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ABSTRACT: Phosphoenolpyruvate carboxykinase catalyzes the reversible decarboxylation of oxaloacetic
acid with the concomitant transfer of theγ-phosphate of GTP to form PEP and GDP as the first committed
step of gluconeogenesis and glyceroneogenesis. The three structures of the mitochondrial isoform of PEPCK
reported are complexed with Mn2+, Mn2+-PEP, or Mn2+-malonate-Mn2+GDP and provide the first
observations of the structure of the mitochondrial isoform and insight into the mechanism of catalysis
mediated by this enzyme. The structures show the involvement of the hyper-reactive cysteine (C307) in
the coordination of the active site Mn2+. Upon formation of the PEPCK-Mn2+-PEP or PEPCK-Mn2+-
malonate-Mn2+GDP complexes, C307 coordination is lost as the P-loop in which it resides adopts a
different conformation. The structures suggest that stabilization of the cysteine-coordinated metal geometry
holds the enzyme as a catalytically incompetent metal complex and may represent a previously
unappreciated mechanism of regulation. A third conformation of the mobile P-loop in the PEPCK-
Mn2+-malonate-Mn2+GDP complex demonstrates the participation of a previously unrecognized,
conserved serine residue (S305) in mediating phosphoryl transfer. The ordering of the mobile active site
lid in the PEPCK-Mn2+-malonate-Mn2+GDP complex yields the first observation of this structural
feature and provides additional insight into the mechanism of phosphoryl transfer.

Phosphoenolpyruvate carboxykinase [GTP/ITP:oxaloac-
etatecarboxylase (transphosphorylating, EC 4.1.1.32) (PEP-
CK)1] catalyzes the reversible decarboxylation of oxaloacetic
acid with the concomitant transfer of theγ-phosphate of GTP
(or ITP) to form PEP and GDP (IDP). PEPCK is a metal-
requiring enzyme demonstrating an absolute requirement on
divalent cations for activity (2). It has been demonstrated
that Mn2+ is the best activator for chicken mPEPCK, with
Co2+ and Mg2+ also providing activation but to a lesser extent
(2). In addition to the enzyme-associated activating cation,
a second divalent metal is required in the form of the metal-
nucleotide substrate (2). The primary role of PEPCK in most
organisms is the formation of PEP in the first committed
step of gluconeogenesis and glyceroneogenesis. In mammals
and higher eukaryotes, PEPCK activity is distributed among
cytosolic and mitochondrial isozymes. The regulation of the
cytosolic enzyme has been extensively studied, and it is

found to be highly regulated at the level of transcription
primarily through glucagon and insulin levels (3, 4). In
contrast, the mitochondrial isozyme, which represents 50%
of the enzyme activity in adult human liver, is constitutively
expressed (3). The mitochondrial and cytosolic isozymes
from different species are highly homologous with levels of
sequence identity of>60%. The protein studied herein is
the mitochondrial isozyme isolated from chicken liver.

Two classes of PEPCKs exist in nature. The first, found
in higher eukaryotic species such as mice, rats, chickens,
and humans, utilizes GTP as the high-energy phosphoryl
donor. An additional class of ATP-utilizing PEPCKs is found
to exist in bacteria, C-4 plants, and yeast. While these
enzymes share little sequence homology with the GTP class
of enzymes, the structures of the active sites are reasonably
conserved. It has therefore been proposed that an evolution-
arily conserved mechanism of catalysis exists between the
two classes with phosphoryl transfer occurring through an
SN2-like associative mechanism progressing through an
enol-pyruvate intermediate (5-11).

Consistent with its role in gluconeogenesis, the importance
of PEPCK in the maintenance of blood glucose levels during
fasting in normal individuals and fasting hyperglycemia in
non-insulin-dependent diabetes (NIDD) has been well docu-
mented (12, 13). The therapeutic benefit of controlling flux
through PEPCK has been shown in recent studies that
demonstrate inhibition of PEPCK activity through the use
of RNAi as an effective method of reducing fasting hyper-
glycemia in NIDD (14).

While a significant body of work detailing the mechanistic
aspects [e.g., metal ion requirements (15), stereochemistry
of carboxylation (16) and phosphoryl transfer (11), and pH
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dependence (17)] of PEPCK catalysis exists, the recent
structure of the human cytosolic enzyme gave the first view
of the structure of a GTP-dependent PEPCK (18). Despite
this significant amount of information, several questions
regarding the mechanism of PEPCK catalysis remain. In
combination with the previous studies, the structural infor-
mation reported here for the PEPCK-Mn2+, PEPCK-
Mn2+-PEP, and PEPCK-Mn2+GDP2 complexes provides
novel insights into the mechanism of the PEPCK-catalyzed
reaction. In particular, the previously unappreciated role of
two dynamic loop elements is shown. One of these mobile
elements contains the hyper-reactive cysteine (C307) and the
P-loop lysine (K309). The other mobile element comprises
the active site lid, and the PEPCK-Mn2+-malonate-Mn2+-
GDP structure provides the first observation of this element
in the closed conformation.

