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ABSTRACT

Pyruvate, orthophosphate dikinase (PPDK) and pho-
sphoenolpyruvate synthetase (PEPS) catalyze the con-
version of pyruvate to phosphoenolpyruvate (PEP).
Both are regulated by a phosphorylation-dephosph-
orylation mechanism involving a bifunctional serine/
threonine kinase and a pyrophosphorylase (PPDK
regulatory protein, PDRP, and PEPS regulatory pro-
tein, PSRP, respectively). In plants the regulatory me-
chanism involves phosphorylation of a threonine re-
sidue that is separated by a single amino acid from
the histidine residue that forms a phosphorylated in-
termediate during catalysis. Using antibodies, we de-
monstrated that the regulation of both Listeria mono-
cytogenes PPDK and Escherichia coli PEP synthetase
involves the phosphorylation of a threonine residue
located close to the catalytic histidine residue. The
amino acid located between the regulatory threonine
and the catalytic histidine is highly conserved being
serine in PPDK and cysteine in PEPS. Using site-di-
rected mutagenesis we have shown that both PPDK
and PEPS in which the serine and cysteine residues,
respectively, were substituted with an alanine the en-
zymes could be regulated indicating that the serine
and cysteine residues, respectively, are not essential
for regulation. We also demonstrated that altering
the intermediate amino acid did not alter the specifi-
city of the regulatory proteins for their protein sub-
strates.
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1. INTRODUCTION

Pyruvate, orthophosphate dikinase (PPDK; EC 2.7.9.1)
catalyzes the reversible conversion of pyruvate to phos-
phoenolpyruvate (PEP) and is important in C, plants as it
is generally recognized as catalyzing the rate-limiting step
of C, photosynthesis [1]. The enzyme is regulated by
three separate mechanisms; by light-dependent gene ex-
pression [2,3], end-product inhibition [4] and by light-
dependent post-translational modification [5]. The light-
dependent post-translational regulation of PPDK is un-
usual in that it requires the protein to be catalytically
phosphorylated prior to inactivation [6], involves an
ADP-dependent phosphorylation [7], the activation in-
volves a Pi-dependent dephosphorylation that results in
the production of PP;[7] and, finally, a single enzyme
catalyzes both the inactivation and the activation reac-
tions [8].

Although details of the regulatory mechanism were
elucidated in the middle 1980s the maize PPDK regula-
tory protein was not cloned until 2006 [9]. The cloning
of maize PPDK regulatory protein (PDRP) revealed the
regulatory protein had been sequenced from more than
200 bacterial species and had been identified as DUF299
(domain of unknown function). A ClustalW alignment of
all known DUF299 amino acid sequences segregates
them into two clearly separate clades; one clade is com-
posed of species possessing PPDK and the other clade is
composed of species possessing phosphoenolpyruvate
synthetase (PEPS; EC 2.7.9.2). It should be pointed out
that although the two proteins (PPDK and PEPS) share
some homology, especially around a central catalytic site,
they can be identified using the signature sequences
identified by Tjaden and colleagues [10]. The PEP syn-
thetase regulatory protein (PSRP) from E. coli has been
cloned and expressed [11]. A study of the substrate
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specificity of the regulatory proteins from maize and
Escherichia coli showed that the regulatory proteins
were specific for their homologous protein substrate; that
is, maize leaf PDRP only catalyzes the regulation of
PPDK and E. coli PSRP only catalyzes the regulation of
PEPS. This finding prompted a comparison of the active
sites of PPDK and PEPS. A comparison of known PPDK
and PEPS sequences revealed a high level of conserva-
tion of the amino acid sequence surrounding the catalytic
histidine located within a central domain of the enzymes
that was composed of GGXTS/CHAAI/VI/VA/SR with
the regulatory threonine and catalytic histidine (shown in
bold) conserved in all species.

