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ABSTRACT: The mechanisms of molecular recognition of phosphoenolpyruvate (PEP) and oxaloacetate
(OAA) by cytosolic phosphoenolpyruvate carboxykinase (cPEPCK) were investigated by the systematic
evaluation of a variety of PEP and OAA analogues as potential reversible inhibitors of the enzyme against
PEP. The molecules that inhibit the enzyme in a competitive fashion were found to fall into two general
classes. Those molecules that mimic the binding geometry of PEP, namely phosphoglycolate and
3-phosphonopropionate, are found to bind weakly (millimolarKi values). In contrast, those competitive
inhibitors that mimic the binding of OAA (oxalate and phosphonoformate) coordinate directly to the
active site manganese ion and bind an order of magnitude more tightly (micromolarKi values). The
competitive inhibitor sulfoacetate is found to be an outlier of these two classes, binding in a hybrid fashion
utilizing modes of recognition of both PEP and OAA in order to achieve a micromolar inhibition constant
in the absence of direct coordination to the active site metal. The kinetic studies in combination with the
structural characterization of the five aforementioned competitive inhibitors demonstrate the molecular
requirements for high affinity binding of molecules to the active site of the enzyme. These features include
cis-planar carbonyl groups that are required for coordination to the active site metal, a bridging electron
rich atom at the position corresponding to the C2 methylene group of OAA to facilitate interactions with
R405, a carboxylate or sulfonate moiety at a position corresponding to the C1 carboxylate of OAA, and
the edge-on aromatic interaction between a carboxylate and Y235.

Phosphoenolpyruvate caroxykinase (GTP) [EC 4.1.1.32]
catalyzes the first committed step in gluconeogenesis. The
enzyme, hereafter referred to by its acronym PEPCK,1

converts OAA to PEP, using GTP or ITP as the phosphoryl
donor. In vertebrates, PEPCK occurs as two distinct isozymes,
cytosolic and mitochondrial, which are products of different
genes (1-3). Both forms bind free divalent metal cations,
in addition to the metal-nucleotide complex (2). Although
these isozymes share 63% identity and possess a virtually
identical three-dimensional structure (4-6), they are im-
munologically distinct (2).

In efforts to delineate the topography of the active sites
of the isozymes of PEPCK, studies have been performed

using analogues of PEP or OAA, either as reversible
inhibitors or as alternative substrates ((7, 8) and references
therein). Derivatives of PEP with alkyl or halo substitutions
at the third carbon, using the numbering system of Stubbe
and Kenyon (9), have been used to demonstrate, in part, the
stereospecificity of the reaction catalyzed by mPEPCK from
avian liver (10). Studies have shown thatR-hydroxyl and
R-sulfhydryl carboxylic acids are poor substrates for that
enzyme’s phosphoryl transfer reaction (7).

This study systematically evaluates substrate analogues of
PEP and OAA as reversible inhibitors of PEPCK when tested
against PEP. With the exception of three compounds, all are
bifunctional, being predominantly bicarboxylic acids, bi-
phosphonic acids, or bisulfonic acids. Some of the bifunc-
tional compounds are also phosphoryl or sulfonyl monocar-
boxylic acids. None is an amide, ester, or acyl halide because
earlier studies have shown that such analogues are usually
poor alternative substrates or inhibitors (9).

Although some of the analogues screened in this work
have been used previously to study the PEP/OAA binding
site of PEP-dependent enzymes (11-15) and references
therein), including mPEPCK (7, 8), few have been evaluated
as substrate analogues of rat liver cPEPCK (7, 8) and none
have been structurally characterized in complex with the
GTP-dependent PEPCK isozyme. Many of the compounds,
such as sulfoacetate, 2,2-dimethylsulfoaceate, methane-
diphosphonate, and 1,2-ethanediphosphonate, have not been
previously evaluated as analogues of OAA or PEP.

‡ Coordinates and structure factors have been deposited in the RCSB
protein databank (http://www.rcsb.org/pdb) under the accession codes
2rk7, 2rk8, 2rka, 2rkd and 2rke.
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The results of this study illustrate that the ability of
substrate analogues to inhibit PEPCK is dependent upon their
overall size and the orientation, electronic properties and
charge of their functional groups. Structural characterization
of the compounds bound to PEPCK demonstrates that in
general there are two distinct classes of competitive inhibi-
tors. Those mimicking PEP bind to the enzyme in an outer-
sphere geometry in regard to the active site metal and have
an order of magnitude lower affinity for PEPCK than those
compounds mimicking the binding of OAA, found to directly
coordinate to the active site metal ion. The structure-
function analysis presented illustrates the mechanism of
molecular recognition used by PEPCK, which can be
exploited to develop novel and selective inhibitors of this
important enzyme.

MATERIALS AND METHODS

Materials. The compounds used in this study are shown
in Table 1, which includes their name and chemical formulas.
Compounds1-6, 8, 9, 12, 17-27, and29were from Aldrich
Chemicals;14, 15, and32 were from Fluka;10, 11, 13, 16,
and33-35 were from Sigma;7 and23 were from Kodak;
28 was from Mallinckrodt;30 was from Alfa; and31 was
from Pfaltz and Bauer. All compounds were of the highest
commercially available purity. The buffers TES and HEPES
were from Research Organics. DTT, PEP, IDP, and TRIS
were from Sigma. OAA and NADH were from Boehringer
Mannheim.

Enzymes.Malate dehydrogenase (1200 units/mg; 50%
glycerol solution, v:v) was from Boerhinger Mannheim.
PEPCK utilized for the kinetic studies was purified to