MATERIALS AND METHODS

Materials.PEG 400 and 6000 were purchased from Fluka.
GDP and PEP were obtained from Sigma. HEPES was
purchased from Research Organics, and MnCl2 was from
Fisher. Malonic acid was purchased from Sigma, and a
neutral saturated solution was prepared as previously de-
scribed (19).

PEPCK Purification. Chicken liver PEPCK was purified
as previously described (20). The concentration of PEPCK
was determined using an extinction coefficient (ε280) of 1.65
mg-1 mL-1 (21) and a molecular mass of 67 302 Da. The
enzyme was shown to be>95% pure by SDS-PAGE. The
enzyme utilized for these studies had a specific activity of
3.0-6.0 µmol of OAA formed min-1 mL-1 mg-1 (units per
milligram) at 25°C.

Crystallization. Initial crystallization conditions were
determined by submission of PEPCK to the high-throughput
crystal screening service at the Hauptman-Woodward Insti-
tute (Buffalo, NY) (http://www.hwi.buffalo.edu/ProductsSer-
vices/highthroughput/HighThroug.htm). Optimization of the
initial crystallization conditions was performed by hanging-
drop vapor diffusion utilizing kits from Hampton Research.
Crystals of PEPCK used for data collection were grown by
the hanging-drop method by mixing 2µL of protein
[containing 25 mg/mL PEPCK and 25 mM Tris (pH 8.0)]
with 2 µL of mother liquor [0.1 M Hepes (pH 7.4) and 19%
PEG 6000] and 0.5µL of n-octanoylsucrose (Hampton
Research). After crystallization, 0.5µL of 1 M MnCl2 was
added to the crystallization drop. Crystals in complex with
PEP were obtained by soaking the Mn2+-PEPCK crystals
in the presence of 4 mM PEP and 4 mM MnCl2 overnight.
Crystals of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex were grown by the hanging-drop method using 4µL of
protein solution and 2µL of mother liquor. Initial crystals
were grown under the conditions indicated above with the
addition of 0.5µL of 20 mM GDP and 0.5µL of 1 M MnCl2
in the initial drops. These crystals were used to microseed
drops set up as described above but utilizing 16% PEG 6000.

The PEPCK-Mn2+ and PEPCK-Mn2+-PEP crystals were
cryoprotected by transferring the crystals to a 10µL drop
containing 21% PEG 6000, 0.1 M HEPES (pH 7.4), 20%
PEG 400, and 4 mM MnCl2. The PEPCK-Mn2+-mal-
onate-Mn2+GDP crystals were cryoprotected by transferring
the crystals sequentially to drops of 40, 50, and 60% saturated
sodium malonate in a stepwise fashion (19). All crystals were
cryocooled prior to data collection by immersion in liquid
nitrogen.

Data Collection. Data were collected on cryocooled
crystals of the PEPCK-Mn2+ and PEPCK-Mn2+-PEP
complexes kept at 100 K throughout data collection at SSRL
beamline 11-1 using an ADSC Quantum-4 CCD detector.
Data for the PEPCK-Mn2+-malonate-Mn2+GDP crystal
kept at 100 K 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 (22).

Structure Determination and Refinement for PEPCK-
Mn2+ and PEPCK-Mn2+-PEP Structures.A homology
model of mPEPCK was created using Swiss Model [http://
swissmodel.expasy.org (23)]. The model was generated using
the human cPEPCK structure [PDB entry 1KHG (18)] and
the threaded sequence for chicken liver mPEPCK. The
resulting model was used as the molecular replacement
search model using MOLREP (24) in the CCP4 package (25).
This molecular replacement solution was refined using
Refmac5 (26) followed by manual model adjustment using
COOT (27). Ligand, metal, and water addition and validation
were also performed in COOT. A final round of TLS
refinement was performed in Refmac5. In the PEPCK-Mn2+

and PEPCK-Mn2+-PEP structures, a total of 20 TLS groups
were utilized per chain, while in the PEPCK-Mn2+-
malonate-Mn2+GDP structure, a total of 15 TLS groups
were utilized. The groups were determined by submission
of the PDB file to the TLSMD server [http://skuld.bmsc-
.washington.edu/∼tlsmd/index.html (28)]. PEPCK-Mn2+-
PEP crystals were isomorphous with the PEPCK-Mn2+

complex; therefore, the PEPCK-Mn2+ structure was used
as the initial model for the refinement of the PEPCK-Mn2+-
PEP structure after the model was stripped of all water
molecules, ligands, and ions. This initial model was subjected
to a round of rigid body refinement in Refmac5 and refined
in an identical fashion as described above for the PEPCK-
Mn2+ structure. Phases for the triclinic PEPCK-Mn2+-
malonate-Mn2+GDP complex were determined by molec-
ular replacement using the PEPCK-Mn2+-PEP structure
as the starting model in CNS (29). The subsequent refinement
process was identical to that of the PEPCK-Mn2+ and
PEPCK-Mn2+-PEP models. In addition, tight NCS con-
straints were applied during the initial rounds of refinement.
In the final round of refinement, tight NCS restraints were
retained, excluding those regions that were found to be
outliers and were therefore excluded from the restraints. This
approach was found to result in the lowest gap betweenR
andRfree. The final data and model statistics for all structures
are presented in Table 1.

