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ABSTRACT: The interactions of nucleotides with phosphoenolpyruvate carboxykinase were studied by using 
the stereospecific thiophosphate analogues of GDP and GTP. The metal ion dependent stereoselectivity 
of these analogues was determined by using steady-state kinetics. The RP and Sp isomers of guanosine 
5’-0-( 1-thiodiphosphate) (GDPaS) were substrates with low turnover, and a small preference for the RP 
isomer was observed. Neither the enzyme-metal nor the nucleotide-metal complex elicited any substantial 
change in the selectivity. Guanosine 5’-0-(2-thiodiphosphate) (GDPPS) exhibited no substrate activity for 
the enzyme, regardless of the cations. This nucleotide was a competitive inhibitor against GDP, however. 
Both RP and Sp diastereomers of guanosine 5’-0-( 1-thiotriphosphate) (GTPaS) were good substrates for 
phosphoenolpyruvate carboxykinase; in several cases, depending upon the cation, k,,, and/or V,/K, for 
the RP isomer is greater than for the substrate GTP. The enzyme-metal complex but not the nucleotide-metal 
complex affects the relative K, and the V,,, values. In contrast, guanosine 5’-0-(2-thiotriphosphate) 
(GTPPS)(Sp) is a much better substrate (>50 times) than is GTPPS(RP). The metal ions have little effect 
on the selectivity. These results suggest a specific interaction of the P-phosphate of the nucleotide with 
the protein. The analogue guanosine 5’-0-(3-thiotriphosphate) (GPTTS) serves as a substrate to yield GDP 
and thiophosphoenolpyruvate. The latter was detected by 31P N M R  and was shown to slowly hydrolyze 
to form phosphoenolpyruvate. The relative efficiency of GTPyS as a substrate is dependent upon the enzyme 
cation and the nucleotide cation. The a,&methylene or P,y-imido and P,y-methylene derivatives of the 
nucleotides all fail to elicit substrate activity or inhibition. These results suggest strict geometric specificity 
of the nucleotide substrate at  the /3-position with interaction of the ,&phosphate with the enzyme and with 
the metal ion. The GTP-cation complex which serves as the substrate is probably the bidentate coordinate. 

Phosphoenolpyruvate (P-enolpyruvate)’ carboxykinase 
[GTP:oxaloacetate carboxy-lyase (transphosphorylating) (EC 
4.1.1.32)] catalyzes the following reversible reaction: 

oxalacetate + ITP (GTP) - P-enolpyruvate + 

The primary role of this enzyme in higher organisms is the 
catalysis of the formation of P-enolpyruvate from oxalacetate 
as the first committed step in gluconeogenesis. This reaction 
is specific for either GTP or ITP as the substrate. 

In addition to the physiological reaction 1, P-enolpyruvate 
carboxykinase catalyzes the irreversible decarboxylation of 
oxalacetate to form pyruvate (Noce & Utter, 1975). 

Mn2+ , 

IDP (GDP) + C02 (1) 

GDP (IDP) 
oxalacetate - pyruvate + C 0 2  (2) 

This reaction requires a specific nucleotide diphosphate as a 
cofactor for this reaction. There is no known physiological 
significance of reaction 2. 

The results of kinetic studies have demonstrated two roles 
for the divalent cation in the readily reversible reaction 1. The 
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cation Mn2+, which is the most effective activator, binds 
specifically to the enzyme to yield the active enzyme-metal 
complex. The cation can also form a metal-nucleotide com- 
plex which serves as the substrate for the reaction. Kinetic 
results also indicate that MgITP is a better substrate than 
is Mn.ITP (Lee et al., 1981). 

Eckstein and his co-workers have introduced a series of 
nucleotide analogues where a nonbridging oxygen atom is 
replaced by a sulfur atom. A variety of phosphothioate 
analogues of adenine such as ATP&, ATPPS, ATPyS, 
ADPaS, and ADPPS have been used in the investigation of 
nucleotide-enzyme interactions (Goody et al., 1972; Goody 
& Eckstein, 1971; Schlimme et al., 1973; Eckstein, 1983). The 
replacement of a nonbridging oxygen atom on the a-, p-, or 
y-phosphorus by a sulfur atom results in the formation of 
chiral or prochiral phosphate groups. 

Jaffe and Cohn first showed the metal ion dependence of 
stereospecificity for these analogues as the probe of the chelate 
structure of the metal-nucleotide substrate complex (Jaffe & 
Cohn, 1978a). These experiments were based on the prefer- 
ence of Mg2+ chelation to oxygen, Cd2+ to sulfur, and Co2+ 
and Mn2+ to both oxygen and sulfur ligands (Cotton & 
Wilkinson, 1972). Jaffe and Cohn reported that in the hex- 
okinase reaction, in the presence of Mg2+, only the RP isomer 

’ Abbreviations: P-enolpyruvate, phosphoenolpyruvate; GDPaS, 
guanosine 5’-04 1-thiodiphosphate); GDPPS, guanosine 5’-0-(2-thiodi- 
phosphate); GTPaS, guanosine 5’-O( 1-thiotriphosphate); GTPPS, gua- 
nosine 5’-0-(2-thiotriphosphate); GTPyS, guanosine 5’-0-(3-thiotri- 
phosphate); Tris, tris(hydroxymethy1)aminomethane; EDTA, ethylene- 
diaminetetraacetic acid; HPLC, high-pressure liquid chromatography. 
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of ATP@ is utilized as a substrate. When Cd2+ is the divalent 
cation, the Sp isomer is a substrate, and when Co2+ is the 
cation, both isomers are used as substrates. The use of 
phosphothioate analogues and the investigation of isomeric 
specificity using various metal ions as cofactors have been 
applied to a variety of other enzyme systems (Burgers & 
Eckstein, 1980; Churchich & Wu, 1982; Connolly & Eckstein, 
1981; Jaffe & Cohn, 1978a; Jaffe et al., 1982; Pillai et al., 
1980). 

Thiophosphate analogues of guanosine have been synthe- 
sized, and the absolute configuration of the diastereomers has 
been established (Connolly et al., 1982; Rosch et al., 1984; 
Goody & Leberman, 1979). In the present work, we report 
the use of thiophosphate analogues of the nucleotide substrate 
to investigate the stereospecificity of the interactions of GDP 
and of GTP to avian liver P-enolpyruvate carboxykinase. 
Kinetic studies with methylene- and imidophosphate analogues 
of the nucleotides are also reported. 