Table 1: Substrate Analogues of Rat Liver Cytosolic Phosphoenolpyruvate Carboxykinase

no. name chemical formula % actvity remaininga

Dicarboxylates
1 oxalateb CO2

-CO2
- 11c

2 malonateb CO2
-CH2CO2

- 102c

3 succinateb CO2
-CH2CH2CO2

- 91c

4 sulfosuccinated CO2
-CH(SO3

-)CH2CO2
- 55c

5 maleate CO2-CH:CHCO2
- (cis) 52e

6 fumarate CO2-CH:CHCO2
- (trans) 83e

7 itaconate CO2-CH2C(:CH2)CO2
- 91c

8 1,2-cyclopentanedicarboxylate CO2
-CH(CH2)3CHCO2

- 91c

9 l-aspartateb,d CO2
-CH2CH(NH3

+)CO2
- 112c

Phosphonyl/Phosphoryl Monocarboxylates
10 phosphonoformateb PO3

2-CO2- 12c

11 phosphonoacetateb PO3
2-CH2CO2- 108c

12 3-phosphonopropionate PO3H-CH2CH2CO2- 57c

13 phosphoglycolateb PO3
2-OCH2CO2- 25c

14 2-d-phosphoglycerateb,d PO3
2-OCH(CH2OH)CO2- 110c

15 2-(phosphonomethyl)acrylateb PO3H-CH2C(:CH2)CO2- 92c

16 6-phosphogluconateb PO3
2-OCH2(CHOH)4CO2- 117c

17 N-phosphonomethylglycineb PO3H-CH2NHCH2CO2- 104c

18 2-amino-3-phosphonopropionated PO3H-CH2CH(NH3
+)(CO2-) 94c

19 2-amino-4-phosphonobutyrated PO3H-(CH2)2CH(NH3
+)(CO2-) 104c

20 2-amino-5-phosphonovalerated PO3H-(CH2)3CH(NH3
+)CO2- 98f

21 serine phosphated PO3
2-OCH2CH(NH3

+)CO2- 108f

22 threonine phosphated PO3
2-OCH(CH3)CH(NH3

+)CO2- 97c

Sulfonyl/Sulfinyl Monocarboxylates
23 sulfoacetate SO3-CH2CO2- 18f

24 2,2-dimethylsulfoacetate SO3
-C(CH3)2CO2- 65c

25 3-sulfopropionate SO3-CH2CH2CO2- 69c

26 cysteic acidd SO3
-CH2CH(NH3

+)CO2- 76c

27 cysteine sulfinic acidd SO2
-CH2CH(NH3

+)CO2- 105c

Diphosphoryls
28 pyrophosphateb PO3H-OPO3H- 22f

29 methanediphosphonate PO3H-CH2PO3H- 4f

30 1,2-ethanediphosphonate PO3H-CH2CH2PO3H- 96e

Disulfonates
31 methanedisulfonate SO3-CH2SO3

- 4f

32 1,2-ethanedisulfonate SO3
-CH2CH2SO3

- 42e

Epoxy/Aromatic Compounds
33 phosphomycin CH3CH[O]CHPO3

2- 108c

34 phenylphosphatee C6H5OPO3
2- 96c

35 p-nitrophenylphosphate NO2C6H4OPO3
2- 103c

a In this preliminary screen, the inhibition by each compound was tested twice using two different preparations of PEPCK. The remaining
percent activity listed below represents the average of the two values.b These compounds have been previously evaluated as either reversible
inhibitors or alternative substrates for rat liver cytosolic PEPCK and other PEP-utilizing enzymes (see text for references).c Activity was determined
at analogue and PEP concentrations of 3 mM and 40µM, respectively.d For the analogues containing a chiral center, the chiral carbon is italicized.
e Activity was determined at analogue and PEP concentrations of 6 mM and 40µM, respectively.f Activity was determined at analogue and PEP
concentrations of 1.5 mM and 40µM, respectively.
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homogeneity from rat liver cytosol following published
procedures (16, 17), with the following modifications. Frozen
livers from 24 h fasted male Wystar rats were purchased
from Pel-Freeze. The final purification of the enzyme by
affinity chromatography on agarose-adipic acid-GTP (Sigma)
was performed by eluting with a NaCl step gradient (100
mM to 500 mM, in 100 mM increments) in 10 mM TES
(pH 7.2), 7.5% glycerol (v:v), 0.2 mM EDTA. This procedure
afforded enzyme of>95% purity, based on SDS-PAGE
analysis. The enzyme preparation routinely had a specific
activity of 16-24 µM of OAA formed/min/mg of protein at
25 °C. Solutions of enzyme were saturated with nitrogen
and stored at 5°C. Under these conditions, the enzyme was
stable for 2-3 weeks. The concentration of PEPCK was
determined spectrophotometrically, using a molar extinction
coefficient of 1.15× 105 (16). The enzyme utilized for the
crystallographic studies was recombinantly expressed in and
purified fromEscherichia colicells as previously described
(6).

Inhibition Experiments.The inhibition of PEPCK by all
compounds was evaluated using a continuous spectropho-
tometric assay in which the coupling enzyme, malate
dehydrogenase, reduced OAA to malate concomitant with
the oxidation of NADH to NAD+. The decrease in absor-
bance at 340 nm was monitored using a Beckman DU-70
spectrophotometer equipped with a temperature controller.
The standard 1 mL reaction mixture for the production of
OAA contained 56 mM HEPES-KOH buffer (pH 7.0), 1
mM IDP (or alternatively, 0.1 mM GDP), 23 U malate
dehydrogenase (1 unit of malate dehydrogenase is defined
as 1µmol of malate produced/min/mg of protein), 0.25 mM
NADH, 2.3 mM MnCl2, and 48 mM NaHCO3. Under these
conditions, PEP was the varied substrate. When IDP was
the varied substrate for the determination of the pattern of
inhibition for pyrophosphate, the fixed PEP concentration
was 2 mM. Each substrate analogue solution was freshly
prepared in 50 mM HEPES-KOH (pH 7.0), and these stock
solutions were diluted in the same buffer, with the pH being
maintained. All assay components except PEPCK were
preincubated in the cuvette for 3 min at 35°C, the standard
assay temperature. This temperature was used because,
during pilot experiments with the inhibitor phosphonofor-
mate, greater inhibition was observed at 35°C than at
20°C. Similarly, Nowak and Mildvan (18) demonstrated that
inhibition of yeast enolase by the PEP analogue phospho-
glycolate was also temperature-dependent. In our study, the
reaction was initiated by addition of enzyme (10µL of a
0.3 µM or 1.5 µM solution diluted with 10 mM TES (pH
7.2), 0.2 mM DTT, 0.2 mM EDTA, and 7.5% glycerol (v:
v)). The specific activity of enzyme in the inhibition studies
is expressed asµmol of OAA formed/min/mg of protein.
Assays to determine patterns of inhibition were performed
in triplicate. Unless otherwise stated, titration experiments
to estimate the concentration of inhibitor that caused 50%
inhibition of PEPCK activity were performed in duplicate.
At the highest concentrations used with PEPCK, none of
the compounds evaluated in this study affected the activity
of the coupling enzyme, malate dehydrogenase.