Analysis with PROCHECK (30) demonstrates that all three
models exhibit good stereochemistry with 89.4, 10.1, and
0.5% of the residues falling in the most favored, additionally
allowed, and generously allowed regions of the Ramachan-
dran plot, respectively, in the PEPCK-Mn2+ structure.

2 Cryoprotection of the PEPCK-Mn2+-Mn2+GDP crystals with
malonic acid results in a molecule of malonate binding at the active
site and coordinating to the Mn2+ forming a PEPCK-Mn2+-malonate-
Mn2+GDP complex. Since malonate is a weak competitive inhibitor
against PEP (1), this complex may represent a mimic of the PEPCK-
Mn2+-PEP-Mn2+GDP quaternary complex.
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Similar values of 90.5, 9.1, and 0.3% and 89.0, 10.6, and
0.3% are observed in the PEPCK-Mn2+-PEP and PEPCK-
Mn2+-malonate-Mn2+GDP structures, respectively. In ad-
dition, one residue in the PEPCK-Mn2+-malonate-Mn2+-
GDP structure is in the disallowed region of the Ramachandran
plot (0.1%).

RESULTS AND DISCUSSION

Structural Details.mPEPCK crystallizes as a dimer in the
asymmetric unit (ASU) in the PEPCK-Mn2+ and PEPCK-
Mn2+-PEP complexes, and four molecules are present in
the PEPCK-Mn2+-malonate-Mn2+GDP ASU. These oli-
gomers are crystallographic artifacts as the enzyme has been
shown to be a functional monomer. Additional support for
the artifactual nature of the observed oligomers comes from
the observation that the dimerization is mediated by a
molecule ofn-octanoylsucrose that was found to be essential
for crystallization of the PEPCK-Mn2+ complex (Figure 1).
Several changes in the published amino acid sequence
originally deduced from the sequencing of the mPEPCK gene
(31) were observed (Figure S-1 of the Supporting Informa-
tion). All but the addition of G129 and the change of S130
to proline were verified by resequencing of the original gene
and by peptide mapping via Edman degradation and mass
spectrometry (data not shown and ref32). The errors in the
original gene sequence lie in GC rich regions, and the
sequencing errors are most likely the result of compression
in these areas. The highly GC rich nature of the gene is also
a likely cause of the inability to recombinantly express the
protein in bacterial or yeast systems (32). The changes in
the primary sequence result in the mature enzyme being
composed of 608 amino acids with a predicted molecular
mass of 67 311 Da.

As would be expected with the high degree of sequence
conservation between the human cytosolic and chicken
mitochondrial enzymes, the overall fold of mPEPCK is
identical to that of the previously determined structures of

the human cytosolic isoform (18, 33). An overall rmsd for
CR positions of 1.23 Å is observed when comparing the Mn2+

forms of the chicken mitochondrial and human cytosolic
isozyme (PDB entry 1KHG). As previously noted, the
enzyme represents a unique fold of the kinase family and to
date is unique to the family of PEPCKs (18). The protein
folds as a single domain with an N-terminal lobe and a
C-terminal lobe forming an active site cleft between them
as observed in the cPEPCK structures (18) (Figure 1). As in
the structures of the complexes of human cPEPCK, no large
domain movement occurs upon formation of the complexes
containing nucleotide or PEP (18). This lack of domain
movement is in contrast to what is seen for the ATP-utilizing
PEPCKs that have been suggested to undergo domain
movement upon formation of the nucleotide (34) and the
PEP complexes (35).

The models are complete with the exception of amino
acids 482-493, for which no density was visible in the
PEPCK-Mn2+ and PEPCK-Mn2+-PEP structures (Figure
2A). Consequently, these amino acids are missing from the
final models of those structures. The equivalent loop is also
absent in the human cPEPCK structures (18, 33) and appears
to be different from the lid observed in theAnaerobiospir-
illum succiniciproducenscrystal structure (36). In the
structure of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex, this loop becomes ordered and closes tightly over the
PEP binding site, thereby behaving like a lid that gates access
to the active site (Figure 2B). The position of the lid clashes
with the observed position of PEP in the PEPCK-Mn2+-
PEP structure with A486 lying only 1.54 Å from the
phosphate of PEP in the superimposed structures (Figure 3A).
The ordering of the lid upon nucleotide binding occludes
access to the active site pocket that surrounds the bound
Mn2+, and the closed conformation seals the substrates in
the quaternary complex of the enzyme (Figure 3). In the
PEPCK-Mn2+-malonate-Mn2+GDP structure, the occu-
pancies of the active site manganese ions and the metal-