EXPERIMENTAL PROCEDURES 
Materials. The nucleotides GDP, GTP, and ADP, P-en- 

olpyruvate, and NADH were purchased from Sigma. 
GDPaS (Sp and Rp), GTPcvS (S, and Rp), and G T P P  (Sp 

and RP) were synthesized as previously described (Goody & 
Leberman, 1979; Rosch et al., 1984). GDPPS was either 
purchased from Boehringer or synthesized. GTPyS was 
purchased from Boehringer. cv,&Methylene-GTP (GPCPOP), 
P,y-methylene-GTP (GPOPCP), and @,y-imido-GTP 
(GPOPNP) were purchased from P-L Biochemicals. Oxal- 
acetate was obtained from either Calbiochem or Sigma. CoCl, 
was purchased from Mallinkrodt; CdC12, MnC12, MgC12, and 
Mg(N0J2 were purchased from Baker. "Ultrapure" Mg- 
(NO,), was obtained from Ventron. Tris base was obtained 
from Schwarz/Mann, and DE-32 resin was purchased from 
Whatman. The enzymes pyruvate kinase, lactate de- 
hydrogenase, and malate dehydrogenase were purchased from 
Boehringer. P-enolpyruvate carboxykinase was purified from 
chicken liver mitochondria either as previously described by 
Hebda & Nowak (1982a) or by a modification of that pro- 
cedure (Lee & Nowak, 1984). 

Enzyme Assays. The enzyme prepared by the modified 
method (Lee & Nowak, 1984) was used for all of the ex- 
periments except those performed with GTPyS. In these 
experiments, the enzyme prepared by the method of Hebda 
& Nowak (1982a) was used. 

When the enzyme which was prepared by the modified 
method was used, it was preincubated for 10 min with 0.2 mM 
EDTA to remove any contaminant inhibitory metal ions which 
are sometimes apparently associated with the enzyme. This 
treatment is utilized to obtain the optimum specific activity. 
The final EDTA concentration in the assay never exceeded 
0.5 pM. 

In the carboxylation reaction of P-enolpyruvate to yield 
oxalacetate, the continuous assay which is coupled to malate 
dehydrogenase was used (Lee et al., 1981). 

In the decarboxylation reaction of oxalacetate to form P- 
enolpyruvate, a fixed-time assay was normally used. This assay 
is performed in two steps and is a modification of an assay 
previously described (Seubert & Huth, 1965). In the first step, 
the assay contains 65 pmol of Tris-acetate, pH 7.4, 1 pmol 
of GTP, 2 pmol of oxalacetate, 1 pmol of Mn2+, and 7 1.5 pmol 
of P-mercaptoethanol in 1 mL. Variations in metal compo- 
sition or in concentrations were made as required. The assay 
was incubated at 25 OC and the reaction initiated by the 
addition of an appropriate amount of P-enolpyruvate car- 
boxykinase. The reaction was allowed to proceed for 5 min 

and was terminated by the addition of 0.2 mL of 12% per- 
chloric acid. The mixture was placed on ice for 3 min followed 
by the addition of 10-12 mg of KBH4. The mixture was 
neutralized by the addition of 0.04 mL of 30% KOH. 

The amount of P-enolpyruvate formed was determined in 
the second step. To an assay in 0.5 mL which contains 65 
pmol of Tris-acetate, pH 7.4, 100 pmol of KCl, 1 pmol of 
ADP, 4 pmol of MnC12, and 0.15 pmol of NADH was added 
0.5 mL of the reaction mixture from step one. The absorbance 
at 340 nm was recorded. The addition of 20 pg of lactate 
dehydrogenase (in 2 pL) gave an absorbance change due to 
pyruvate. Subsequent addition of 20 pg of pyruvate kinase 
(in 2 pL) gave an absorbance change due to P-enolpyruvate. 

When GTPyS was used as an inhibitor, the continuous assay 
coupled to pyruvate kinase and lactate dehydrogenase was used 
(Lee et al., 1981). 0-Mercaptoethanol was used in the enzyme 
assays only when Mn2+ was used as the divalent cation either 
with Mn2+ as a sole activating metal ion or with Mgz+ and 
Mn2+ as a mixed metal system. When the other metal ions 
(i.e., Co2+, Cd2+) were used, precipitation of P-mercapto- 
ethanol-metal complexes occurred. 

When GTPyS was used as a substrate, the enzyme cata- 
lyzed the transfer of a thiophosphoryl group to oxalacetate to 
form thiophosphoenolpyruvate. The thiophosphoenolpyruvate 
was not stable (vide infra); the slow decomposition of this 
compound yields P-enolpyruvate. Thiophosphoenolpyruvate 
was utilized as a substrate for pyruvate kinase which was 
coupled with lactate dehydrogenase for analysis. 

The analysis of kinetic data to determine if free nucleotide 
can serve as a substrate for P-enolpyruvate carboxykinase was 
performed by using the equation derived from a model where 
MnITP and ITP are both substrates (Segel, 1975): 

" 
+ KA/ [Mn2C1 + [MnlTP1 /KMnITP + [ITP] /KITP 

(3) 
The term V, is the maximum velocity of the enzyme with 
MnITP as substrate, and V,' is the maximum velocity with 
free ITP as substrate. The designated Michaelis constants are 
for MnITP and for free ITP. When the KA is much smaller 
[ K A  = 1-2 pM (Lee et al., 1981)] than the concentration of 
free Mn2+ used in the experiments, the term KA/[Mn2+] be- 
comes small, and eq 3 is simplified to 

Vm([MnlTPl /KMnITP) + Vm'([lTP1 /KITP) 
V =  (4) 

-k LMnITP1 /KMnITP + [ITP] /KITP 

The velocity of the reaction is measured as a function of 
nucleotide at fixed variable concentrations of free Mn2+. A 
replot of the reciprocal of the apparent K, for MnITP vs. the 
product of the dissociation constant for MnITP and free Mn2+ 
(Mn2+J yields l /Km for ITP as the ordinate intercept. A 
replot of the slope of each line vs. KD[Mn2+If yields an ordinate 
intercept which is V,/KMnITp. The slope of this replot is equal 
to V,'. From the values obtained from the secondary plots, 
it is possible to calculate values for V, and V,'. Linear plots 
for this treatment were criteria for the suitability of this model. 

