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LETTER TO THE EDITOR

Resolving the Activation Site of Positive
Reqgulators in Plant Phosphoenolpyruvate

Carboxylase

Dear Editor,

Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) is
located at an important branch point in the carbohydrate
metabolism of plants. The enzyme is a homotetramer and
catalyzes the addition of bicarbonate to phosphoenolpyru-
vate (PEP) to form oxaloacetate and phosphate. PEPC is
regulated by metabolites and phosphorylation. Allosteric
feedback inhibition is mainly regulated by L-malate and
L-aspartate which bind to a site separated from the active
center (Kai et al., 1999; Paulus et al., 2013). Structure analy-
sis of PEPC from Escherichia coli (Kai et al., 1999; Matsumura
et al., 2002), Zea mays (Matsumura et al., 2002), Flaveria trin-
ervia, and F. pringlei (Paulus et al., 2013) revealed that the
substrate PEP and the feedback inhibitors bind to separate
sites within each monomer.

Various substances such as hexose phosphates or triose
phosphates as well as neutral amino acids have been identi-
fied as activators of PEPC. These substances are activating by
lowering the K, for the substrate PEP (Wong and Davies, 1973;
Rustin et al., 1988). Ethylene glycol (EG) is another substance
activating PEPC, although neither binding site nor activation
mechanism has been resolved yet. For Z. mays PEPC, a strong
protective effect of EG at concentrations of 10-30% (v/v) has
been described resulting in an about 10-fold decrease in the
half-saturation concentration for PEP.

Based on enzyme kinetics and binding studies, conflict-
ing models on the molecular mechanism causing activation
of the PEPC tetramer have been proposed. In the competi-
tive activation model supported by kinetic studies of Wong
and Davies (1973), the activator binds to the active site of
one subunit, induces an allosteric conformational change,
and thereby activates the other subunits. Binding studies
by Tovar-Méndez et al. (1998) showing mutually exclusive
binding of PEP and glucose 6-phosphate (Glc-6-P) support
this model. In the alternative model, the activator does not
bind to the active site, but to a distinct binding site. This non-
competitive activation model is underpinned by a theoreti-
cal model of the PEPC-GIlc-6-P substrate complex (Mancera
and Carrington, 2005) and further supported by mutagenesis
studies (Takahashi-Terada et al., 2005).

Here, we present two protein crystal structures in complex
with activators. The first crystal structure has Glc-6-P bound
to the active site (PDB code 4BXC). In the second structure,

4BXH, the active site is occupied by EG. The resolution d,;,
of the crystallographic data are 2.86 A for 4BXC and 2.24 A
for 4BXH. Based on the R;..-values, the overall coordinate
errors of the atoms were estimated as 0.32 A for 4BXC and
0.17 A for 4BXH. The crystallographic refinement statistics
are given in Supplemental Table 1. Both crystals were grown
in the presence of 200mM ammonium sulfate. The activa-
tors Glc-6-P and EG were soaked into the grown crystals (see
Supplemental Methods and Supplemental Results). The PEPC
structures presented here are ‘dimer of dimers’, with two
closely binding dimers and considerably weaker tetrameriza-
tion interactions (Figure 1A). During model building of 4BXC,
Glc-6-P was found in the active site of the enzyme (Figure 1B).
Other solutes from the crystallization solution and cryopro-
tectants were also found in the structure. Tris and EG bind
to the protein surface. One EG molecule was found in the
malate/aspartate binding site. Sulfate binds to Arg's, Arg'”,
Arg?%, and Arg3¢® in the strong dimerization surface. This site
corresponds to the sulfate binding site identified in previ-
ously published structures (Matsumura et al., 2002; Paulus
et al., 2013). Based on the structural homology of sulfate and
phosphate, this site was suggested to define the Glc-6-P bind-
ing site of PEPC (Matsumura et al., 2002). Since, in our crystal
conditions, Glc-6-P does not bind to the sulfate binding site,
but to the active center, we conclude that the sulfate binding
site is probably not the activator binding site. Specific binding
is supported by a number of prominent interactions of Glc-
6-P in the active center (Supplemental Figure 1A). Therefore,
this structure strongly supports the competitive activation
hypothesis.

The sulfate binding site at the dimerization interface may
bind a number of oxyanions, such as sulfate or phosphate,
if those are available at sufficient concentrations. The ques-
tion remains whether this site has a functional role, or just
happens to be a promiscuous binding site. Sulfate and
phosphate are unnecessary for the protein function, so the
sulfate binding site might be not essential. In an attempt
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Figure 1. PEPC Binds the Activator at the Active Site, Not at the Sulfate Binding Site in the Strong Dimerization Interface.

(A) Flaveria trinervia PEPC is a ‘dimer of dimers’. Two strongly interacting dimers (left and right halves of the complex) form atetramer. X-ray crystal structure
of the complex with glucose 6-phosphate (magenta) in the active sites and sulfate (orange) in the strong dimer interfaces. Glucose 6-phosphate molecules
and sulfate ions are shown as spheres representing their van der Waals radii. The distance between glucose 6-phosphate and the nearest sulfate is ~25 A.