Table 1: Data and Model Statistics for the PEPCK-Mn2+, PEPCK-Mn2+-PEP, and PEPCK-Mn2+-Malonate-Mn2+GDP Structures

PEPCK-Mn2+ PEPCK-Mn2+-PEP PEPCK-Mn2+-malonate-Mn2+GDP

beam line SSRL-11-1 SSRL-11-1 KUMC-rotating anode
wavelength (Å) 0.90 0.90 1.54
space group P21 P21 P1
unit cell a ) 110.8 Å,b ) 47.7 Å,

c ) 127.2 Å,
R ) γ ) 90.0°, â ) 111.3°

a ) 110.4 Å,b ) 48.0 Å,
c ) 126.3 Å,
R ) γ ) 90.0°, â ) 111.4°

a ) 74.6 Å,b ) 90.9 Å,
c ) 103.3 Å,
R ) 64.2°, â ) 73.7°, γ ) 71.2°

resolution limit (Å) 34.1-1.7 35.1-1.9 32.8-2.1
no. of unique reflections 117687 90842 120981
completenessa (%; all data) 90.6 (83.3) 97.8 (93.8) 94.7 (84.3)
redundancya 4.3 (3.9) 4.9 (4.5) 3.3 (3.0)
I/σ(I)

a 23.4 (2.7) 13.1 (2.4) 10.4 (1.9)
Rmerge

a,b 0.05 (0.50) 0.09 (0.54) 0.07 (0.48)
no. of ASU molecules 2 2 4
solvent content (%) 41 42 39
no. of amino acids residues 1194 1193 2432
no. of water molecules 995 879 1450
Rfree

c (%) 19.1 19.7 23.4
Rwork

d (%) 16.2 16.0 18.9
meanB value 24.9 13.5 16.2
Luzzati coordinate error (Å) 0.19 0.24 0.30
bond length rmsd (Å) 0.01 0.01 0.01
bond angle rmsd (deg) 1.34 1.55 1.31
a Values in parentheses represent statistics for data in the highest-resolution shells. The highest-resolution shell comprises data in the range of

1.76-1.70, 1.97-1.90, and 2.18-2.10 Å for the PEPCK-Mn2+, PEPCK-Mn2+-PEP, and PEPCK-Mn2+-malonate-Mn2+GDP data sets,
respectively.b Rmerge ) ∑|Iobs - Iavg|/∑Iobs. c Rwork ) ∑||Fobs| - |Fcalc||/∑|Fobs|. d See Brunger (50) for a description ofRfree.
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nucleotide manganese ions were found to be less than one.
The occupancy of the metal ions in the four molecules in
the ASU was manually adjusted so that theB factors for the
Mn2+ were comparable to those of the coordinating ligands.
This resulted in the disappearance of the negative difference
density that was present when the occupancy for the ions
was refined as one. This reduced occupancy is likely due to
the chelating effect of the 3-4 M malonate solution that
was used in cryoprotection of this crystal form. In molecules
A, B, and D of the PEPCK-Mn2+-malonate-Mn2+GDP
structure, a molecule of malonate is found coordinated to
the active site Mn2+. This is not surprising due to both the
high concentration of malonic acid in the cryosolution and
the ability of malonate to potentially mimic the putative
enol-pyruvate intermediate (Figure 4C). Malonate has been
shown to be a weak inhibitor against PEP (Ki > 50 mM)
for mPEPCK (1). In molecule C, the density was consistent
with a different orientation for the bound malonate where
both carboxylate oxygens coordinate to the Mn2+ center.

A Functional Role for the Hyper-ReactiVe Cysteine. In the
GTP-utilizing PEPCKs from rat cystosol and chicken mi-
tochondria, as well as the ATP utilizing PEPCK from
Saccharomyces cereVisiae, it has been observed that the
modification of a single reactive cysteine residue results in
inactivation of the enzyme (37-42). The identity of the
reactive cysteine was shown in studies on rat cPEPCK to be
C288 and the homologous C307 in chicken mPEPCK.3 This
cysteine residue is completely conserved in all PEPCKs. It
was proposed that the protonation of this cysteine residue

was necessary for optimal interaction of mPEPCK with IDP
on the basis of pH-rate studies (17). The comparison of
the PEPCK-Mn2+ structure to that of the PEPCK-Mn2+-
PEP and PEPCK-Mn2+-malonate-Mn2+GDP structures
provides a mechanistic explanation for these observations.
Unlike the human cytosolic structure, the predominant
conformation of the P-loop in the mitochondrial PEPCK-
Mn2+ structure results in the coordination of the hyper-
reactive cysteine C307 to the active site Mn2+, resulting in
a tetrahedral geometry about the metal (Figure 4A). The
additional metal ligands are identical to those in the human
cPEPCK structure and are composed of the deprotonated side
chains of K263, H283, and D330. The loop conformation
adopted with cysteine coordinating to the metal presumably
results in an inactive form of the enzyme as this loop position
blocks the nucleotide-binding site (Figure 5). With the
cysteine in a protonated state, the coordination to the Mn2+