Data Analyses.The kinetic parameters for the inhibition
studies were best fit to the equations for competitive
inhibition (eq 1) and noncompetitive inhibition (eq 2), using
the computer program and nomenclature of Cleland (19).

The parameters are defined as follows:V is the initial
velocity, V is the maximal rate of product formation in the
absence of inhibitor,A is the concentration of the variable
substrate,K is the apparent Michaelis constant for the varied
substrate, andKis andKii are the inhibition constants.

For weakly inhibitory analogues for which a complete
inhibition pattern was not determined, Dixon plots were used
to determineKi values (20).

CRYSTALLIZATION

Crystals of PEPCK used for data collection were grown
by the hanging-drop method at 25°C by mixing 4 µL of
protein [containing 10 mg/mL PEPCK, 25 mM HEPES (pH
7.5,) and 1 mM DTT] with 2µL of mother liquor [0.1 M
HEPES (pH 7.4) and 16-24% PEG 3350 and 0.5µL of 0.1
M MnCl2]. The crystals of the various inhibitor complexes
were obtained and cryoprotected simultaneously by transfer-
ring the crystals to 20µL drops containing 25% PEG 3350,
10% PEG 400, 0.1 M Hepes pH 7.5, 2 mM MnCl2, and 10
mM of oxalate, PGA, phosphonoformate, phosphonopropi-
onate, or sulfoacetate for 1 h prior to cryocooling in liquid
nitrogen.

DATA COLLECTION

Data on the cryocooled crystals at-180°C were collected
using a RU-H3R rotating Cu anode X-ray generator with
Blue Confocal Osmic Mirrors and a Rigaku Raxis IV++
detector. All data were integrated and scaled with HKL-2000
(21). Data statistics are presented in Table 2.

STRUCTURE DETERMINATION AND
REFINEMENT

The new structures of the rat cytosolic enzyme were
determined by molecular replacement using MOLREP (22)
in the CCP4 (23) package and the previously determined
structure of rat cPEPCK (PDB 2QEW (6)). This molecular
replacement solution was refined using Refmac5 followed
by manual model adjustment and rebuilding using COOT
(24). Ligand, metal, and water addition and validation were
also performed in COOT. Inspection of theFo - Fc maps
indicated that in the PEPCK-Mn2+-PGA structure, two
conformations of bound PGA were present in each of the
two molecules in the ASU. The occupancy of the two
conformations was manually adjusted (0.5) to minimize
positive and negative difference density peaks in the maps.
The occupancy andB-factors for the ligands are given in
Table 2.

A final round of TLS refinement was performed for all
models in Refmac5. A total of 15 groups were utilized per
chain in the PEPCK-Mn2+-oxalate, PEPCK-Mn2+-phospho-
noformate, PEPCK-Mn2+-phosphonopropionate, and PEPCK-
Mn2+-sulfoacetatate structures while 10 groups per chain
were utilized in the refinement of the PEPCK-Mn2+-PGA
structure. The optimum TLS groups were determined by
submission of the pdb files to the TLSMD server (http://
skuld.bmsc.washington.edu/∼tlsmd/index.html; (25)). In struc-
tures containing two molecules in the ASU, tight NCS

V)VA/[K(1+1/Kis)+A] (1)

V)VA/[K(1/Kis)+A(1+1/Kii )] (2)
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restraints were utilized during the initial rounds of refinement
and were removed during the final stages of refinement. All
the models have excellent stereochemistry as determined by
PROCHECK (26). Final model statistics are presented in
Table 2.

RESULTS AND DISCUSSION

Screening of Substrate Analogues.The initial preliminary
screening of the compounds listed in Table 1 involved
comparison of their structural similarities to OAA and PEP.
One of the most important criteria in choosing compounds
was that they possess functional groups similar to those of
the substrates. Thus, with the exception of three compounds
(33-35), the molecules screened were bifunctional (bicar-
boxylates, biphosphonates, or bisulfonates) or else mono-
carboxylates with phosphonyl or sulfonyl groups as addi-
tional anionic moieties. A second criterion was size (molecular
volume and length). Bifunctional compounds with conjugated
ring systems or with more than six backbone carbons were
excluded. Many of the compounds evaluated have not been
utilized previously, and thus represent new reversible inhibi-
tors of rat liver cPEPCK. Inhibition was initially screened

using a Dixon plot at a fixed PEP concentration of 40µM
((1/2)Km) and inhibitors from 1.5 to 6.0 mM. Unless other-
wise stated, those analogues that caused less than 30-40%
inhibition were not further studied (Table 1), although their
inability to inhibit will be discussed. For the analogues that
caused greater inhibition, the pattern of inhibition was deter-
mined using PEP or IDP as the varied substrate (Table 3).

Oxaloacetate Analogues as Inhibitors.Oxalate (Table 1,
1) is a competitive inhibitor of PEPCK with aKi of 89 µM
(Table 3). This value is similar to that of theKm for PEP
(82 µM) determined under the same conditions (data not
shown). In a previous study, oxalate was also found to be a
competitive inhibitor with respect to OAA of the rat liver
cytosolic enzyme, with aKi equivalent to theKm for OAA
(7). Because of oxalate’s resemblance to the enolate of
pyruvate, a postulated reaction intermediate generated during
the conversion of PEP to pyruvate (27), this analogue has
been previously studied and found to be a reversible inhibitor
of PEP-dependent enzymes. Crystallographic studies of
PEPCK fromAnaerobiospirillum succiniciproducens(28),
in addition to the structure of rat PEPCK in complex with
oxalate presented here, demonstrate that oxalate binds to the

Table 2: Data and Model Statistics for the PEPCK-Mn2+-oxalate, PEPCK-Mn2+-phosphonoformate, PEPCK-Mn2+-PGA,
PEPCK-Mn2+-phosphonopropionate and PEPCK-Mn2+-sulfoacetate Complexesa