Determination of Purity and of Concentration of Thio- 
phosphate Analogues. The purity of the thiophosphate ana- 
logues of GDP and of GTP was analyzed by HPLC using a 
Beckman Model 421 unit. The separation was carried out on 
a Varian Micro-Pak AX-10 anion-exchange column (30 cm 
X 4 mm) equilibrated in 1 M KCl and 0.25 M KH2P0,, pH 
4.5, buffer. Elution was performed by using the same buffer 
at a flow rate of 2.0 mL/min. Each of the analogues and 
GMP and GTP were all readily resolved from each other. The 
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Table I: Kinetic Parameters for the Substrate GDPaS 

Km vrn re1 V,  VmlKm 
metal ion nucleotide (mM) (units/mg) (%) [ (min-mg)-'] XQ 

4.0 mM Mg2+, 0.02 mM MnZ+ GDP 0.023 5.88 100 255.7 
GDPaS(Sp) 0.033 0.024 0.41 0.74 
GDPaS(Rp) 0.118 0.061 1.04 0.52 0.7 

GDPaS(Sp) 0.059 0.05 2.5 0.85 
GDPaS(Rp) 0.087 0.22 12.2 2.53 3.0 

4.0 mM Mg2+, 0.02 mM Co2+ GDP 0.042 1.82 100 43.3 

4.0 mM MgZ+, 0.005 mM CdZ+ GDP 0.027 2.94 100 108.9 
GDPaS(Sp) 0.049 0.01 0.37 0.22 
GDPaS(Rp) 0.091 0.02 0.58 0.19 0.9 

10 mM Co2+ 

4.0 mM Mn2+ 

GDP 0.210 3.10 100 14.8 
GDPaS(Sp) 0.149 0.13 4.2 0.87 

GDPaS(Rp) 0.141 0.62 20.0 4.40 5 . 1  

GDP 0.056 5.6 100 100.0 
GDPaS(Sp) 0.146 0.15 2.8 1.03 

(0.lOO)b 

(0.1 70)b 

(0.138)b 

(0.204)b 
GDPaS(Rp) 0.204 0.42 7.5 2.06 2.0 

"Ratio of  V, /K,  for GDPaS(Rp) to V,/K,  for GDPaS(Sp). bKI value measured under identical experimental conditions. 

diastereomeric pairs could not be resolved under these ex- 
perimental conditions. The purity of diastereomeric products 
was independently determined by using reverse-phase HPLC 
and elution with 50 mM potassium phosphate, pH 6.0, at 2.0 
mL/min. A contamination of less than 5% for several of the 
compounds and no contamination (<1%) were detected for 
most of the compounds used. Commercially purchased 
GDPOS had 10% GMP and 5% GDP present, and commer- 
cially purchased GTPyS contained 5-10% GTP and more than 
20% GTP. These analogues were purified by DE-32 column 
chromatography. The purified GTPyS used in our experi- 
ments was >98% pure. The concentration of the solutions of 
thiophosphate analogues of GDP and of GTP was estimated 
by absorbance measurements at 260 nm ( e  = 11 800 M-I) 
(Boehringer, Biochemical Information I technical bulletin). 

Purification of GTPyS by Chromatography on DE-32. 
Whatman DE-32 resin was washed first with 25 mM HCl and 
then with 25 mM NaOH followed by deionized water. The 
resin was equilibrated in 1 mM NH4HC03 without pH ad- 
justment. A 0.5 X 10 cm column was packed with DE-32 resin 
in 1 mM NH4HC03. Approximately 20 mg of GTPyS was 
dissolved in 2 mL of 1 mM NH4HC03 and loaded onto the 
column. The column was washed with 30 mM NH4HC03 to 
remove GMP. After completion of the wash, the column was 
eluted with a linear gradient of 100 mL each of 30 and 150 
mM NH4HC03. Fractions (1 .O-mL volume) were collected 
and monitored at 260 nm. GDP eluted at 70 mM NH4HC03, 
and GTPyS eluted at 100 mM NH4HC03. Fractions con- 
taining GTPrS  were pooled and lyophilized. The purity of 
GTPyS was greater than 98% as determined by HPLC. 

RESULTS 
Activation of the Reversible Oxalacetate Decarboxylation 

Reaction by Mn2+. In the experiments where velocity is 
measured as a function of nucleotide (ITP) at fixed varying 
Mn2+ concentrations, the distributions of MnITP, ITP, and 
Mn2+f are calculated by using a dissociation constant of 11 
x M (Lee & Nowak, 1984). A Lineweaver-Burk plot 
of the data, treated as MnITP or as ITP, gives straight lines. 
These results cannot distinguish if MnITP or if ITP can serve 
as substrate. A similar treatment has been performed in the 
reverse direction using IDP (Hebda & Nowak, 1982). The 

kinetic data were then treated according to the model which 
assumes that both forms of the nucleotide serve as substrates. 
The approach used is outlined under Experimental Procedures, 
and eq 4 was used to analyze the data. This analysis of the 
data was previously used with ATP diphosphohydrolase to 
determine the form of the substrate used by that cation-re- 
quiring enzyme (Laliberte et al., 1982). All the primary and 
secondary plots of the data gave straight lines (Figure 1). An 
evaluation of the kinetic constants for both forms of ITP yields 
a K ,  for ITP of 0.25 mM and a V, of 14.5 units/mg, and for 
ITPeMn, a K ,  of 0.40 mM and a V, of 27.2 units/mg are 
calculated. The results are consistent with both MnITP and 
free ITP serving as substrates for avian liver P-enolpyruvate 
carboxykinase. A replot of the kinetic data as l l v  vs. 11 
[Mn2+If shows that the apparent KM for Mn2+ decreases upon 
increasing the total ITP concentration (data not shown). Upon 
extrapolation to zero concentration of ITP, a value for the KA 
of Mn2+ of 17 WM is obtained, and at 2 mM oxalacetate and 
saturating ITP, the K ,  is 2 1M. 

Kinetic Studies of the Carboxylation Reaction. The Sp and 
RP diastereomers of GDPcvS were investigated as potential 
substrates and as inhibitors of P-enolpyruvate carboxykinase 
in the P-enolpyruvate carboxylation reaction. Both of these 
diastereomers served as substrates for the reaction. The kinetic 
measurements were performed with Mn2+ and with several 
other activating cations and combinations of cations. The 
results of these experiments are tabulated in Table I. The 
R P  diastereomer is a better substrate than the Sp diastereomer 
on the basis of the V,, values measured ( R p / S p  ratio of 2-5), 
regardless of the cations used. The stereospecific discrimi- 
nation is not substantial. 

Since the diastereomers of GDPaS elicit a low V ,  compared 
to GDP, inhibition kinetics could also be studied. The in- 
hibition kinetics were measured in the presence of Mn2+ and 
Co2+. Both diastereomers of GDPcvS showed linear compe- 
titive inhibition with KI values similar to the K ,  values mea- 
sured for these analogues in the presence of 4 mM Mn2+ or 
10 mM Co2+, respectively, as the cation activator. The KI 
values are given in Table I. 