To date, it has only been assumed that the regulatory
mechanism of E. coli PEPS mimics the regulation of
maize PPDK in that the threonine residue located in
close proximity to the catalytic histidine is phosphory-
lated during inactivation. This assumption has now been
confirmed using antibodies raised against a synthetic
peptide containing a phosphothreonine residue. More-
over, this comparison revealed that the two enzymes can
be identified by the amino acid located between the
catalytic histidine and the regulatory threonine with a
serine residue characteristic of all PPDKs and a cysteine
residue present in all PEP synthetases (see Figure 1).
The similarity of the two amino acids (serine and cys-
teine) and their ability to be phosphorylated raised two
questions. Firstly, could the amino acid situated between
the regulatory threonine and the catalytic histidine resi-
due influence substrate specificity and secondly, could it
be critical to the regulation of either or both proteins.It
has been reported that both the threonine and the serine
residues adjacent to the catalytic histidine of Arabidopsis
PPDK can be phosphorylated [12]. The fact both cys-
teine and serine residues can be phosphorylated and that
they lie between threonine and histidine residues, also
capable of being phosphorylated, stimulated an investiga-
tion into the possible role of cysteine and serine in PEPS
and PPDK, respectively. To date, reports of the re-
gulation of E. coli PEP synthetase [11,13] have assumed
that regulation involves the same mechanism found in
plants that is, that the ADP-dependent inactivation of

Maize AVGILTERGGMTSHAAVVAR
Arab AEGILTARGGMTSHAAVVAR
Lm SNAILTAHGGMTSHAAVVAR
Ec ASAIVTNRGGRTCHAAIIAR
A/B AVGILTERGGMpTSHAAVVAR

Figure 1. A comparison of the amino acid sequences
surrounding the regulatory threonine residue in maize,
Arabidopsis and L. monocytogenes PPDK and E. coli
PEP synthetase. The sequence of the phosphorylated
peptide used to raise antibodies (A/B) is also provided.

Copyright © 2013 SciRes.

PEPS involves the phosphorylation of a threonine located
close to the catalytic histidine. Using antibodies raised
against a polypeptide containing a phosphothreonine, the
regulation of both E. coli PEP synthetase and L. mono-
cytogenes PPDK has been shown to involve the pho-
sphorylation of a threonine located in close proximity to
the catalytic histidine.

To investigate the role of the specific amino acid lo-
cated between the regulatory threonine and the catalytic
histidine, the serine residue of PPDK was replaced with
either a cysteine (similar size and capable of being pho-
sphorylated and capable of forming hydrogen bonds), an
alanine (similar size but incapable of being phosphory-
lated or forming hydrogen bonds), or a threonine (capa-
ble of being phosphorylated and forming hydrogen bonds
but slightly larger than serine) and the specific activity
and the ability of the mutated proteins to be regulated
(inactivated and activated) were measured. Similarly, the
cysteine residue of E. coli PEPS located between the
regulatory threonine and the catalytic histidine was re-
placed with either a serine, a threonine or an alanine
residue, and the specific activity and ability of the mu-
tated enzymes to be regulated examined.

This report has confirmed the function of what has
previously been identified as DUF299 as encoding a pro-
tein that catalyzes the reversible phosphorylation-depho-
sphorylation of either PPDK or PEPS in a mechanism that
involves the phosphorylation of a threonine residue lo-
cated close to the catalytic histidine. In addition, we have
shown that the amino acid located between these two
amino acids is not critical to either catalysis or regu-
lation but replacing the amino acid with a similar but
different amino acid decreases both the specific activity
of the enzyme and decreases the rates at which the mu-
tated enzymes are inactivated and activated. In addition,
we have demonstrated that changing this amino acid
does not alter the substrate specificity of the regulatory
protein for its protein substrate.

Finally, this investigation of the regulation of PPDK
by PDRP from Listeria monocytogenes represents the
first report of the regulation of a bacterial PPDK by post-
translational modification.