PEPCK-Mn2+-
oxalate

PEPCK-Mn2+-
phosphonoformate

PEPCK-Mn2+-
PGA

PEPCK-Mn2+-
phosphonopropionate

PEPCK-Mn2+-
sulfoacetate

wavelength (Å) 1.54 1.54 1.54 1.54 1.54
space group P21 P21 P21 P21 P21

unit cell a ) 64.0 Å a ) 62.3 Å a ) 60.7 Å a ) 45.3 Å a ) 45.2 Å
b ) 118.9 Å b )119.5 Å b )119.7 Å b ) 119.4 Å b ) 119.0 Å
c ) 86.5 Å c ) 86.9 Å c ) 90.9 Å c ) 60.8 Å c ) 60.9 Å
R ) γ ) 90.0° R ) γ ) 90° R ) γ ) 90° R ) γ ) 90° R ) γ ) 90°
â ) 107.0° â ) 107.1° â ) 108.9° â ) 108.7° â ) 108.8°

resolution limit (Å) 30.8-1.9 30.1-2.00 29.9-1.95 34.0-1.9 29.1-1.8
no. of unique reflections 91629 76020 81978 44417 50438
completenessb (%; all data) 99.1(93.6) 98.2 (91.1) 96.4 (93.0) 97.1 (81.3) 94.4(64.9)
redundancyb 5.5 (4.7) 5.7 (4.5) 6.8 (6.3) 7.0 (5.5) 8.5 (3.7)
I/σ(I)b 11.9(2.1) 9.7 (1.9) 16.1 (2.6) 20.2 (2.4) 19.5 (1.7)
Rmerge

b,c 0.09 (0.52) 0.10 (0.52) 0.07 (0.53) 0.07 (0.53) 0.08 (0.45)
no. of ASU molecules 2 2 2 1 1
solvent content (%) 40.1 39.1 38.4 39.9 39.9
Rfree

b,d (%) 25.6 (35.2) 24.9 (34.5) 22.2 (33.3) 23.3 (36.2) 24.9 (36.8)
Rwork

b,e (%) 20.7 (28.3) 19.8 (27.2) 18.5 (25.4) 18.9 (30.4) 20.5 (34.7)
averageB valuesf

protein 10.9 18.1 18.4 14.1 12.1
water 25.1 31.1 26.7 28.4 22.9

inhibitor oxalate phosphonoformate PGA phosphonopropionate sulfoacetate
Mol A Mol A Mol A 19.4 18.5

18.0 16.4 PGA1 ) 15.7, oc) 0.5
Mol B Mol B PGA2 ) 22.1, oc) 0.5

18.6 25.0 Mol B
PGA1 ) 14.4, oc) 0.5
PGA2 ) 19.7, oc) 0.5

est coord error based on
max likelihood (Å)

0.125 0.143 0.115 0.122 0.118

bond length rmsd (Å) 0.009 0.008 0.008 0.008 0.009
bond angle rmsd (deg) 1.119 1.117 1.125 1.112 1.237
Ramachandran statistics (%)

most favored 90.5 90.8 91.2 91.0 91.4
additionally allowed 8.7 8.6 8.2 8.2 7.8
generously allowed 0.6 0.3 0.6 0.8 0.8
disallowed 0.2 0.3 0 0 0

a Mol A, molecule A of the crystallographic dimer; Mol B, molecule B of the crystallographic dimer; oc, ligand occupancy. PGA1 and PGA2

correspond to the two alternate conformations of PGA present in each molecule of the PEPCK-Mn2+-PGA crystallographic dimer.b Values in
parentheses represent statistics for data in the highest-resolution shells. The highest-resolution shell comprises data in the range of 1.97-1.90,
2.07-2.00, 2.02-1.95, 1.97-1.90, and 1.85-1.80 Å for the PEPCK-Mn2+-oxalate, PEPCK-Mn2+-phosphonoformate, PEPCK-Mn2+-PGA, PEPCK-
Mn2+-phosphonopropionate, and PEPCK-Mn2+-sulfoacetate data sets, respectively.c Rmerge) ∑|Iobs- Iavg|/∑Iobs. d See Brunger (36) for a description
of Rfree. e Rwork ) ∑||Fobs| - |Fcalc||/∑|Fobs|. f B values indicated are residualB values after TLS refinement.
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active site manganese in a bidentate fashion directly coor-
dinating to the metal through the C1 and C2 carbonyl
oxygens in an identical orientation to that of the central
skeleton of the substrate OAA (Figure 1) (6).2 This confor-
mation leaves one water molecule coordinated to the active
site metal, which is subsequently displaced by theγ-phos-
phoryl oxygen of GTP (6). Itaconate, the vinyl analogue of
OAA, did not inhibit (Table 1,7), suggesting that the C3
keto oxygen present in the substrate (replaced by a methylene
group in itaconic acid) is essential for the interaction of the
ligand with PEPCK through direct coordination with the
active site Mn2+ ion (7). Although the complete patterns of
inhibition were not determined for the poor inhibitors
succinate and maleate (Table 1,3 and 5), Ki values were
obtained from Dixon plots, using two concentrations of PEP
(Table 3). Succinate had aKi value greater than 8 mM,
whereas that for maleate was approximately 2 mM. Fumarate,
the trans-isomer of maleate, did not inhibit PEPCK (Table
1,6). The lack of inhibition by 1,2-cyclopentanedicarboxylate
(8) was likely due to the bulkiness of its cyclic moiety. These
results are in agreement with previous findings in which
putative OAA analogues were usually poor inhibitors, with
Ki values above 6 mM (7, 29, 30). Taken together with the
structural data, the relatively poor inhibition by the putative
OAA analogues used in this and other studies demonstrates
that the enzyme is relatively intolerant of changes in the
bicarboxylate structure. The structure of oxalate, in combina-
tion with the lack of inhibition by itaconate and the other
OAA analogues demonstrates clearly the importance of the
two planar cis-carbonyl groups. The structural data demon-
strate that these sp2-hybridized centers are necessary for the
cis-planar geometry (O-C-C-O torsion) -9.6°) that is
required to displace the previously bound water molecules

in a perfect example of entropy-entropy compensation.
Further, this planar geometry is the only geometry that allows
for the conjugation of the carbonyl groups and the ability to
delocalize electrons through the metal center. With the
exception of oxalate, all of the OAA analogues tested, while
retaining a bicarboxylate electronic structure, lack this central
feature and therefore would be deficient in forming the OAA-
like conformation that appears to be a central motif necessary
for tight binding of ligands directly to the active site
manganese ion. Note the poor/lack of inhibition by malonate,
maleate and succinate (Tables 1 and 3). This conclusion is
further supported by previous work in which lactate, malate,
nitrolactate, glycerate, thioglycolate,â-chlorolactate, and
glycolate, all of which contain an sp3-hybridized center alpha
to the terminal carboxylate, are either poor substrates or poor
inhibitors of mPEPCK (7, 8). Additional support for this
conclusion comes from the observation that only one
carboxylate interacts with the active site manganese ion in
the mPEPCK-Mn2+-malonate-Mn2+GDP structure in a ge-
ometry vastly different than that of OAA/oxalate (5).