GDPOS demonstrates no substrate activity for P-enol- 
pyruvate carboxykinase under the experimental conditions, 
regardless of the metal ion activators. The cation activators 
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Table 11: Inhibition Constants for GDPPS 
K ,  for GDP KI for GDPPS 

metal ion (mM) (mM) 
1.0 mM Mn2+ 0.017 0.108 
4.0 mM Mg2+ + 0.01 mM Mn2+ 0.045 0.092 
4.0 mM Co2+ 0.079 0.099 

tested were 1 .O mM Mn2+, 4.0 mM Co2+, and 4.0 mM Mg2+ 
with 0.01 mM Mn2+. Increasing the P-enolpyruvate con- 
centration to 20 mM in the presence of 4 mM Mn2+ and a 
high enzyme concentration did not elicit substrate activity with 
GDPBS (<0.01% activity). GDPPS shows linear competitive 
inhibition measured with the three different activating metal 
ions. The inhibition constants (KJ are given in Table 11. 

Kinetic Studies of the GTP-Dependent Decarboxylation 
Reaction. Thiol analogues of GTP (as, PS, and $3) were 
investigated as possible substrates for the decarboxylation 
reaction of oxalacetate to yield P-enolpyruvate. The reaction 
was monitored by the two-step assay to determine P-enol- 

Table 111: Kinetic Parameters for the Substrate GTPaS 

pyruvate formation. These analogues were studied by using 
various cations or combinations of cations as activators. 
Control experiments using GTP as a substrate were performed. 
The kinetic parameters measured for the GTPaS isomers are 
given in Table 111. In the presence of Mg2+, eo2+, or 2 mM 
Mg2+ with 0.01 mM Co2+ as the cation activators, the RP 
diastereomer of GTPaS is a better substrate than is the Sp 
diastereomer on the basis of the V,/K, and V,,, values. 
However, in the presence of 2 mM Mg2+ and 0.05 mM Mn2+ 
or of 2 mM Mgz+ and 0.01 mM Cd2+ as the cation activators, 
the Sp diastereomer is a better substrate than the RP diaste- 
reomer on the basis of the V,/K, and V , , ,  values. In the 
presence of Co2+ or Mgz+/Co2+, GTPaS(Rp) is even a better 
substrate than is GTP. 

GTPm diastereomers show high stereospecificity regardless 
of the metal ions used in the assay (Table IV). The Sp 
diastereomer is a better substrate than the Rp diastereomer 
on the basis of the V,/K, and V,,, values. No activity is 
observed with GTPPS(Rp) in the presence of Mg2+ or Mn2+ 

Km Vm re1 V ,  VmlKm 
metal ion nucleotide (mM) (unitslmg) ("/.I [(minmg)-'] XQ 

2.0 mM Mg2+ GTP 
GTPaS(Sp) 
GTPaS(Rp) 

2.0 mM Mg2+, 0.05 mM Mn2+ GTP 
GTPaS(Sp) 
GTPaS(Rp) 

2.0 mM Mg2+, 0.01 mM Co2+ GTP 
GTPaS(Sp) 
GTPaS(Rp) 

2.0 mM Mg2+, 0.01 mM Cd2+ GTP 
GTPaS(Sp) 
GTPaS(Rp) 

4.0 mM Co2+ GTP 
GTPaS(Sp) 
GTPaS(Rp) 

[Mn2+] = '/,[nucleotide] GTP 
GTPaS(Sp) 
GTPaS(Rv) 

0.078 
0.049 
0.017 

0.135 
0.488 
0.400 

0.070 
0.33 
0.036 

0.083 
0.050 
0.270 

0.177 
0.200 
0.105 

0.143 
0.200 
0.045 

5.13 
1.25 
2.05 

25.0 
16.7 
6.9 

11.3 
9.6 

17.2 

11.7 
4.17 
2.70 

12.0 
9.4 

13.1 

1 1.26 
10.0 
7.94 

100 
24 
40 

100 
67 
27 

100 
84 

150 

100 
18.4 
11.9 

100 
78 

109 

100 
88 
70 

65.8 
27.2 

120.6 4.4 

185.2 
34.2 
17.2 0.5 

162.9 
72.2 

477.8 6.6 

273.5 
83.4 
10.0 0.12 

67.8 
47.0 

124.8 2.7 

79.4 
50.0 

176.4 3.5 

"Ratio of Vm/Km for GTPaS(Rp) to V,/K, for GTPaS(Sp). 

Table IV: Kinetic Parameters for the Substrate GTPBS 

Km Vm re1 V, VmlKm 
metal ion nucleotide (mM) (unitslmg) ("/.I [ (minmg)-'] Xa 

0.045 
0.043 

0.123 
0.088 
0.042 

0.089 
0.087 
0.043 

0.027 
0.034 
0.043 

0.227 
0.084 
0.172 

0.143 
0.132 

5.7 
0.074 

28.6 
5.1 
0.03 

11.2 
2.8 
0.03 

24.8 
5.5 
0.04 

14.2 
1.2 
0.01 

11.36 
2.94 

100 
1.3 

xo.01 

100 
18 
0.1 

100 
25 
0.3 

100 
22 

0.2 

100 
8.4 
0.07 

100 
26 
<0.01 

126.7 
1.7 

232.5 
58.0 
0.7 0.012 

125.8 
32.2 
0.7 0.022 

918.5 
161.7 

0.9 0.006 

63.0 
14.3 
0.06 0.004 

79.4 
22.3 

aRatio of V,/K, for GTPBS(Rp) to V,/K, for GTPPS(Sp). 
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FIGURE 1: Kinetic treatment of the effect of Mn2+ concentration on enzymatic activity as a function of ITP and MnITP concentrations. The 
fixed-time assay with 2 mM oxalacetate was performed. The ITP concentration was varied at fixed varying concentrations of MnZ+. The 
data were plotted as (A) reciprocal free ITP concentration at free MnZ+ concentrations of 4 (A), 7 (V), 10 (O) ,  and 20 pM (0) and as (B) 
reciprocal ITPSMn concentration at free Mn2+ concentrations of 4 (A), 7 (V), 10 (O) ,  and 20 pM (0). In (C), the data are replotted from 
(A) as l/Km apparent vs. reciprocal of the product of the association constant for ITP-Mn [9.09 X lo4 M-' (KA)] and free Mn2+. In (D), 
the data are replotted from (B) as slope (V,/K,) vs. KA[Mn2+]. 

as the divalent cation ( V ,  < 0.01%). 

pyruvate carboxykinase catalyzed reaction. The substrate metal ion nucleotide (mM) (units/mg) (%) [(min.mg)-'] 
activity was first shown by 31P NMR. The proton-decoupled 2,0 mM Mg2+ GTP o,27 6.1 100 22.6 
31P spectra of GTP, GTPyS (contaminated with 20% GDP GTPyS 0.29 0.19 3.1 0.66 