is easily lost as demonstrated by the formation of the
PEPCK-Mn2+-PEP complex in situ through soaking of the
PEPCK-Mn2+ crystals in a solution of PEP. There is
evidence that the loop samples both the cysteine-coordinated
conformation and the orientation found in the PEP-bound
structure; in molecule A of the crystallographic dimer in the
PEPCK-Mn2+ structure, a molecule of PEG 400 is located
near the PEP binding site, and even though density for both
P-loop conformations is present, the density was too poor
to build a model for the cysteine-displaced conformation.

3 K. C. Cheng and T. Nowak, unpublished observations.

FIGURE 1: Overall structure of the mPEPCK (A) monomer and (B) crystallographic dimer. The active site is identified by the location of
the Mn2+ which is rendered as a pink sphere. In panel A, the N- and C-termini are labeled and the N-terminal leucine and C-terminal
methionine are rendered as red sticks. The molecule ofn-octanoylsucrose that mediates the dimer interface is shown in panel B as a stick
model. All figures were generated using Pymol (http://pymol.sourceforge.net/).
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The observation of the cysteine-coordinated P-loop confor-
mation provides structural evidence for the ionization of
C307 appearing in thekcat/KM profile for IDP (17) since the
deprotonation of the cysteine would be predicted to stabilize
the C307 tetrahedral geometry, and to prevent nucleotide
association (Figures 4A and 5). In addition to occluding the
nucleotide-binding site, the C307-coordinated orientation of
the P-loop does not allow for the correct positioning of the
P-loop lysine (K309). K309 is poorly ordered in this complex
(CR B factor ) 36.8). This is in contrast to its well-ordered
position in the PEPCK-Mn2+-PEP and PEPCK-Mn2+-
malonate-Mn2+GDP complexes (CR B factor ) 19.7 and
14.6, respectively).

The involvement of C307 in coordinating to the active
site metal in the holoenzyme complex provides a structural
rationale for many previous peculiarities of PEPCK activity.
Cation activation of PEPCK has been widely studied, with
Mn2+ being the most efficient activator of the enzyme;
however, Co2+ and Mg2+ can also substitute but with
decreasingly less efficiency (2, 15, 43). While Zn2+ is able
to partially activate the enzyme in the direction of PEP
formation, no catalytic activity is observed in the direction
of OAA formation (2). Since Zn2+ typically prefers sulfhy-

dryl ligands, and tetrahedral geometry is a stable structure
for Zn2+ coordination, we postulate that the observed loss
of activity in the presence of Zn2+ is through stabilization
of the C307-coordinated tetrahedral conformation. This
observation also provides structural evidence for the observed
stimulation of PEPCK activity byâ-mercaptoethanol (21).
In the absence ofâ-mercaptoethanol, it is possible that the
inactive conformation of the P-loop is stabilized, resulting
in the reduced level of turnover. The role ofâ-mercaptoet-
hanol in the assay is not to keep the enzyme reduced (39).
In in vitro studies, contaminant levels of Zn2+ inhibit
mPEPCK activity and a lag is observed in the approach to
the steady state. The presence ofâ-mercaptoethanol elimi-
nates this lag (39). Since the corresponding cysteine and the
P-loop in which it resides are completely conserved in all

FIGURE 2: Ordering of the active site lid upon moving from (A)
the PEPCK-Mn2+-PEP complex to (B) the PEPCK-Mn2+-
malonate-Mn2+GDP complex. In the ternary PEPCK-Mn2+-PEP
complex (A), density for residues 482-493 is not observed and
the model is truncated at S481 and resumes at L494 (colored red).
Upon formation of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex, the loop (colored red) becomes ordered. The location of PEP
in panel B was determined by superimposing the PEP and GDP
structures.

FIGURE 3: Ordering of the active site lid in the PEPCK-Mn2+-
malonate-Mn2+GDP complex. (A) The distance between A486 of
the closed lid and one of the oxygens of PEP is given. In addition,
the distance between the phosphate of PEP and theâ-phosphate of
GDP in the pseudoquaternary complex is given. (B) Interactions
of the lid with the nucleotide-binding region showing the displace-
ment of the W535-N540 strand of the nucleotide-binding domain
upon GDP binding that results in the formation of a salt bridge
between R538 and E482. In addition, further stabilizing interactions
between E107 and E488 and H489 of the active site lid are shown.
The region from W535-N540 in the PEPCK-Mn2+-PEP and
PEPCK-Mn2+-malonate-Mn2+GDP structures is colored green
and orange, respectively. All distances are in angstroms.
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GTP-utilizing PEPCKs, it is reasonable to suggest that this
regulation is somehow involved in the biological modulation
of PEPCK activity. Consistent with these data is the
observation that a more reduced environment results in a
stimulation of gluconeogenesis in rat liver (44). The data
therefore suggest that the opportunity for regulation of
PEPCK activity may occur through the oxidative state, cation
redistribution, and/or pH. In humans, this would allow for

control of gluconeogenic flux through mPEPCK that repre-
sents 50% of the enzyme activity in the adult liver. In
addition, while cPEPCK is tightly regulated at the level of
transcription, the enzyme has an estimated half-life of 6 h
(4, 45). Therefore, the C307-coordinated conformation could
also provide a mechanism of immediate regulation of the
cytosolic isoform.