While the cis-sp2 carbonyls are necessary for micromolar
inhibition, they are not the only requirement. As has been
demonstrated previously, pyruvate (and itsâ-mercapto,
fluoro, nitro, and hydroxy derivatives), glyoxylate,R-keto-
butyrate, R-ketoglutarate and acetopyruvate are poor or
noninhibitory compounds, despite containing the cis-sp2-
hybridized carbonyl centers (7, 8). While acetopyruvate and
R-ketoglutarate are likely excluded from the active site due
to their large size, the other compounds are isoelectronic with
OAA and would be predicted to bind more tightly than is
observed based upon the above conclusion. The structural
data again provide an explanation for this dramatic reduction
of 100-1000-fold in binding affinity (Ki oxalate) 5-89
µM (this work and (7)), Ki pyruvate) 9 mM (7)). Comparing
the tight binding analogues oxalate and phosphonoformate,
it is observed that they both possess an oxygen anion that
forms two short hydrogen bonds in addition to an electrostatic
interaction with R405 (Figure 1). In contrast, all of the poor
inhibitors mentioned above that contain the correct cis-sp2

carbonyl structure either lack this oxygen (i.e., glyoxylate)
or have a methyl or methylene center, which is incapable of
taking advantage of the R405 interactions that appear to be
worth between 3 and 4 kcal mol-1 of binding energy. As
OAA contains a methylene center alpha to the sp2 carbonyl,
it raises the question of how OAA achieves the reasonable
Km of ∼2-5 µM (7) if the aforementioned interaction is
necessary for tight binding. The structure with OAA (6)
demonstrates that compensation for the lack of interaction
between R405 and the C2 methylene group arises from
interactions between R405 and/or R87 with the C1 carboxy-
late of OAA. Either the other inhibitors do not possess a C1
carboxylate (pyruvate and its derivatives andR-ketobutyrate)
or the group is not spatially located to correctly interact in
a similar fashion (R-ketoglutarate). This results in the
observed poor inhibition by these molecules even in the
presence of the cis carbonyl structure. This conclusion is
further supported by the observation thatâ-sulfopyruvate is
a tight binding inhibitor of mPEPCK, suggesting that the
â-sulfo group effectively mimics the C1 carboxylate of OAA
and therefore binds to the enzyme with aKi similar to the
Km of OAA (Ki ) 19-138 µM, (7)).

2 While accepted nomenclature would indicate that the carboxylate
adjacent to the keto group in OAA is the C1 carbon, in order to avoid
confusion when referring to the pdb files, we have utilized the atom
numbering found in the pdb description of OAA. In this description
the carboxylate furthest from the keto group is numbered C1.

Table 3: Inhibition Constant for PEP and OAA Analogues

analogue Ki pattern of inhibition

oxalate (1) 89 ( 4 µMa competitive
succinate (3) >8.0 mMb ndc

maleate (5) 2.0 mMb ndc

phosphonoformate (10) 230( 14 µMa competitive
phosphoglycolate (13) 1.0( 0.04 mMa competitive
3-phosphonopropionate (12) 1.9( 0.4 mMa competitive
1,2-ethanediphosphonate (30) 5.1( 0.5 mMa competitive
sulfoacetate (23) 82.5( 5 µMa competitive
2,2-dimethylsulfoacetate (24) 2.1( 0.2 mMa competitive
3-sulfopropionate (25) 3.4( 0.3 mMa competitive
sulfosuccinate (4) 3.3 mMb ndc

1,2-ethanedisulfonate (32) 3.0 mMb ndc

pyrophosphate (28) 34 ( 5 µMa,d noncompetitivef

64 ( 7 µMe

172( 29 µM competitiveg

methanediphosphonate (29) 32 ( 2 µMa,d noncompetitive
90 ( 5 µMe

methanedisulfonate (31) 27 ( 3 µMa,d noncompetitive
168( 25 µMe

a The Ki values were obtained using the Cleland kinetics program
for competitive or noncompetitive inhibitors.b The Ki values were
obtained from Dixon plots using two PEP concentrations.c Not
determined.d Slope effect.e Intercept effect.f PEP was the varied
substrate.g IDP was the varied substrate.

Inhibition of Mammalian cPEPCK Biochemistry, Vol. 47, No. 7, 20082103



Phosphonoformate (Table 1,10) is a competitive inhibitor
of PEPCK with aKi of 231 µM (Table 3). While initially
chosen as a mimic of PEP, the structural data clearly
show the interaction of phosphonoformate in a mode
similar to that observed for OAA (6) and oxalate (Figure
1). This appears to be a result of the O3 of the phosphono
group and the C1 carbonyl forming the same central cis-
planar oxygen geometry (O-C-P-O torsion) -14.6°) as
in oxalate and OAA. In addition, consistent with the

mechanism of recognition discussed above, the other car-
boxylate and phosphonate oxygens of phosphonoformate
form similar electrostatic and hydrogen bonding inter-
actions with R87 and R405 to those of oxalate, resulting in
similar micromolar inhibition (Table 3). The slightly greater
distortion from planar found in the cis carbonyl centers of
phosphonoformate as compared to oxalate may explain the
approximately 2-fold greaterKi observed with phosphono-
formate.