GTP 0.53 33.3 100 62.8 and 10% GTP), and GTPyS after reaction with oxalacetate 
in the presence of P-enolpyruvate carboxykinase are shown Mg2+, 0.05 GTPyS 0.40 5.4 16.2 13.5 
in Figure 2. After a reaction mixture which contained GTPyS 

GTP 0.33 6.6 100 20.0 and P-enolpyruvate carboxykinase was incubated for 2 h at 
Mg2*, 0.02 GTPyS 0.56 0.77 12.8 1.4 room temperature, a spectrum of GDP was observed as well 

as a proton-decoupled singlet, 41 ppm downfield from where mM Co2+ 
the singlet for P-enolpyruvate is normally observed. This large 

observed when a nonbridge oxygen in a phosphate dianion is 

GTP 0.40 10.5 100 26.3 replaced by a sulfur atom. When the above sample was kept 
in D 2 0  solution for several hours at  room temperature, the /2[nucleo- GTPyS 0.30 3.5 33.3 11.7 
thiophosphoryl peak of thiophosphoenolpyruvate completely 
disappeared, and the resonance for P-enolpyruvate appeared 
(data not shown). The intensities of the singlet 41 ppm 
downfield from P-enolpyruvate and the peak for P-enol- 
pyruvate initially were approximately equal when first ob- 
served. 

The steady-state kinetic studies using GTPyS as the sub- 

Table V: Kinetic Parameters for the Substrate GTP-yS 
KIn V, re1 V, V,lK, GTPyS demonstrated substrate activity in the P-enol- 

2,0 mM 

mM Mn2+ 

2.0 mM 

GTP 0.47 11.8 100 25.1 2.0 mM 
downfield shift is consistent with the magnitude of the 31P shift Mg2+, 0.01 GTPyS 0.50 0.50 4.2 10 

mM Cd2+ 

[Mn2+] = 

tide] 

strate and various divalent cations as the activator were per- 
formed with the two-step assay (Table V). The kinetics of 
the reaction were metal ion dependent. The highest activity 
was obtained when Mn2+ was used as a sole cation activator. 
GTPyS was also shown to be a potent competitive inhibitor 
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FIGURE 2: Proton-decoupled NMR spectra of GTP and GTPyS. 
Sample volumes were 2.0 mL and contained -50% D20. The 31P 
chemical shifts are expressed relative to 50% H3P04 as an external 
standard, positive values being assigned to shifts at higher field than 
that of the reference substance. The spectra were obtained at 40.5 
MHz. (A) Spectrum of 28 mM GTP in 65 mM Tris-acetate buffer, 
pH 7.4. NMR parameters: pulse delay, 1 s; sweep width, 2.5 kHz; 
memory size, 4K; number of acquisitions, 50; line broadening, 1 Hz. 
(B) Spectrum of 6 mM GTPyS in 64 mM Tris-acetate buffer, pH 
7.4, which contained 6.5 mM oxalacetate, 71.5 mM P-mercapto- 
ethanol, 0.5 mM EDTA, and 84 pg of P-enolpyruvate carboxykinase. 
NMR parameters: pulse delay, 1 s; sweep width, 5 kHz; memory 
size, 4K. number of scans, 1OOO; line broadening, 1 Hz. (C) Spectrum 
of 6 mM GTPyS in Tris-acetate buffer, pH 7.4, containing 71.5 mM 
,!3-mercaptoethanol, 2 mM Mg2+, 0.05 mM Mn2+, 10 mM oxalacetate, 
and 0.17 mg of P-enolpyruvate carboxykinase. The spectrum was 
obtained after the sample was incubated at room temperature for 2 
h. NMR parameters were the same as in (B). 

in the presence of 1 mM Mg2+ and 0.05 mM Mn2+. These 
inhibition studies were performed by using the continuous 
assay. The inhibition constant (Kl = 0.005 mM) was 6 times 
lower than the apparent Michaelis constant for GTP (K, = 
0.032 mM), measured under identical experimental conditions. 

The substrate analogues of GTP, a,@-methylene-GTP 
(GPCPOP), @,y-methylene-GTP (GPOPCP), and @,y-imi- 
do-GTP (GPOPNP), were also investigated as possible sub- 
strates for the reversible decarboxylation of oxalacetate to form 
P-enolpyruvate. None of these analogues showed any substrate 

activity in the P-enolpyruvate carboxykinase catalyzed reac- 
tion. These analogues also failed to demonstrate any signif- 
icant inhibition of activity as measured in the presence of 2 
mM Mg2+ and 0.05 mM Mn2+ as cation activators. The 
analogues did appear to increase the initial velocity slightly 
at subsaturating GTP concentrations. This slight “activation” 
was not due to a contamination by substrate (GTP) since the 
purity of these analogues, determined by HPLC, >98%. These 
results suggest that the P U P  bond length and/or bond angle 
of the nucleotide at the @-position is absolutely critical for the 
nucleotide interaction with P-enolpyruvate carboxykinase. 

DISCUSSION 
Kinetic studies have demonstrated (Lee et al., 1981) a dual 

cation function for avian liver P-enolpyruvate carboxykinase 
catalysis. One cation is required to activate the enzyme while 
the second cation serves as part of the metal-nucleotide com- 
plex which is a substrate. The cation which binds to the 
enzyme is involved in the binding of the substrates P-enol- 
pyruvate and nucleotide (Hebda & Nowak, 1982b). For 
simplicity in this discussion, M1 and M2 are designed as the 
enzyme-activating cation and as the cation which serves as part 
of the substrate (the metal-nucleotide complex), respectively. 

It has been shown by 31P NMR studies (Lee & Nowak, 
1984) that the enzyme-bound Mn2+ interacts with the a- and 
@-phosphoryl groups of GDP and the CY-, 0-, and y-phosphoryl 
groups of GTP in second-sphere coordination complexes. The 
Mn2+-phosphate distances in the respective ternary complexes 
are nearly identical (6.0-6.3 A). The mode of interactions 
of M2 to the nucleotide in the ternary P-enolpyruvate car- 
boxykinase-M,-nucleotide complex has yet to be. established. 
If M2 interacts directly with the polyphosphoryl groups of the 
nucleotide, one might expect that the nucleotide orientation 
would be more dependent upon M2 than on M1. This ex- 
pectation is based on the premise that a specific orientation 
of the polyphosphate group is required by the enzyme. The 
kinetic results presented in Figure 1 offer evidence that M2 
is not obligatory for this reaction however. 