2. MATERIALS AND METHODS

2.1. Cloning of L. monocytogenes PPDK and
PDRP

For the cloning of PPDK, Listeria monocytogenes (AT-
CC19177) 0.5 pg genomic DNA was amplified by PCR
using 20 pmol of forward and reverse primers (5°-
TTTGAAGAGGTGGATCCTGTGAGAAAT-3’ and 5°-
TGATTGTCATCGAGCTCTTTTTAGATAGT-3’, re-
spectively), 20 nmol dNTPs, 10 pLL Phusion buffer (HF)
(5%), 1 unit Phusion High-Fidelity DNA polymerase
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(Genesearch) and DNase-RNase free water in a total
volume of 50 pL. A PCR protocol of heating at 98°C for
30 sec, followed by 35 cycles of 98°C for 15 sec, 55°C
for 30 sec and 72°C for 4 min was employed. The product
was digested with BamHI and Sacl and the resulting
fragment ligated into pROEXa digested with the same
restriction enzymes. Plasmid DNA was amplified in
NMS522 cells and the DNA sequence determined (Macro-
gen, Korea). For PDRP, L. monocytogenes genomic
DNA was amplified by PCR as described for L. mono-
cytogenes PPDK with the L. monocytogenes PDRP for-
ward and reverse primers (5’-GGAGGAGACCATGGA-
AAATCCGG-3’ and 5’-CTCACATTATTCACCTCTTC-
3’, respectively) except an annealing temperature of 45°C
was used and the extension time was reduced to 2 min.
The product was subcloned into pPGEMT, the DNA am-
plified in NM522 cells, plasmid DNA isolated and the
DNA sequence determined. Following confirmation of
the DNA sequence, the plasmid DNA was digested with
Ncol and Spel and the 825 bp insert ligated into Ncol
and Spel digested pPROEXa. The DNA sequence of the
pROEXa DNA was analyzed (Macrogen, Korea).

2.2. Cloning of E. coli PEPS and PSRP

PEPS and PSRP were cloned, expressed and purified as
described previously [11].

2.3. Site-Directed Mutagenesis of
L. monocytogenes PPDK and E. coli PEPS

Changes to the amino acid situated between the regula-
tory threonine and the catalytic histidine residues at the
active site of both enzymes was achieved using paired
mutagenic PCR primers as previously described [12] and
the changes confirmed by DNA sequencing (Macrogen,
Korea).

2.4. Protein Expression and Enzyme Purification

Recombinant enzymes were expressed as His-tagged fu-
sion proteins and purified by Ni-affinity column chro-
matography. Cells containing the pROEX-PPDK and the
pROEX-PDRP plasmids were cultured overnight in 5
mL LBA broth (LB media plus 100 pg-mL™" ampicillin)
that was used to inoculate 500 mL LBA in 2 L baffled
flasks. Cultures were shaken at 37°C for four hours, the
cultures cooled to 16°C prior to the addition of IPTG to a
final concentration of 1 mM and shaken for 48 h. Cells
were harvested by centrifugation (4000 x g, 10 min),
resuspended in Column buffer (50 mM Hepes-NaOH,
300 mM NaCl, 5 mM MgCl,, 20% glycerol and 10 mM
f-mercaptoethanol, pH 7.5), pelleted by centrifugation,
resuspended in 10 mL of column buffer and frozen at

Copyright © 2013 SciRes.

—80°C. Following thawing, the cells were broken using a
pre-cooled French Press (2°C) and the cell debris re-
moved by centrifugation at 40,000 x g for 30 min at 2°C.
Imidazole (1 M at pH 7.5) was added to the supernatants
to a final concentration of 5 mM before loading onto a 5
mL nickel-NTA column equilibrated with Column buffer
at a flow rate of | mL-min'. The column was washed
with column buffer until the OD,gg,, decreased below
0.05, washed with column buffer containing 20 mM
imidazole until the OD,go,m decreased below 0.05 and
protein eluted with Column buffer containing 200 mM
imidazole.