FIGURE 1: The modes of inhibitor binding to rat cPEPCK. Shown are the (A) PEPCK-Mn2+-oxalate, (B) PEPCK-Mn2+-phosphonoformate,
(C and D) PEPCK-Mn2+-PGA, (E) PEPCK-Mn2+-phosphonopropionate and (F) PEPCK-Mn2+-sulfoacetate complexes. The dashed lines
indicate potential hydrogen bonds and metal-water interactions. In addition, a potential salt bridge between R405 and the sulfate of sulfoacetate
is shown in F. All distances indicated are in angstroms.Fo - Fc density rendered at (A) 2.7σ, (B) 3.3σ, (C) 2.4σ, (D) 2.4σ, (E) 3.1σ and
(F) 2.8σ prior to the inclusion of the ligands into the model is shown as a blue mesh. TheFo - Fc density shown in D is the residualFo
- Fc density after refinement of the PGA conformation shown in C.
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PhosphoenolpyruVate Analogues as Inhibitors.Phospho-
glycolate (Table 1,13) is a competitive inhibitor of PEPCK,
with aKi value of 1.04 mM (Table 3). Because of its marked
resemblance to PEP in terms of molecular geometry, volume,
and identical functional groups, this analogue has been used
previously as an alternative substrate or reversible inhibitor
of PEP-dependent enzymes (15, 18). Not surprisingly, the
structural data show a binding mode of PGA that is similar
in the general orientation of the ligand to that of PEP, with
the phosphate coordinating to the active site manganese ion
and the ligand extending away from the ion toward Y235
(Figure 1). Unlike the other inhibitor complexes, the PGA
bound to PEPCK is statically disordered and found in two
different conformations in each molecule in the ASU. While
one conformation is virtually identical to the bound confor-
mation of 3-phosphonopropionate (12) (see below), the other
conformation is unique to PGA and has the phosphate group
situated in a position similar to its location in the PEPCK-
Mn2+-PEP complex (data not shown). As 3-phosphonopro-
pionate is the phosphonate analogue of PGA and the two
compounds are structurally similar, this additional conforma-
tion and static disorder in PGA must be due to the presence
of the bridging phosphate oxygen that is absent in 3-phospho-
nopropionate. This conclusion is confirmed by the structural
data demonstrating that the presence of the bridging phos-
phate oxygen atom in PGA results in the formation of a
hydrogen bond with either the NH1 or NH2 group of R405
in the two bound conformations respectively. The conforma-
tion of bound inhibitor that is shared by PGA and 3-phospho-
nopropionate appears to be the result of the loss of the
unsaturated C3 methylene group that is present in PEP. This
removes an apparent aromatic interaction between the
methylene group and F333 and allows the PGA and
3-phosphonopropionate inhibitors to shift in the binding
pocket in a direction toward F333. This displacement in the
conformation of bound PGA and 3-phosphonopropionate
shown in Figure 1 results in an additional difference between
the bound conformation of the inhibitors and that of PEP.
While PEP is found to interact indirectly with the active site
metal ion through two coordinating water molecules (4, 5),
one phosphate/phosphono oxygen of PGA and 3-phospho-
nopropionate displaces one of the metal coordinated water
molecules, resulting in the phosphate/phosphono group
coordinating directly to the manganese center. This change
in metal coordination of the bound PGA and 3-phosphono-
propionate inhibitors results in the loss of the Y235-
carboxylate aromatic interaction and the hydrogen bond
between the carboxylate and the side chain amide of N403
that, based upon the difference in theKm for PEP (82µM)
and theKi for the PGA and 3-phosphonopropionate (1-2
mM), appear to be responsible for at least 1.4 kcal mol-1 of
binding energy.

Phosphonoacetate (11), a methylene homologue of phospho-
noformate, is noninhibitory; however, as mentioned above,
the next larger methylene homologue of phosphonoacetate,
3-phosphonopropionate (12), is inhibitory, with aKi value
of 1.9 mM (Table 3). The similar inhibitory capability of
3-phosphonopropionate and PGA (Table 3) is consistent with
the similar size and hybridization state of the bridging
methylene group and oxygen atom of the two compounds.
Also, as discussed above, the structure of PEPCK in complex
with 3-phosphonopropionate shows a virtually identical

bound conformation to that of PGA, again consistent with
their similar millimolar inhibition constants (Figure 1). Unlike
what is observed with PGA versus 3-phosphonopropionate,
the methylene analogue of PEP, 2-(phosphonomethyl)-
acrylate, is noninhibitory (Table 1,15). This lack of inhibition
is most likely the result of the inability of this longer inhibitor
to fit within the PEP binding pocket.

2-D-Phosphoglycerate is also noninhibitory (Table 1,14).
This analogue is similar to phosphoglycolate, except for the
replacement of a C2 hydrogen with the larger-CH2OH
group, whose introduction would interfere with binding at
the PEP site through a steric effect. Another analogue with
a bulky group at the C2 position, 2-amino-3-phosphonopro-
pionate (18), likewise fails to inhibit, even though 3-phospho-
nopropionate is moderately inhibitory. Both 2-amino-3-
phosphonopropionate and 3-phosphonopropionate also have
the added negative factor of a methylene bridge between C2
and the phosphoryl group. The bridging methylene group in
itself hinders binding (compare15 with PEP); nevertheless,
a negative effect of amino substitution at C2 can also be
observed by comparing compounds25 and26. Because the
C2 carbons in 2-D-phosphoglycerate and 2-amino-3-phospho-
nopropionate are chiral, one might infer that the lack of
inhibition could be reversed by using theL-isomer, at least
in the case of phosphoglycerate. Studies have shown that
the D- and L-isomers of PEP analogues inhibit some PEP-
dependent enzymes differently (12); however, in the experi-
ment using the noninhibitory 2-amino-3-phosphonopropi-
onate, a racemic mixture was used. No inhibition is observed
with any dicarboxylates or phosphonyl monocarboxylates
that contain an amino group (Table 1,9, 18-22), although
all of these compounds are rather bulky (relatively large
volumes and lengths). The analogue 6-phosphonogluconate
(16) also does not inhibit, presumably due to its increased
molecular volume and length. The lack of inhibition by these
compounds illustrates the tight geometric constraints placed
upon the substitution at the C2 carbon of PEP. The active
site pocket for PEP is framed by R87, K244, G237, F333,
R405, N403 and Y235. The structural data suggest that
substitutions at C2 are limited, as these substitutions in the
location of the C2 proton of PEP would sterically conflict
with R87. Similarly, substitutions at the site corresponding
to the C3 methylene group of PEP would seem to be limited
to the native methylene group because of steric conflict with
F333.

Sulfonyl Monocarboxylates as Inhibitors. A priori, these
compounds were not categorized as strict OAA analogues
due to the different hybridization states and geometry of their
terminal groups. The carbon atom in a carboxylate anion is
sp2-hybridized, whereas the sulfur atom can be considered
essentially sp3-hybridized (31). The carboxylate group is
planar withC2V geometry, as opposed to the nonplanarC3V

geometry of the sulfonyl group (32). Although the electronic
charge for both groups is the same (-1), the sulfonyl group
is more electron dense. The sulfonyl monocarboxylates were
not categorized as PEP analogues for similar reasons: a slight
change in hybridization state (the phosphorous atom in a
phosphoryl group has sp3 hybridization andC3V geometry),
electron density, and a decrease of 1 in net electronic charge
(32, 33). As mentioned above,â-sulfopyruvate was previ-
ously reported to be a potent reversible inhibitor of avian
liver mitochondrial PEPCK, with aKi value of 7µM (7).
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The analogue was competitive with respect to OAA, with
which it is isoelectronic. We have placed sulfonyl mono-
carboxylates in a separate class as potentially either OAA
or PEP analogues, because the sulfonyl group of these
compounds does not perfectly mimic either the carboxyl or
phosphoryl functionalities, and thus could potentially com-
pete with substrates for binding at either phosphoryl- or
carboxyl-binding sites. However, as demonstrated by the
structure of PEPCK in complex with sulfoacetate (see below),
the sulfo group appears, in the case of recognition by PEPCK,
to be a better analogue of the carboxylate group than the
phosphate group.