Not only can the cysteine play an inhibitory and regulatory
role, but also it is possible that the return of Mn2+ to the
tetrahedral geometry also stimulates nucleotide product
release. As previously mentioned, the PEPCK-Mn2+ struc-
ture suggests that the P-loop is dynamically sampling both
orientations in the holoenzyme complex with the equilibrium
in the crystal lying toward the tetrahedral coordination
geometry. If this same equilibrium exists in solution, the
thermodynamics would dictate a stimulation of product
release due to the steric conflict between the conformation
of the P-loop in the C307-coordinated state and the nucle-
otide-binding site.

Mechanism of Phosphoryl Transfer. Upon formation of
the PEP complex, the active site Mn2+ adopts an octahedral
geometry (Figure 4B) identical to that seen in the human
cPEPCK structures and predicted by NMR and PRR studies
(15). With the displacement of the cysteine residue from the
coordination sphere of the active site Mn2+, three water
molecules coordinate to the ion, and the bound PEP
coordinates in a second-sphere complex through the two
equatorial waters. The carboxylate of PEP interacts in an
edge-on fashion with the phenyl ring of Y254 with O1-
CD2 and O1-CE2 distances of 3.37 and 3.52 Å, respectively
(Figure 4B). This is similar to the molecule of PEP observed
in the human cPEPCK-PEP structure (PDB entry 1KHF).
The side chain of Y254 is observed to sample two conforma-
tions in the PEPCK-Mn2+-malonate-Mn2+GDP structure,
one equivalent to the rearward orientation seen in the PEP-
bound structure and the other resulting from a rotation of 7°

FIGURE 4: Coordination changes at the active site Mn2+ in
progression from the (A) PEPCK-Mn2+ complex to the (B)
PEPCK-Mn2+-PEP and (C) PEPCK-Mn2+-malonate-Mn2+-
GDP complexes. All distances are in angstroms. In panel C, the
interactions between metal ligands K263, H283, and D330 have
been omitted for clarity and are identical to the interactions shown
in panel B. The manganese ions are rendered as pink spheres, while
the relevant side chains, PEP, GDP, and malonate (MAL) are
rendered as sticks. The water molecules are rendered as red spheres.

FIGURE 5: Steric conflict between the C307 P-loop orientation and
GDP binding. The positions of the bound GDP nucleotide in the
PEPCK-Mn2+-malonate-Mn2+GDP complex and the C307-
coordinated P-loop conformation are mutually exclusive. The
conformation of the P-loop that serves as part of the ligand structure
of the bound Mn2+ that demonstrates tetrahedral coordination
geometry in the PEPCK-Mn2+ structure is colored green. The C307
and K309 residues are rendered as sticks. The other metal ligands
and the GDP are rendered as sticks and colored blue and yellow,
respectively. The active site Mn2+ is rendered as a pink sphere.

Crystal Structures of mPEPCK Complexes Biochemistry, Vol. 45, No. 27, 20068259



about the CR-Câ torsion (Figure 6). The involvement of
Y254 in the interaction of PEP with the PEPCK-Mn2+

structure is consistent with the pH studies onkcat/KM for PEP
that indicate the requirement for a residue with a pKa of ∼8
that is necessary for optimal interaction of PEP with the
enzyme (17). As previously noted (17), deprotonation of
Y254 would presumably stabilize the forward orientation of
the Y254 side chain by strengthening the hydrogen bond
between the phenolic oxygen of Y254 and the amide nitrogen
of N422 (2.74 Å) and disfavoring the interaction between
the backbone carbonyl of N422 and the phenolic oxygen
(2.67 Å) of Y254 observed in the rearward orientation,
thereby inhibiting the interaction of PEP with the enzyme.