2.5. Assay of Enzyme Activities

2.5.1. Spectrophotometric Assay

PPDK activity was measured spectrophotometrically in a
coupled enzyme assay in which the PEP-dependent pro-
duction of pyruvate was linked to NADH oxidation by
lactate dehydrogenase. All assays were conducted at
25°C in a Beckman DU650 spectrophotometer. Reaction
mixtures contained 0.5 mM PEP, 0.5 mM AMP, 0.5 mM
PP;, | mM MgSQ,, 5 mM dithiothreitol, 0.2 mM NADH,
100 mM Hepes-KOH, pH7.5, 2.5 units lactate dehydro-
genase in a total volume of 1 mL. Reactions were initi-
ated by the addition of enzyme (PPDK or an aliquot of a
PDRP reaction assay).

Inactivation reactions contained 0.5 to 1.0 units of
PPDK, 50 mM Hepes-KOH, 5 mM MgSO,, 5 mM DTT,
0.1 mM ATP, 2 mM ADP and a variable amount of
PDRP in a total volume of 0.22 mL. Inactivation was
initiated by the addition of ADP/ATP (2 mM and 0.1
mM, respectively) and 20 mL aliquots removed at vary-
ing times intervals and the PPDK activity of these ali-
quots measured as described above.

2.5.2. Immunogenic Assay

PPDK and PEPS inactivation and activation was fol-
lowed immunogenically using antibodies that had been
specifically raised against a synthetic phosphopeptide
corresponding to the threonine phosphorylated during
inactivation of maize PPDK (residues 445 to 464 (AV-
GLILTERGGMpTSHAAVVAR) [14,15]. PDRP active-
tion activity was measured by initially running an inacti-
vation reaction, removing the ADP and ATP by gel fil-
tration, adding P; to the eluate and measuring the PPDK
activity at different time intervals as described above. An
inactivation reaction (0.22 mL) was incubated for 10 min
prior to loading onto a column of Sephadex G25 (me-
dium) in a Pasteur pipette (9.0 x 0.5 cm) equilibrated
with Column buffer minus NaCl. Column eluate was
collected following elution of the void volume (deter-
mined using Blue Dextran) and activation initiated by the
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addition of Pi to a final concentration of 2 mM.

3. RESULTS

3.1. Cloning and Expression of L. monocytogenes
PPDK and PDRP

Initial attempts to express active L. momnocytogenes
PPDK at 37°C and 25°C failed due to the expressed pro-
tein forming inclusion bodies, however active enzyme
was obtained from cells initially grown at 37°C but pro-
tein expression induced only once the cultures had been
cooled to 16°C. The protein expressed at 16°C was solu-
ble and was stable in storage at 0°C for several weeks. In
addition, the protein was stable when stored at —80°C.
The enzyme was not affected by temperature; no changes
in activity were detected on cooling or warming after
storage at —80°C or at 0°C. The protein had an expected
subunit size of 97 kDa and a band migrating with about
the same mobility as a 100 kDa marker band was de-
tected by Coomassie blue staining of an SDS-PAGE gel
and western blotting using tetra-His antibodies. The op-
timum pH for the enzyme differed depending on the di-
rection of the assay. In the pyruvate synthesizing direc-
tion the enzyme had a pH optimum of 7.5 and in the PEP

forming direction had a pH optimum between 8.5 and 9.0.

Under optimum pH conditions the PEP to pyruvate rate
was about 2.5 times faster than the pyruvate to PEP rate.
In the PEP synthesizing direction the enzyme was sensi-
tive to MgSO, concentrations with activity peaking at 1
mM and being inhibited at higher MgSO,4 concentrations.
The PDRP from L. monocytogenes was successfully ex-
pressed at 16°C and was soluble and stable when stored
on ice.