Sulfoacetate (23) is a competitive inhibitor of PEPCK with
respect to PEP, with aKi value of 83µM (Table 3), which
is similar to theKm value for PEP determined under these
conditions. In contrast to the other micromolar inhibitors,
sulfoacetate does not mimic the binding of OAA by
coordinating directly to the active site metal, as would be
predicted by the absence of cis-planar carbonyl groups. This
inhibitor instead binds in a hybrid orientation, mimicking
elements of both OAA and PEP recognition. The carboxylate
of sulfoacetate binds in an identical orientation to the C1
carboxylate of PEP forming the same edge-on interaction
with Y235 and a hydrogen bond between the carboxylate
and N403. In contrast, the sulfo group does not mimic the
binding of the phosphate of PEP; instead the sulfo group is
located similarly to that of the C1 carboxylate of OAA,
interacting with R87 and R405 (Figure 1). Therefore, it is
apparent that the combination of the edge-on aromatic
interaction and the hydrogen-bonding and electrostatic
interactions with R87/405 and N403 are sufficient to result
in the tight binding of the inhibitor in the absence of direct
coordination to the active site manganese ion.

The analogue of sulfoacetate, 2,2-dimethylsulfoacetate
(24), is also a competitive inhibitor, but with aKi 25-fold
greater than that of sulfoacetate (Table 3). This decrease in
binding affinity is presumably due to the presence of the
bulky methyl groups. 3-Sulfonopropionate (25) is also a poor
inhibitor (Table 3), but its amino analogue cysteic acid (26)
is even less inhibitory, whereas the related compound

cysteine sulfinate (27) does not cause inhibition. Sulfosuc-
cinate (4) is a poor inhibitor, with aKi value of approximately
3.3 mM (Table 3); however, this inhibition is noteworthy
considering that the parent compound succinate (3) is even
less effective (Table 3). Sulfosuccinate and aspartate are both
analogues of succinate, but sulfosuccinate and not aspartate
(Table 1,9) inhibits; this difference is most likely due to
the positive charge on aspartate and a negative charge on
sulfosuccinate at the same carbon. These compounds also
provide further evidence that the presence of an amino group
on the carbon atomR to the terminal carboxyl group inhibits
binding. No compound tested in this study runs counter to
this observation (Table 1). These results are in agreement
with a previous report that suggested that a change in the
hybridization state of the C2 carbon of PEP from sp2 to sp3

or the incorporation of bulky groups at this position decreases
affinity (18). Our structural data further support these
observations, with the tight framing of the PEP binding
pocket by F333 and R87 allowing for relatively few changes
at this site of the molecule and the overall positive elec-
trostatic potential at the active site of PEPCK (Figure 2).

Inhibition by Diphosphoryls and Diphosphonates.Pyro-
phosphate (28) is a noncompetitive inhibitor of PEPCK with
respect to PEP, with aKis value of 34µM and aKii value of
63 µM. With IDP as the variable substrate, however, the
inhibition pattern suggests that pyrophosphate is a competi-
tive inhibitor (Ki of 172 µM; Table 3), perhaps competing
with the R- and â-phosphates of IDP. The methylene
analogue of pyrophosphate, methanediphosphonate (29), is
also a noncompetitive inhibitor of PEPCK with respect to
PEP, with inhibition constants similar to those of pyrophos-
phate (Table 3). This similarity in the inhibition patterns and
constants observed for pyrophosphate and methanediphos-
phonate suggests that both compounds may bind at the same
site. Although methanediphosphonate has not been previously
reported as a reversible inhibitor of PEPCK from any source,
or as a reversible inhibitor of any PEP-utilizing enzyme, it
has been reported to be an inhibitor of pyrophosphate-
dependent phosphofructokinase, with an IC50 of >2 mM (34).
The homologue of methanediphosphonate, 1,2-ethanediphos-

FIGURE 2: Stereoview of the OAA/PEP binding site of the lid open form of rat cPEPCK. The coloring of the protein surface was generated
according to the calculated electrostatic surface potential. The coloring ranges from red (-0.5 V) to blue (+0.5 V). The electrostatic
surface is rendered semitransparent illustrating the residues discussed in the text that are important for substrate recognition. These residues
are labeled and rendered as white ball-and-stick-models. Bound oxalate and sulfoacetate are shown as stick models demonstrating the
boundaries of the OAA/PEP binding site. The active site manganese ion is labeled and rendered as a pink sphere. For clarity, the electrostatic
surface was omitted for the active site manganese ion.
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phonate (30), is a poor competitive inhibitor, with aKi value
of 5.1 mM (Table 3). The functional groups on 1,2-ethane-
diphosphonate are in the same relative positions as those of
phosphoglycolate, 3-phosphonopropionate, and 3-sulfono-
propionate, each of which is a moderate to poor inhibitor of
the enzyme.

The corresponding sulfonate analogues of pyrophospho-
nate and methanediphosphonate are pyrosulfate and meth-
anedisulfonate (31). Pyrosulfate cannot be evaluated as an
inhibitor because it is instantaneously converted to sulfuric
acid in an aqueous environment; however, methanedisul-
fonate is stable and was found, like its diphosphonate
analogue, to be a noncompetitive inhibitor (Table 3). The
inhibition of PEPCK by pyrophosphate was anticipated,
based either on its ability to chelate divalent metal cation at
the active site of the metal-dependent protein or on its
mimicry of the oligophosphate side chain of the nucleotide
substrate (35). Thus, we predicted that methanediphosphonate
and methanedisulfonate, being homo-bifunctional compounds
of similar size and configuration as pyrophosphate, would
also be noncompetitive inhibitors (Table 3,29and31). Given
that theγ-phosphate of GTP acts a bridging ligand between
the active site and nucleotide metals (6), these bifunctional
compounds could be blocking theγ-phosphate’s interaction
with the active site metal, as this site has been crystallo-
graphically observed to bind anions such as sulfate (Holyoak
and Sullivan, unpublished data). It is therefore possible that
these short bifunctional compounds are bridging the two
metals by binding in theγ- and â-phosphate binding site,
thereby inhibiting phosphoryl transfer. The competitive
inhibition of pyrophosphate against IDP is consistent with
this conclusion, as the pyrophosphate and IDP are competing
at least partially for the same site.