The PEPCK-Mn2+-malonate-Mn2+GDP complex re-
tains the six-coordinate Mn2+ center; however, two of the
water molecules are displaced relative to the PEPCK-
Mn2+-PEP structure by the carboxylate of a molecule of
malonate (2.44 Å) and a long interaction (3.71 Å) with the
S305 hydroxyl (Figure 4C). Theâ-phosphate of GDP
interacts with the active site Mn2+ in a second-sphere
complex through the remaining water molecule (2.75 Å,
Figure 4C). This distance is similar to the water-oxygen
distance (2.5-2.6 Å) for the second-sphere PEPCK-Mn2+-
PEP interactions (Figures 4B). As previously mentioned, the
formation of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex results in the ordering of the mobile 482-493 lid in its
closed conformation. The ordering of the active site lid seems
to be initialized by a salt bridge between R538 and E482
(Figure 3B).π-Stacking interactions among the nucleotide
base, F536, F544, and F549 in addition to the hydrogen
bonds between R455 and O4′ (3.04 Å) of the ribose and
N311 with one oxygen of theR-phosphate (2.62 Å) result
in changes in the nucleotide-binding pocket that allow for a
different orientation of R538 in the PEPCK-Mn2+-mal-
onate-Mn2+GDP complex. This new orientation allows
R538 to form a salt bridge with E482 that shifts the
equilibrium position of the active site lid toward the closed

position. This closed orientation is further stabilized through
the interaction of H489 and E488 with the side chain and
backbone amide of E107, respectively (Figure 3B). Since
the position of E107 does not change upon formation of the
PEPCK-Mn2+-malonate-Mn2+GDP complex, the interac-
tions between E107 and lid residues H489 and E488 alone
are apparently not sufficient to stabilize the closed conforma-
tion. Therefore, after formation of the stabilizing salt bridge,
further stabilization of the closed conformation is imparted
by the hydrogen bonds formed among E107, H489, and
E488. It is interesting to note that while E107, E482, E488,
and H489 are conserved in human, mouse, chicken, and rat
isozymes, R538 is conserved only within the mitochondrial
isozymes. The corresponding residue in the cytosolic isozymes
is a conserved lysine residue. This raises the possibility that
the arginine to lysine change, though conservative, would
result in a weaker lysine-glutamate salt bridge. It is possible
that this weaker interaction could change the behavior of
the active site lid and may explain the suggested difference
in kinetic mechanisms between the mitochondrial and
cytosolic isozymes (15, 46-48).

By this model, the closed conformation of the active site
lid should result in the movement of PEP toward the active
site Mn2+ and to the bound nucleotide in the quaternary
complex as the side chain of A486 lies only 1.54 Å from
the position occupied by the phosphate oxygen of PEP in
the superimposed structures (Figure 3A). Further evidence
for the displacement of PEP through the closure of the lid
comes from the observation of a molecule of malonic acid
bound in the PEP binding pocket in the PEPCK-Mn2+-
malonate-Mn2+GDP complex (Figure 7). Unlike the mol-
ecule of PEP in the PEPCK-Mn2+-PEP complex, the
carboxylate of malonate coordinates directly to the Mn2+,
displacing two of the bound water molecules. This suggests
that in a catalytically competent quaternary complex, the
phosphate of PEP could be displaced from the location it
occupies in the PEPCK-Mn2+-PEP ternary complex and
move toward the metal and interact by direct coordination
to the Mn2+, which previous NMR experiments suggested
(15). In a concerted mechanism, the movement to inner-
sphere coordination would presumably increase the electro-
philic character of the PEP phosphate through greater
polarization of the P-O bond, making it more susceptible
to nucleophilic attack by theâ-phosphate of GDP (5).
Alternatively, if the reaction occurs in a stepwise fashion,
malonate may be acting as a mimic of a potential enolate of
pyruvate intermediate, and this intermediate would be
stabilized by direct coordination to the metal center. From
an analysis of the location of the bound malonate or the
location of the phosphate of bound PEP, it is clear that the
distance between either of the two ligands is too long for
direct transfer of the phosphate to the nucleotide if the
superimposed PEPCK-Mn2+-PEP and PEPCK-Mn2+-
malonate-Mn2+GDP structures represent a true quaternary
complex. Some structural changes must occur upon formation
of the catalytic PEPCK-Mn2+-PEP-GDP complex. The
observed motion of the Y254 side chain could act to “push”
PEP toward Mn2+ and/or the nucleotide, resulting in either
direct coordination of the phosphate or inner-sphere stabi-
lization of the enolate intermediate, depending on the nature
of the mechanism. The motion of Y254 returning to the
forward orientation in the complex would reduce the distance

FIGURE 6: Pseudoquaternary PEPCK-Mn2+-PEP-GDP complex.
Superimposition of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex with the PEPCK-Mn2+-PEP complex results in the genera-
tion of a modeled quaternary complex. The distance between the
phosphate of PEP and the oxygen of theâ-phosphate of GDP is
given. All distances are in angstroms. The two conformations of
Y254 in the PEPCK-Mn2+-malonate-Mn2+GDP and PEPCK-
Mn2+ structures are indicated, as is the bent orientation of the P-loop
lysine (K309) that interacts with theâ-phosphate of GDP.
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for phosphate transfer in the PEPCK-Mn2+-PEP-GDP
complex as it progresses toward the transition state regardless
of the nature of that transition state. Further constructive
motions along the reaction coordinate would also be mediated
through the closure of the active site lid as previously
suggested.