3.2. Inactivation and Activation Activities of
L. monocytogenes PDRP

Purified expressed L. monocytogenes PDRP catalyzed
both the ADP/ATP-dependent inactivation and the Pi-
dependent activation of purified expressed L. monocyto-
genes PPDK (Table 1). The inactivation activity was

dependent on the presence of both ATP and ADP and
ATP could be replaced by PEP. Importantly there was no
inactivation observed when PDRP was omitted from
assays. Inclusion of pyruvate in inactivation reactions
inhibited ADP/ATP-dependent inactivation completely.
These results are consistent with the regulatory mecha-
nism observed with plant PPDK suggesting that the post-
translational regulatory mechanism of bacterial PPDK is
the same as that determined for plant PPDK. Specifically
the mechanisms appear identical in their need of a cata-
lytically phosphorylated form of PPDK as shown by the
requirement for ATP or PEP together with ADP for inac-
tivation and inhibition of ADP/ATP (PEP) dependent
inhibition due to inclusion of pyruvate; pyruvate inhibits
inactivation by dephosphorylating the catalytic histidine.

Activation activities were measured by monitoring in-
assay activation of inactivated PPDK. Activation assays
were conducted by monitoring the increase of PPDK
activity in cuvettes to which aliquots (0.02 mL) of inac-
tivation reactions were added and Pi was added to a final
concentration of 2 mM. PPDK activity increased in as-
says to which Pi had been added while PPDK activity
remained essentially linear in assays not containing
added Pi. This Pi-dependent activation mechanism ap-
pears consistent with activation activities previously re-
ported for plant PPDK [16,17] and bacterial PEPS [11].
In plants, the regulatory mechanism of PPDK involves
the reversible phosphorylation of a threonine residue lo-
cated in close proximity to the catalytic histidine [18],
however, the amino acids involved in the regulation of
the bacterial form of the enzyme have not been investi-
gated.

3.3. Immunogenic Labeling of L. monocytogenes
PPDK and E. coli PEPS

In an attempt to gain further evidence for the role of the
threonine residue being involved in both the ADP/Pi
regulation of L. monocytogenes PPDK and E. coli PEPS,
antibodies raised against a peptide synthesized according
to the amino acid sequence of maize PPDK, and con-

Table 1. Regulation of L. monocytogenes PPDK by L. monocytogenes PDRP.

Reaction mixtures PPDK activity at zero time (%)

PPDK activity after 2 min (%) PPDK activity after 5 min (%)

Complete 100
Minus ADP/ATP 100
Minus ATP 100
Minus ATP plus 1 mM PEP 100
Plus 5 mM pyruvate 100
Minus PDRP 100

48 16
102 105
96 93
51 23
97 103
101 102

PPDK activity was measured in the pyruvate forming direction as described in Materials and Methods. The experiment was repeated three times and the results
included in the table are from a single experiment but are representative of the consistent results obtained across all three experiments.

Copyright © 2013 SciRes.

ABC



16 R. Tolentino et al. / Advances in Biological Chemistry 3 (2013) 12-21

taining a phosphorylated threonine residue, were used to
test their reactivity against inactivated PPDK and PEPS.
L. monocytogenes PPDK that had been inactivated in the
presence of ADP, ATP and purified L. monocytogenes
PDRP reacted immunogenically with the anti-phospho-
threonine antibodies (Figure 2). The antibody labeling of
PPDK in samples removed from an inactivation assay
containing purified L. monocytogenes PPDK, PDRP, ADP
and ATP was inversely proportional to the PPDK acti-
vity. In contrast, PPDK in samples taken from an activa-
tion assay indicated that as PPDK activity increased the
level of antibody labeling decreased. And finally, prein-
cubation of the antibody with the synthetic peptide used
to raise the antibodies eliminated any labeling of inacti-
vated L. monocytogenes PPDK. Collectively, these re-
sults indicate that the regulatory mechanism associated
with the post-translational modification of L. monocyto-
genes PPDK is the same as that in C; and C4 plants, that
is, the mechanism involves the reversible phosphoryla-
tion of a threonine residue located in close proximity to
the catalytic histidine residue. When the same experi-
ments were conducted with purified expressed E. coli
PEPS and PSRP, the same results were obtained. Inacti-
vated PEPS reacted with the anti-phosphopeptide anti-
bodies while activated PEPS did not (Figure 3). How-
ever, it should be noted that the intensity of labeling of
inactivated E. coli PEPS was considerably lower com-
pared to the labeling of inactivated L. monocytogenes
PPDK when similar protein concentrations were probed
in Western blots with the same concentrations of anti-
bodies.