(B, ©) Glucose 6-phosphate and ethylene glycol bind to the active site of PEPC. Structures and 2F —F. electron densities at 1.0 g. (B) Glucose 6-phosphate (Glc-
6-P) in the binding pocket. (C) Ethylene glycol (EG) shown from a similar point of view. The numbers refer to Trp®®, Arg*?, Met>*?, Asp>¥, Arg’®, and Arg7se.
(D, E) Glucose 6-phosphate and ethylene glycol activate PEPC at low but not at high PEP concentrations. Standard deviations were calculated
from triplicates. (D) The effect of glucose 6-phosphate (1 K, equals 0.5 mM PEP; white, at 0.1 K,,; dark gray, at 0.5 K,,; black, at 1.0 K,; light gray,

3.0 K,). (E) The effect of ethylene glycol on the relative PEPC activity at various PEP concentrations (white, at 0.1 K,,; dark gray, at 0.2 K,; black,
at 1.0 K; light gray, 3.0 K,)).



to validate the theoretical model structure of Mancera
and Carrington (2005), Takahashi-Terada et al. designed
mutants that were supposed to prevent Glc-6-P binding and
exchanged Arg'®, Arg'®, Arg?®, and Arg3® (Flaveria num-
bering). The mutants effectively showed a marked decrease
in Glc-6-P sensitivity or even complete desensitization
(Takahashi-Terada et al., 2005). However, these mutations
are located on the strong dimerization interface. Thus, the
observed results could also be related to an interference
of the mutants with the transmission of the allosteric sig-
nal or even a disturbance of the inter-monomeric protein
contacts. Such negative impact on the enzyme function
would explain the unexpected finding that the mutants are
insensitive to phosphorylation of regulatory Ser™ (Ser™ in
Z. mays) (Takahashi-Terada et al., 2005).

The other structure, 4BXH, was obtained with a crystal that
was just dipped in cryosolution containing 20% (v/v) EG. EG,
used as cryoprotectant for our crystals, was also described
as activator for PEPC (Ogawa et al., 1997). Plants naturally
do not contain EG, but several other polyols, such as glyc-
erol and myo-inositol. These osmoprotectants or compatible
solutes are up-regulated under environmental stresses such
as drought and may have stabilizing and activating effects
on PEPC similar to EG (Ogawa et al., 1997). EG binds to the
periphery of the protein, but we also found it in the active site
(Figure 1C and Supplemental Figure 1B). While EG was previ-
ously thought to activate PEPC by affecting global solvent
properties (Ogawa et al., 1997), our structure now suggests
that EG acts as activator by specifically binding to the active
site and, like Glc-6-P, activates competitively. Two other EG
molecules are bound at the C-terminus of the protein (bind-
ing to amino acids 667 and 964-966). As with 4BXC, sulfates
are bound to the previously identified sulfate binding site.
The binding modes of the two activators Glc-6-P and EG are
similar (Figure 1B and 1C, and Supplemental Figure 1). The
protein binds Glc-6-P stronger and with more interactions
than EG. The fact that Glc-6-P binds to the active site even in
20% (v/v) EG cryosolution further emphasizes a specific bind-
ing of the Glc-6-P to the active site.

Kinetic analysis may help to discriminate whether the acti-
vators bind to the active site or somewhere else. Competitive
interaction usually arises from binding to the active site
(hence the name), while non-competitive interaction usually
means binding to a different site. We measured the activity of
PEPC at varying concentrations of Glc-6-P and EG (Figure 1D
and 1E). The activation response to these substances depends
on the concentration of the substrate PEP. At low concentra-
tions of PEP, namely at the equivalent of one-tenth of the K,
concentration, Glc-6-P and EG are strong activators. Glc-6-P
activates by a factor of 8 (Figure 1D) and EG by a factor of
3.5 (Figure 1E). Optimum concentration of Glc-6-P is about
5mM. Higher Glc-6-P concentrations result in lower activation
of the enzyme. At high PEP concentrations (at K,, or more),
no distinct activation is observed. Here, Glc-6-P has no effect,
while EG even acts as an inhibitor and reduces PEPC activ-
ity up to 77% (Figure 1E). These results do not support the
non-competitive activation hypothesis. The only plausible

Letter to the Editor 439

explanation is a competitive binding of the activators at the
substrate binding site. At low PEP concentrations, Glc-6-P and
EG bind to the active site and induce an allosteric activation.
At concentrations above 5 mM, Glc-6-P probably occupies too
many active sites of the tetramer, resulting in sub-optimal
activation. At high PEP concentrations, the active sites are
saturated with PEP, which is known to activate the enzyme
(Rustin et al., 1988), and Glc-6-P has no effect. The inhibitory
effect of EG may be the result of competitive inhibition, or
due to binding of EG to the malate/aspartate inhibitor site, or
a combination of both.

In summary, our kinetic and structural studies resolve the
molecular basis and mechanism of positive regulation of C,
PEPC, a key player in C, photosynthesis. They clarify that
activation of the enzyme is triggered by competitive regu-
lation. The competitive binding model for the activation of
PEPC indicated by our crystal structures of PEPC-activator
complexes and kinetic studies on the C, PEPC from F trin-
ervia is strongly supported by previously published kinetic
data (Tovar-Méndez et al., 1998; Blasing et al., 2000).

Coordinates and structure factors have been deposited in
the PDB with accession numbers 4BXC and 4BXH.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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