In the experiments performed with the nucleotide thio- 
phosphate ligands reported in this paper, nearly all of the 
nucleotide is as the M2-nucleotide complex. Experimental 
conditions were such that M2 concentrations were usually 2-10 
mM except when Mn2+ was used as a sole cation activator 
where the Mn2+ to nucleotide concentration ratio was kept 
constant (1:2) and the concentrations of nucleotide were varied 
from 0.05 to 1.0 mM. Even under these conditions, Line- 
weaver-Burk plots were linear. Kinetic parameters were 
measured, and substrate specificity was compared from V,,, 
and V,/K, values. The V,/K, term combines rate and 
binding terms and has the form of the second-order rate 
constant ( k , )  for the formation of the enzyme-substrate 
complex. In considering this term, the better the substrate 
for the reaction, the closer the V,/K, value approaches the 
actual rate constant (k , )  for formation of the enzymesubstrate 
complex. 

Both the RP and Sp diastereomers of GDPcYS which serve 
as substrates for P-enolpyruvate carboxykinase undergo slow 
turnover (0.4-20%) compared to GDP. The metal ions elicit 
only a small effect on the relative specificity of these pseu- 
dosubstrates. The RP isomer is a somewhat better substrate 
than the Sp isomer regardless of the activating metal ions used 
in the assay. The Michaelis constants (K,) for Sp and RP 
isomers are nearly the same. The substitution of sulfur for 
an oxygen in the a-position is not detrimental to nucleotide 
interaction. The inhibition constants ( K J  for the diastereomers 
of GDPaS are the same as the K ,  values when these ligands 
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are substrates. This correlation indicates that the K, and KI 
values are both dissociation constants for the analogues and 
that the formation of the enzyme-M-ligand inhibitory complex 
is the same as the enzyme-M-ligand active complex which 
undergoes catalysis. The replacement of the M2 cation Mg2+ 
by Co2+ or by Mn2+ did not show any reversal or relaxation 
of stereospecificity which might be expected if M2 is specif- 
ically liganded to the a-phosphorus of GDPaS or if the ori- 
entation of the metal-substrate complex on the enzyme is 
specific. One explanation for these results is that M2 is not 
directly liganded to the a-phosphorus of GDP in the enzyme 
complex. Any plausible interaction of the a-P with M2 is a 
weak one. There is a favored, but not an absolute, confor- 
mation of a M2-GDP complex which is utilized in oxalacetate 
formation. The interaction of the a-phosphorus of GDP with 
the enzyme may be more important than its interaction with 
M2 to elicit efficient catalytic activity. 

Both the RP and Sp diastereomers of GTPaS were found 
to be good substrates for P-enolpyruvate carboxykinase. The 
stereospecificity is MI dependent. The differences in stereo- 
specificity seen with GTPaS are small (0.4 < Rp/Sp < 2, 
based on the relative V,) when compared to the large dif- 
ferences in stereoselectivity obtained with G T P E  (Table IV). 
The lack of change in sterebselectivity for GTPaS with change 
in M2 is consistent with the lack of coordination to the a- 
phosphate group of GTP in the enzyme-MI-GTP-M2 com- 
plex. 

The analogue GDPpS did not show any substrate activity 
(<O.OO 1 %) with P-enolpyruvate carboxykinase using either 
Mn2+ (4 mM), Co2+ (10 mM), or Mg2+ (4 mM) and Co2+ 
(0.02 mM) as the cation activators. GDP@S is a competitive 
inhibitor against GDP, indicating that this analogue binds to 
the active site although with a somewhat lower affinity than 
GDP ( K I  > K,). Since GTPPS serves as a substrate for the 
enzyme, one would expect that GDP@S would also act as a 
substrate in the reverse direction. The detection of this reaction 
is made more difficult by the anticipated shift in the equi- 
librium constant of this reaction by a factor of 60, as shown 
to occur for ATP-utilizing kinases (Lerman & Cohn, 1980). 
This effect does not totally explain our lack of observation of 
enzymatic turnover, however. The substitution of one oxygen 
atom with a sulfur atom in the 0-position of GDP yields a 
prochiral phosphate. If the interaction between the @-phos- 
phate of the nucleotide and MI occurs via hydrogen bonding 
through an intervening water molecule, an oxygen rather than 
the sulfur atom in the @-position of GDP will be preferred as 
the hydrogen-bond acceptor. In this case, the @-phosphate of 
GDP@S in the enzyme-M,-GDP@S complex becomes chiral. 
If an additional interaction between the @-phosphate of GDP 
and M2 (or an acidic amino acid on the enzyme) occurs with 
a strong preference for binding to the oxygen atom, then the 
sulfur atom would remain as the nucleophile which potentially 
reacts with P-enolpyruvate. Such a complex might be fa- 
vorable for binding but unfavorable for the chemical reaction 
where the sulfur atom would be a poor nucleophile for attack 
at P-enolpyruvate. It can be demonstrated that such a com- 
petitive “incorrect” substrate binding can increase the K,,, and 
decrease the V, observed for the substrate. Such an incorrect 
orientation has previously been postulated for GDPDS binding 
at the active site of elongation factor from Bacillus stear- 
othermophilus (Wittinghofer et al., 1982). An alternate 
possibility is that steric hindrance of GDPPS by the sulfur 
atom could prevent either of the two prochiral oxygen atoms 
from being in a favorable conformation to elicit nucleophilic 
attack on the phosphoryl group of P-enolpyruvate. This would 

Scheme I: Proposed Model of the E-MI-GTPpS Complex 
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require very selective binding of nucleotides by the enzyme. 
The lack of any interaction of nucleotide analogues modified 
at the bridging oxygen atoms around the 0-phosphorus with 
this enzyme is consistent with high selectivity. 

The GTP@S diastereomers show a high stereospecificity for 
P-enolpyruvate carboxykinase. Substrate reactivity of the Sp 
isomer is about 50-200 times greater than that of the RP 
isomer on the basis of the Vm/Km or the relative V,  values 
(Table IV). The difference in the Michaelis constants between 
the RP and Sp isomers is not significant in most cases and 
implies that the RP isomer interacts with the enzyme to the 
same degree as does the Sp isomer. The stereoselectivity is 
metal ion (MI or M2) independent, however. Since MI in- 
teracts with the @-phosphate as the second-sphere coordination 
complex (Lee & Nowak), 1984), MI-dependent stereospeci- 
ficity was not expected. However, the relative V,,, with 
GTP@S(SP) increases with MI in the order Mg2+ (1.2%) < 
Mn2+ (18%) < Cd2+ (22%) Co2+ (25%). The electroneg- 
ativity of these metal ions are in the same order: Mg2+ (1.2) 
< Mn2+ (1.5) < Cd2+ (1.7) < Co2+ (1.8). This correlation 
suggests that the interaction of Mi with the @-phosphorus of 
GTP@S is important even though it is modulated by a bridging 
ligand. The interaction of M I  with the @-phosphorus of 
GTPpS is likely to be via hydrogen bonding of a water ligand. 
The strength of hydrogen bonding between a water molecule 
on M, and the @-phosphate is proportional to the electroneg- 
ativity of MI. The oxygen atom rather than the sulfur atom 
in the @-position of GTP@S is the preferred hydrogen-bond 
acceptor. The interaction between the oxygen atom in the 
@-position of GTPBS and MI via a hydrogen bond could yield 
constraints of conformation of the nucleotide at the active site 
of the enzyme. These constraints could make the @-sulfur atom 
in the enzyme-Ml-GTP@S-M2 complex bind to M2 without 
a preference of “hard” vs. “soft” metal ions. The conformation 
of the y-phosphate is different for the two diastereomers when 
these constraints are invoked. 