In addition to these motions, the adoption of a third
conformation of the mobile P-loop suggests the possibility
that an additional mechanism is present. Upon formation of
the GDP complex, the P-loop shifts and S305 adopts a
conformation, placing it only 3.49 Å from the location of
the phosphate of PEP in the PEPCK-Mn2+-PEP structure
and 2.82 Å from the carboxylate of the bound malonate
(Figures 4 and 7). This third loop orientation is mediated by
the movement of the P-loop lysine (K309) that shifts its CR

position by 2.1 Å when compared to its position in the PEP
complex. This shift in position is the result of the adoption
of a new side chain conformation of K309 that bends around
to coordinate to theâ-phosphate of GDP (Figure 7). The
interaction of K309 in the mPEPCK-Mn2+-malonate-
Mn2+GDP complex (Figure 4C) is different from that
reported in the cPEPCK-â,γ-methylene-GTP structure and
would explain why this conformation of the C307 loop was
not observed in that complex of the cytosolic isozyme. This
new conformation of the P-loop and the proximity of S305
to both the phosphate of PEP and the active site Mn2+ raise
new questions about the mechanism of phosphoryl transfer
mediated by PEPCK. One possible explanation for the new
loop orientation is that it is an artifact of crystallization and
mediated by the bound malonate. Evidence counter to this
interpretation comes from the observation that the third
conformation of the C307 loop is consistent with the
observed protection of PEPCK from thiol modification in
both rat cytosolic and chicken mitochondrial isoforms (39,
40). Those studies demonstrated protection from modification
such that the degree of protection is mediated in the following
order: GDP> GTP . PEP. The movement of the loop in
the PEP,â,γ-methylene-GTP (human cPEPCK, PDB entry
1KHB), and GDP complexes of PEPCK shows the same
correlation with respect to the degree of burial of the C307
side chain in the respective enzyme complexes (GDP> GTP
. PEP).

Because of the proximity of S305 to the phosphate of PEP,
an attractive possibility for its role in phosphoryl transfer
would be the involvement of a phosphoserine intermediate.
The involvement of a phosphoserine intermediate, however,
is not consistent with the observed inversion of configuration
of the transferred phosphoryl group that was demonstrated
to occur in chicken cPEPCK and mPEPCK (10, 11) or the
lack of kinetic evidence for a ping-pong mechanism. The
kinetic results could be justified if the phosphoserine
intermediate is very short-lived. An alternative hypothesis
that is more consistent with the available kinetic, mutagenic,
and structural data is based upon studies with the ATP-
dependent PEPCK fromEscherichia coli.In this enzyme, it
has been proposed that phosphoryl transfer occurs through
an associative mechanism (5, 7). If the same mechanism
occurs in the GTP-utilizing class of PEPCKs, it is possible
that S305 could be functioning by forming a hexacoordinated
activated phosphate during the phosphoryl transfer step.
Recently, it has been shown that hexacoordinated phosphates
exhibit greater reactivity than the traditional pentacoordinated
species, and this increase in coordination geometry would
lead to greater reactivity and in this instance allow the
phosphate of PEP to be a better leaving group (49). Clearly,
S305 plays an important role in the catalytic mechanism,
and further study is needed to more precisely clarify that
role.

In conclusion, our structural work has shown the existence
of two previously unappreciated conformations for the active
site P-loop. The first involves the coordination of the hyper-
reactive C307 to the active site manganese ion, suggesting
both a role in enzyme regulation through steric inhibition of
nucleotide binding and a mechanism for stimulation of
nucleotide product release. Second, the adoption of a third
conformation of the P-loop suggests the involvement of S305
in the mechanism of phosphoryl transfer, possibly through
the formation of a hexavalent phosphate species or the
formation of a phosphoserine intermediate. Finally, the
structure of the PEPCK-Mn2+-malonate-Mn2+GDP com-
plex provides the first observation that the mobile active site
lid appears to be involved in the mechanism of phosphoryl
transfer. The motion of the active site lid and the intrinsic
motion of Y254 suggest that these dynamic elements play a

FIGURE 7: Stereoview showing the movement of the P-loop and the catalytic S305 progressing from the PEPCK-Mn2+-PEP to the
PEPCK-Mn2+-malonate-Mn2+GDP complex. Superimposition of the PEPCK-Mn2+-PEP and PEPCK-Mn2+-malonate-Mn2+GDP
structures illustrates the different orientations of the P-loop, K309, and S305 in these complexes. The distance between the carboxylate of
malonate (MAL) and theâ-phosphate of GDP is given in angstroms. PEP, malonate, GDP, S305, K309, and the active site Mn2+ ligands
are shown as sticks, while the active site Mn2+ is rendered as a pink sphere.
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role in pushing PEP toward inner-sphere coordination with
Mn2+ and/or toward the bound nucleotide to facilitate
catalysis.
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