A. thaliana Listeria monocytogenes
PPDK PPDK

-ve +ve(min)
1 2 5 10 20 30

0 10 0.5
-
Aliquots of an inactivation reaction consisting of purified PPDK, purified
PDRP, ADP and ATP were removed and the reactions stopped by adding to
a solution containing SDS and EDTA. Equal volumes of the terminated re-
actions were loaded onto an SDS-PAGE gel, proteins separated and trans-
ferred onto PVDF membrane and probed with anti-phosphothreonine pe-
ptide antibodies. The positive control contained an aliquot of ADP-inacti-
vated A. thaliana PPDK and the negative control an equivalent amount of 4.
thaliana PPDK that had not been inactivated.

1

Figure 2. L. monocytogenes PPDK is phosphorylated during
ADP/ATP-dependent inactivation.

(minutes of inactivating)
0 0.5 1 2.5 5.0

Aliquots of an inactivation reaction containing purified E. coli PEPS and
PSRP were incubated with ADP and ATP and aliquots removed at different
time intervals, the proteins separated and probed with anti-phosphothreonine
phosphopeptide antibodies.

Figure 3. Time-course of the ADP/ATP-dependent inactivation
of E. coli PEPS.

Copyright © 2013 SciRes.

3.4. Substrate Specificity of PDRP and PSRP

The substrate specificity of the two bacterial regulatory
proteins was investigated using both the spectrophoto-
metric and the immunogenic assays. No ADP/ATP-de-
pendent inactivation was detected when either L. mono-
cytogenes PPDK was incubated with E. coli PSRP nor
when E. coli PEPS was incubated with L. monocyto-
genes PDRP in either assay.

3.5. Further Identification of the Amino Acids
Involved in Post-translational Modification of
L. monocytogenes PPDK and E. coli PEPS

The amino acid sequence surrounding the catalytic sites
of both L. monocytogenes PPDK and E. coli PEPS are
very similar. In L. monocytogenes the sequence is TSH
while in E. coli PEPS the sequence is TCH. Interestingly,
all these amino acids can be phosphorylated and it has
been reported that both the threonine and the serine resi-
dues adjacent to the catalytic histidine of Arabidopsis
PPDK can be phosphorylated [12]. The fact both the
cysteine and serine residues can be phosphorylated and
that they lie between threonine and histidine residues,
also capable of being phosphorylated, stimulated an in-
vestigation into the possible role of cysteine and serine in
PEPS and PPDK, respectively.

3.5.1. Mutagenesis Studies with L. monocytogenes
PPDK and E. coli PEPS
The amino acid located between the regulatory threonine
and the catalytic histidine residues in both L. monocyto-
genes PPDK and E. coli PEPS sequences were altered by
site-directed mutagenesis, expressed and purified by
nickel affinity chromatography; the specific activities of
the mutated PPDK and PEPS were determined and the
regulation of the mutants by ADP-dependent inactivation
and Pi-dependent activation were assessed. Results are
summarized in Tables 2 and 3.

Table 2. Kinetic data for the TXH isozymes of L. monocyto-
genes PPDK.

Specific Lo Initial rate of
Enzyme .. Inactivation .
mutant activity - tspos (mins) actlvatloln
(units'mg-protein ) ’ (Y%'min )
(wi};istljpe) 3.80 1.5-1.7 35%
TCH 0.74 20-22 26%
TAH 2.30 19-22 10%
TTH 0.68 29 <2%

Activities were determined three times and the results included in the table
are from one experiment but are representative of the three experiments.
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Table 3. Kinetic data for the TXH isozymes of L. monocyto-
genes PPDK.

Enzyme Specific activity ~ Inactivation Initial rate of
mutant  (units. mg protein™') sy, (Mins)  activation (%. min")

TCH

(wild type) 6.25 1.5-25 36%
TSH 0.84 2-3 17%
TAH 3.06 10-17 13%
TTH 0.96 25-3.0 22%

Activities were determined three times and results included in the table are
from one experiment but are representative of the three experiments.