Taking into account the distances between MI and the a-, 
@-, and y-phosphorus atoms of GTP in the enzyme-MI-GTP 
complex, calculated by 31P relaxation rate measurements, and 
the assumption that an interaction of an oxygen atom from 
the @-phosphate of GTP to MI by hydrogen bonding occurs 
via a water molecule, a model of the enzyme-M,-GTP@S 
complex for both the RP and Sp isomers can be made. If the 
sulfur atom on the @-phosphate and the oxygen atom on the 
y-phosphate do not differentiate soft vs. hard metal ions within 
the constraints of the enzyme active site, both the RP and S p  
isomers can form a @,y-bidentate chelate with M2 in the en- 
zyme-MI-GTP@S-M2 complex. These models are shown in 
Scheme I. The extended configuration of GTP0S in the 
enzyme-Ml-GTPOS complex is unfavorable for cr,B,y-tri- 
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dentate chelation with M2. The M2-independent stereospec- 
ificity of GTPaS also argues against a tridentate nucleotide- 
M2 complex in the enzyme-MI-GTPPS-M2 complex. The 
question then arises why the enzyme shows high stereospec- 
ificity for GTPPS. If there is an interaction between the 
0-phosphate and an amino acid on the enzyme (as postulated 
for the GDPBS interaction) which could affect the M2 in- 
teraction with the P-phosphate of GTP, the enzyme is highly 
stereospecific for the nucleotide interaction. The conformations 
about the 0-y-positions clearly differ for the two diastereomers. 
The proposal that the polyphosphate chain of the nucleotide 
interacts with an amino acid residue (or residues) of the en- 
zyme is supported by the low K,  values for GDP (14.5 pM) 
and for GTP (<2 pM) determined with the apoenzyme (Lee 
& Nowak, 1984). Similar results have been reported for 
pyridoxal kinase (Churchich & Wu, 1982), acetate kinase 
(Romanniuk & Eckstein, 198 l) ,  and myosin ATPase (Con- 
nolly & Eckstein, 1981). It has been suggested (Connolly & 
Eckstein, 1981) that the CdaATPPS complex can form the 
same configuration as MgATPPS if the unfavored Cd? to 
oxygen coordination takes place at the enzyme active site. This 
coordination can occur if the &phosphate oxygen in the metal 
nucleotide chelate ring undergoes an additional interaction with 
an amino acid residue of the enzyme. 

The enzyme which was used for kinetic studies with GTPyS 
was prepared by the modified method of Hebda & Nowak 
(1982a) and shows minor differences in kinetic parameters. 
In the enzyme-catalyzed reaction with GTPyS as the substrate, 
a change in M1 elicits a change in the relative V,. The relative 
V,,, does not exactly follow the order of electronegativity of 
MI  which was shown with GTPPS. However, Mg2+ as MI,  
which has the lowest electronegativity (probably the poorest 
metal to facilitate hydrogen bonding between the water 
molecule on the Mg2+ and an oxygen atom in the y-position 
of GTPyS), shows the lowest substrate activity. When Mg2+ 
is replaced by Mn2+ as M2 (when Mn2+ serves as MI) ,  a 
greater stimulation is obtained, suggesting that the interaction 
between Mn2+ and the y-phosphate of GTPyS is favorable. 
Mn2+ can chelate both the sulfur and oxygen atoms while 
Mg2+ prefers an oxygen ligand. Thus, it is proposed that M2 
is liganded directly to the y-phosphate of GTP on the enzyme 
for the P-enolpyruvate carboxykinase reaction. 

The GTPyS analogue was also shown to be a substrate for 
P-enolpyruvate carboxykinase from guinea pig liver. The 
stereospecifically labeled (Rp)-[3-180]GTPyS gave (Sp)- 
thi~[~~O]pho~phoenolpyruvate (Shen et al., 1984). This ob- 
servation demonstrated that the enzyme catalyzes a direct 
phosphoryl transfer from GTP to oxalacetate and is consistent 
with the mechanism previously proposed for this enzyme (Lee 
& Nowak, 1984). 

A comparison of the rate of the reaction (V,) as a function 
of the position of substitution of oxygen with sulfur shows 
approximately the order GTPaS > GTPpS > GTPyS. Ac- 
cording to the generalization of Ngoc et al. (1979), if the 
catalytic cleavage step is the rate-determining step in the 
reaction, the reactivity of the thiol analogues of GTP increases 
progressively with the distance from the site of sulfur sub- 
stitution. The rate-determining step with P-enolpyruvate 
carboxykinase may thus be the catalytic cleavage step. Ligand 
exchange rates for P-enolpyruvate, GDP, and GTP from the 
enzyme-Mn-ligand complex are much faster than the catalytic 
constant (Duffy & Nowak, 1985; Lee & Nowak, 1984). 

In conclusion, the interaction of the enzyme-bound metal 
ion M, with the CY-, B-, and y-phosphates of GTP is important 
in binding and in catalysis by P-enolpyruvate carboxykinase. 

This interaction appears to elicit the proper configuration of 
GDP ahd of GTP even though these ligands are in the second 
coordination sphere of M1. The enzyme shows a high ste- 
reospecificity at the p-phosphate of GTP for catalysis. The 
results suggest an additional amino acid residue of the enzyme 
is involved in the interaction of the P-phosphate to form a chiral 
active site of the enzyme. Since GTP has an extended con- 
figuration in the enzyme-MI-GTP complex, 0,y-bidentate 
coordination of the nucleotide with M2 is more favorable than 
a a,P,y-tridentate complex. There is no significant M2 de- 
pendence of the stereospecificity of GDPaS or of GTPaS. 