Using the double inhibition approach of Janc et al. (14),
it was determined whether methanedisulfonate (noncompeti-
tive inhibitor) and sulfoacetate (competitive inhibitor) could
bind simultaneously to PEPCK. The parallel double inhibi-
tion patterns obtained with these two inhibitors (data not
shown) are consistent with their binding being mutually
exclusive. 1,2-Ethanedisulfonate (32), a homologue of meth-
anedisulfonate, also inhibits, but weakly, with aKi value of
approximately 3.0 mM (Table 3). The sulfonyl groups on
1,2-ethanedisulfonate are in the same relative positions as
the functional groups of the previously mentioned analogues
succinate, sulfosuccinate and 1,2-ethanediphosphonate. Be-
cause all of these compounds have similar structures and
are poor-to-moderate inhibitors, the decrease in affinity most
likely results from their inability to mimic the bound
conformation of OAA, based upon the qualities previously
discussed. They are, instead, predicted to bind in a fashion
similar to PEP, PGA and 3-phosphonopropionate.

A Consensus for EffectiVe Inhibition. In general, those
molecules that fail to inhibit PEPCK are predicted to be
sterically prohibited from binding to the active site and/or
carry positively charged functional groups incompatible with
the positively charged active site (Figure 2). Of the molecules
that demonstrate some affinity for the enzyme (Table 3), the
structural data suggest that the phosphoryl- and phospho-
nomonocarboxylates attain the correct polarity in the active
site via the phosphoryl/phosphono group, orienting the
phosphorus containing moiety toward the manganese center
and positioning the carboxylate toward the end of the pocket

and Y235 and N403. These are weak inhibitors that in a
general sense mimic the binding orientation of PEP; however,
they appear to have a reduced edge-on carboxylate interaction
with Y235 and lose the hydrogen-bonding interaction with
N403 as the result of movement toward the metal and inner-
sphere coordination of the phosphate to the active site
manganese ion. Based upon the structures of PGA and
3-phosphonopropionate, we predict that 2,2-dimethylsul-
foacetate, 1,2-ethanediphosphonate, and 3-sulfopropionate
would bind in a similar outer-sphere/PEP-like conformation,
resulting in their observed millimolarKi values. It appears
that PEP obtains its higher affinity for the enzyme when
compared to the other PEP analogues, as represented by PGA
and 3-phosphonopropionoate (89µM vs 1-2 mM, Table 3),
by taking advantage of aromatic interactions with Y235 and/
or F333. Both PGA and 3-phosphonopropionate lack the C3
methylene group, which appears to make a favorable
aromatic interaction with F333. This interaction also orients
the carboxylate of PEP to favorably interact with Y235. The
structural data suggest that the loss of the F333 interaction
in PGA and 3-phosphonopropionate results in a general shift
in the position of the bound inhibitor as it coordinates directly
to the manganese ion, and as a result, the edge-on aromatic-
carboxylate interaction with Y235 is eliminated or at least
significantly decreased.

While a priori phosphonoformate was predicted to be a
PEP analogue, the structural data demonstrate that it mimics
the binding of OAA. Consistent with this observation is its
micromolarKi value similar to theKi of oxalate. The struc-
tural data show that in phosphonoformate the juxtaposition
of the two carbonyl oxygens of the phosphonate and the
carboxylate allows it to mimic the planar cis-sp2 central skele-
ton of OAA/oxalate, thus making it an effective analogue
of OAA that binds directly to the manganese ion. Similar to
oxalate, the additional interactions of the other phosphono
and carboxylate oxygens with R87, S286, and R405 appear
to result in the observed micomolar binding affinity.

Sulfoacetate is an outlier that utilizes motifs of both OAA
and PEP recognition to achieve a reasonable binding affinity.
Thus, while binding in a position similar to PEP that results
in the edge-on Y235 carboxylate interaction, the sulfo group
does not mimic the outer-sphere coordination of the phos-
phate of PEP or the inner-sphere coordination of PGA or
phosphonopropionate. Instead, the sulfo group mimics the
C1 carboxylate of OAA, interacting in a similar fashion with
R87 and R405.

Together the kinetic and structural data suggest the follow-
ing motifs for substrate/inhibitor recognition (Figure 2):

(1) Cis-planar sp2 carbonyl moieties facilitate the coordi-
nation of the ligand directly to the active site metal. As
suggested by the binding of OAA, oxalate and phosphono-
formate, the terminal carbonyl should be a carboxylate in
order to facilitate interaction with S286 (Figure 1) (6).

(2) A bridging oxygen or similar electron rich atom
between the C1 carboxylate and C3 carbonyl of OAA allows
for tighter binding by exploiting electrostatic and hydrogen-
bonding possibilities with R405.

(3) A carboxylate or sulfonate at the position correspond-
ing to the C1 carboxylate of OAA exploits further interac-
tions with R87 and R405.

(4) Aromatic and hydrogen-bonding interactions at a
position corresponding to the C1 carboxylate of PEP and
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Y235 and N403 respectively appear to be responsible for at
least an order of magnitude increase in binding efficiency.

At best, all of the molecules tested that are effective
inhibitors (sulfoacetate, oxalate, and phosphonoformate) or
substrates (PEP, OAA) appear to take advantage of only two
of the possible interactions described above in order to
achieve the observed micromolarKi or Km values. In theory,
it should be possible to obtain quite high affinities and
specificity if all four interactions are exploited, based upon
the observed differences in inhibition by pyruvate and oxalate
discussed previously. In addition, the binding of sulfoacetate
suggests that larger molecules based upon the structure of
OAA that could extend in the active site and form the
favorable interactions with Y235, F333 and N403 would be
potent and selective PEPCK inhibitors.

In conclusion, this study provides the first structure-
function analysis of the PEP/OAA binding site of mammalian
PEPCK and illustrates the mechanism of substrate/inhibitor
molecular recognition utilized by PEPCK, which can be
exploited in the design of effective and selective inhibitors
of PEPCK.
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