is required for maximal inhibition and the fact that CrATP 

is a non-competitive inhibitor with respect to HCO-j” suggests that a 

ternary complex, E-CrATP-HCO^”, is formed, analogous to the, E-MgWP- 

HCO3” complex (ll). 

Clelard and Danenberg (20) in tbeir study of CrATP inhibition of 

hexokinase suggest that only 25y of the CrATP used to form an enzyme-CrATP 
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complex was capable of complex formation, the other 75% of the CrATP 

was not inhibitory. They conclude that this shows that the complex 

formation is a specific reaction. They point out that two / bidentate 

and four / tridentate isomers of CrATP are possible and data seems 

to indicate that all six isomers of CrATP exist but only the bidentate 

isomers inhibit hexokinase. This suggests that the? bidentate Mg- 

ATP complex is the active substrate for hexokinase and that the pro¬ 

duct should be jS monodentate MgADP. This would explain their.obser¬ 

vations that bidentate CrADP is a poor inhibitor of hexokinase 

while monodentate CrADP is a good inhibitor. 

For rat liver pyruvate carboxylase, CrATP is a good inhibitor but 

no experiments have been performed which would indicate which isomers 

have inhibitory activity and which do not. However, both bidentate 

and monodentate CrADP are better inhibitors than CrATP which suggests 

that the «^ami phosphates of the nucleotide are important in the bind¬ 

ing of the inhibitor and, presumably, in the binding of the actual Mg- 

nucleotide substrate to the enzyme and that the ? position is not as 

important. Furthermore, at bidentate CrADP is a better inhibitor 

than fi monodentate CrADP, which may mean that **MgADP is a better 

substrate for pyruvate carboxylase than ^monodentate MgADP, but there 

is not enough difference in the inhibitory efficiency of bidentate 

and monodentate CrADP, as there is in the case of hexokinase, to sug¬ 

gest that only one of the MgADP forms is the actual substrate. Neither 

Cr-rt,y6-CH2“ATP or Cr-^,/-CH2~ATP are better inhibitors than CrATP or 

CrADP but it is clear that Cr-ct,y4-CHo-ATP is more effective than Cr- 

yJ.^-C^-ATP, again suggesting that the cx> and positions are more im¬ 

portant in the enzyme's interactions with its Mg-nucleotide substrates 
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than the ^position. 

So far the tightening effect when Cr-nucleotides are used as in¬ 

hibitors has been observed with only yeast hexokinase and rat liver 

pyruvate carboxylase. The Cr-nucleotides, being substrate analogs of 

MgATP, cause inhibition of both enzymes by binding at the MgATP bind¬ 

ing sites and preventing the actual substrate from binding and cata¬ 

lyzing the enzymatic reaction. Why the inhibition increases in severity 

with time until it levels off to give a linear time course is not real¬ 

ly obvious. It has been suggested in the case of hexokinase (20) that 

CrATP causes a conformational change in the enzyme which results in 

increasing inhibition with time until all of the enzyme present has 

undergone the conformational change and a linear time course is reached. 

A conformational change similar to this could explain the same phenom¬ 

enon in the case of pyruvate carboxylase as well. But the effect may 

also be due to dissociation interactions among the enzymes' subunits, 

for example, tetramers of pyruvate carboxylase dissociating into pro- 

tomers in the presence of CrATP, If CrATP were able to cause such a 

dissociation and the protomers that result had a greater affinity for 

CrATP as individual units than they had previously when they were to¬ 

gether in the tetrameric complex, the tightening effect would be ex¬ 

plained. This dissociation interaction explanation can be supported 

by pointing out that both hexokinase and pyruvate carboxylase can un¬ 

dergo dissociations to give enzymatically active protomers (16,30). 

The enzymes have this property in common along with using MgATP as a 

substrate, but they catalyze distinctly different types of enzymatic 

reactions. In the case of pyruvate carboxylase, there are indications 

that acetyl-CoA promotes the aggregation of subunits to form tetramers 



and acetyl-CoA has been shown to afford slight protection to tetramers 

against dissociation (l6). In this study it has been shown that ace- 

tyl-GoA is effective in decreasing the CrATP inhibition. If CrATP does 

cause dissociation of the tetramer to subunits and acetyl-CoA does 

cause association of the protoners, acetyl-CoA's effect on the inhibi¬ 

tion could be explained. Of course, both a conformational change and 

a dissociation interaction may be occuring to produce tightening. 

Future experiments could be performed to determine the molecular 

weight of the pyruvate carboxylase-CrATP complex, or complexes, which 

actually are catalyzing the enzymatic reaction after the tightening 

phase is over and a linear time course has been reached. Such a de¬ 

termination would certainly aid in checking the validity of the dis¬ 

sociation interaction explanation of the tightening phenomenon. It 

has already been shown by analytical-band centrifugation experiments 

that rat liver pyruvate carboxylase exists as a tetramer in the pre¬ 

sence of the salts used in the standard assay mixture (l6). Analyti¬ 

cal-band centrifugation experiments could be performed in which CrATP 

is incubated with the enzyme in the reaction mixture and the data from 

these experiments should indicate the state of aggregation of pyruvate 

carboxylase in the pyruvate carboxylase-CrATP complex. 
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