The a-phosphate of GDP is also unlikely to be liganded to 
M2. Thus, it is proposed that avian liver P-enolpyruvate 
carboxykinase releases monodentate M2.GDP after cleavage 
of the y-phosphate bond of the &y-bidentate M2.GTP with 
the acceptor oxalacetate. 

Registry NO. 5'-GDP, 146-91-8; GDP& (Sp), 71481-45-3; GDPaS 
(Rp), 71481-44-2; GDPPS, 71376-97-1; GTP, 86-01-1; GTPaS (Sp), 
81570-51-6; GTP& (Rp), 81570-50-5; GTP@S (Sp), 81570-53-8; 
GTPPS (Rp), 81570-52-7; GTPyS, 37589-80-3; ITP, 132-06-9; 
ITPWMn, 79724-82-6; Mg, 7439-95-4; Mn, 7439-96-5; Co, 7440-48-4; 
Cd, 7440-43-9; P-enolpyruvate carboxykinase, 901 3-08-5. 
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Phosphoenolpyruvate-Dependent Enzymes? 

Peter Wirsching and Marion H. O'Leary* 
Departments of Chemistry and Biochemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706 

Received September 4 ,  1984 

ABSTRACT: (E)-3-Cyanophosphoenolpyruvate has been synthesized by reacting dimethyl chlorophosphate 
with the potassium enolate of ethyl cyanopyruvate. The resulting trialkyl ester was deesterified with 
bromotrimethylsilane followed by potassium hydroxide. Subsequent treatment with Dowex-50-H+ resin 
and cyclohexylamine afforded the tricyclohexylammonium salt; only the E geometric isomer was obtained. 
This compound can be photoisomerized to a 70:30 E:Z mixture. (E)-3-Cyanophosphoenolpyruvate is an 
excellent competitive inhibitor of phosphoenolpyruvate carboxylase [KI(Mn2') = 16 pM, KI(Mg2+) = 1360 
pM], pyruvate kinase [KI(Mn2+) = 0.085 pM, K,(Mg2') = 0.76 pM], and enolase [KI(Mn2') = 360 pM, 
KI(Mg2+) = 280 pM]. The compound is a substrate for pyruvate kinase ( V , ,  - 1% of phosphoenolpyruvate 
rate), but not for the other two enzymes. No irreversible inactivation is observed with phosphoenolpyruvate 
carboxylase or pyruvate kinase. 

Phosphoenolpyruvate is a key intermediate in a variety of 
metabolic processes in all living organisms (Davies, 1979). Its 
chemistry is mediated by enzymes that utilize either the 
high-energy enol phosphate bond, for example, in glycolysis 
and in the C-4 pathway of photosynthesis, or the ability to act 
as an enol pyruvyl donor, for example, in the shikimate 
pathway and in bacterial peptidoglycan synthesis. 

In view of the central role of phosphoenolpyruvate in me- 
tabolism, enzymes that metabolize phosphoenolpyruvate are 
logical targets for active-site-directed (specific) and mecha- 
nism-based (suicide) inhibitors. The principal question in such 
studies is whether specificity of inhibition can be obtained 
among the variety of phosphoenolpyruvate-metabolizing en- 
zymes that exist. Studies of the antibiotic fosfomycin indicate 
that such selectivity may be possible. The enzymes pyruvate 
kinase, phosphoenolpyruvate carboxykinase, enolase, and 
phosphoenolpyruvate-shikimate-5-phosphate enolpyruvoyl- 
transferase show only competitive inhibition with this com- 
pound. However, pyruvoyltransferase is irreversibly inactivated 
(Cassidy & Kahan, 1973). Such specificity is not predictable 
at this point. 

Among the other phosphoenolpyruvate analogues that have 
been studied, the most notable are perhaps 3-bromo- 
phosphoenolpyruvate and 3-fluorophosphoenolpyruvate. The 
Z isomer of the former compound shows very strong compe- 
titive inhibition with phosphoenolpyruvate carboxylase at short 
times and irreversible (suicide) inactivation at longer times 
(O'Leary & Diai, 1982). Thus, the compound 'is presumably 
a substrate for phosphoenolpyruvate carboxylase. This com- 
pound is also a substrate for pyruvate kinase (Nowak & Duffy, 
1984), but the enzyme is not inactivated. By contrast, this 
same substance is neither a substrate nor an inhibitor for 
enolase. 

'This work was supported by Grant 83-CRCR-1-1297 from the 
Competitive Grants Program, U S .  Department of Agriculture. 

0006-2960/85/0424-7602$01.50/0 

(Z)-3-Fluorophosphoenolpyruvate is a substrate for pyruvate 
kinase (Nowak & Duffy, 1984; Stubbe & Kenyon, 1972) and 
for phosphoenolpyruvate carboxylase (E. Diai, unpublished 
results). The compound is an inhibitor and a substrate for 
enolase (Nowak & Duffy, 1984). The E isomer of this same 
compound is an inhibitor of pyruvate kinase and enolase and 
a substrate for pyruvate kinase (Nowak & Duffy, 1984). 
(E)-3-Cyanophosphoenolpyruvate was conceived as an in- 

hibitor of phosphoenolpyruvate-dependent enzymes. Mecha- 
nism-based inactivation by this compound would presumably 
proceed by way of a ketene imine intermediate (Maycock et 
al., 1975; Miles, 1975; Villafranca & Baldori, 1980). Here 
we report the synthesis of this compound and studies of its 
inhibitory properties against phosphoenolpyruvate carboxylase, 
pyruvate kinase, and enolase. 

EXPERIMENTAL PROCEDURES 

Materials 
Phosphoenolpyruvate carboxylase was isolated from maize 

(Zea mays, strain W64A) by a slight modification of the 
method of Uedan and Sugiyama (Uedan & Sugiyama, 1976; 
O'Leary et al., 1981). Pyruvate kinase (type I1 from rabbit 
muscle), enolase (type I11 from baker's yeast), lactate de- 
hydrogenase, malate dehydrogenase, hexokinase (from yeast), 
glucose-6-phosphate dehydrogenase (from Leuconstoc mes- 
enteroides), phosphoenolpyruvate, ADP, ATP, NAD,' NADH, 
and Tris-HC1 were purchased from Sigma Chemical Co. 
HEPES' buffer (free acid) was purchased from United States 

' Abbreviations: CHES, 2-(cyclohexylamino)ethanesulfonic acid; 
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HEPES, 
N-(2-Hydroxyethyl)piperazine-N'-2-ethanesulfonic acid; NAD, nicotin- 
amide adenine dinucleotide; NADH, reduced nicotinamide adenine di- 
nucleotide; TMSP, sodium 3-(trimethylsilyl)propionate; Tris-HCI, tris- 
(hydroxymethy1)aminomethane hydrochloride. 
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