1) The Effect of Mutagenesis on L. monocytogenes
PPDK and Its Regulation

All four forms of L. monocytogenes PPDK (wild type,
TAH, TCH and TTH) were catalytically active and ca-
pable of catalyzing the reaction in either direction, how-
ever, the specific activities of the four enzymes differed.
Wild type PPDK had the highest specific activity while
the TAH mutant was the next most active and the cys-
teine and threonine mutants similar exhibiting low spe-
cific activities. In addition, all four enzymes could be
inactivated. The highest rate of inactivation was obser-
ved with the wild type enzyme while the cysteine mu-
tant inactivated more rapidly compared to the alanine
mutant with the threonine mutant inactivated at the slow-
est rate. The rates of Pi-dependent activation followed
the same order with the wild type activating fastest fol-
lowed by the cysteine mutant, the alanine mutant and the
threonine mutant slowest of the four enzymes. So al-
though the alanine mutant exhibited the second highest
specific activity (about 60% of the wild type activity), it
exhibited a slightly slower rate of inactivation but a sig-
nificantly lower rate of Pi-dependent activation compa-
red to the wild type. The TCH mutant had a significantly
lower specific activity (about 20% of the wild type), in-
activated at about the same rate as the TAH mutant and
activated at about 75% the rate of the wild type. The
TTH mutant exhibited the lowest specific activity, the
slowest rates of inactivation and very low rates of Pi-
dependent activation.

2) The Effect of Mutagenesis on the Specific
Activity and Regulation E. coli PEPS

The results for PEPS mutants were slightly different
from those for the PPDK mutants. The wild type (TCH)
PEPS had the highest specific activity, the greatest rate
of inactivation, and the highest rate of activation. The
TAH mutant had the second highest specific activity,
however, of the four PEPS forms, the TAH mutant ex-

Copyright © 2013 SciRes.

hibited the slowest rate of inactivation and the slowest
rate of activation Although the TSH and the TTH mu-
tants were the least active PEPS mutants they both ex-
hibited similar rates of inactivation and activation that
were significantly greater than the rates observed for the
TAH mutant.

These results clearly demonstrate the important role of
the amino acid situated between the regulatory threonine
and the catalytic histidine residues and, given the simi-
larity of the amino acid sequence immediately down-
stream from the catalytic histidine that where the active
site interacts with the rest of the protein must also differ
due to the differences in the activities of the different
mutant forms of the enzymes.

The results are consistent with the variable but con-
served amino acid not only affecting the rate of catalysis
but also affecting the binding (either directly or indi-
rectly) of the regulatory protein to the enzyme substrate
(PEPS or PPDK). In the case of alanine, replacement of
either the cysteine in PEPS or the serine in PPDK re-
sulted in a halving of the specific activity of the two en-
zymes. In addition, it indicated that the two amino acids
influence the rate of phosphorylation or the rate of pyru-
vate-dependent dephosphorylation of catalytically phos-
phorylated histidine. So replacement of either serine or
cysteine with an alanine decreased the catalytic rate. One
common characteristic of serine and cysteine is that they
are both capable of forming hydrogen bonds while ala-
nine is not. One explanation for the decrease in cataly-
tic activity observed with the alanine mutant may be that
there is a requirement for the residue occupied by the
alanine to form hydrogen bonds with a residue that is
either upstream or downstream of the catalytic site. If
this were the only effect that the substitution caused you
would expect that the rate of inactivation would be de-
creased by about the same amount as the catalytic rate
(due to the fact that ADP-dependent inactivation is de-
pendent on the PPDK being catalytically phosphory-
lated). However, the rate of ADP-dependent inactivation
of the TAH mutant is considerably slower for PEPS. So
the effect of a substitution in PEPS has a greater effect
on inactivation compared to the reduction in the catalytic
reaction. Therefore the substituted residue must be af-
fecting the binding of the regulatory protein to its protein
substrate to a greater extent compared to its effect on the
rate of ADP-dependent inactivation. Alternatively, the
substitution may be affecting the pyruvate-dependent de-
phosphorylation of the catalytically phosphorylated his-
tidine residue and this would be reflected by a differ-
ence in the rate of the reverse reaction compared to the
forward reaction.

These results also clearly demonstrate that the amino
acid situated between the regulatory threonine and the
catalytic histidine is not involved in the ADP-dependent
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inactivation of either PPDK or PEPS as replacement of
the serine and cysteine, respectively, with alanine, an amino
acid that could not be phosphorylated, did not eliminate
ADP-dependent inactivation. The fact that the alanine
mutants did alter the specific activity and the rate of in-
activation is evidence that the intervening amino acid
plays a role at the active site of the enzyme and confirms
the importance of the catalytic phosphorylation of the
histidine for inactivation. The fact that the replacement
of the serine (in PPDK) and cysteine (in PEPS) affected
both the specific activity of the enzymes as well as the
rates of inactivation is consistent with the suggestion that
the amino acids play a role in the interaction of the cata-
lytic histidine with the ATP-binding site of the enzymes;
slower rates of catalytic phosphorylation will cause slower
rates of ADP-dependent phosphorylation of the regula-
tory threonine residues of both enzymes.

Serine and cysteine have a number of properties in
common. They are about the same size, are hydrophilic
and both can form phosphorylated derivatives. In addi-
tion, they are both capable of forming hydrogen bonds
with other amino acids. It may also be significant that the
two amino acids are encoded by very similar codons.
Serine can be encoded by six codons, (UCN, AGU and
AGC) while cysteine is encoded by only two codons
(UGU and UGC). Of the six serine codons, the serine
located at the active site of almost all bacterial and plant
PPDKs is encoded by UGU, and the cysteine located at
the active site of almost all bacterial PEP synthetases is
encoded by UCU indicating that only a single mutation
was required to change a serine to a cysteine and vice
versa.

Alanine differs from the wild type and other substi-
tuted intermediate amino acids in being incapable of be-
ing phosphorylated. Given that both alanine mutants are
capable of being inactivated and activated indicates that
the intermediate amino acid is not directly involved in
the phosphorylation-dependent regulation but it may be
indirectly involved by influencing the binding of the
regulatory protein to its enzyme substrate.

3.6. Investigation of the Phosphorylation
Status of the Catalytic Histidine during
Pi-dependent Activation

It has been suggested that the activity of PPDK is regu-
lated by the phosphate group attached to the regulatory
threonine preventing pyruvate or PEP from binding to
the catalytic histidine either sterically or due to the elec-
tronegativity of the negative charge [19]. The finding that
the phosphorylation status of the regulatory threonine
residue of both L. monocytogenes PPDK and E. coli
PEPS could be determined using the anti-phosphothreo-
nine peptide antibodies prompted a re-examination of the
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phosphorylation status of the catalytic histidine. In an
attempt to investigate the effect of the phosphorylation
status of the catalytic histidine on the rate of Pi-depend-
ent activation the catalytic histidine of the L. monocyto-
genes was replaced with either an aspartate or a gluta-
mate; these negatively charged amino acids were used to
substitute for the catalytic histidine in an attempt to mi-
mic the negative charge of catalytically-phosphorylated
histidine. As expected, the mutated enzyme lacked cata-
lytic activity. When the mutated enzyme was incubated
with purified L. monocytogenes PPDK regulatory protein
and ADP (in either the presence or absence of ATP), no
phosphorylation of the regulatory threonine was detected
using the anti-phosphothreonine antibodies that clearly
reacted with inactivated wild type PPDK from L. mono-
cytogenes. This inability to phosphorylate mutated PPDK
precluded further study of the phosphorylation status of
PPDK using the anti-phosphothreonine specific antibod-
ies and indicated that an alternate strategy is required to
investigate this characteristic further.

4. DISCUSSION

The results obtained in this study clearly demonstrate
that the PPDK from bacteria (L. monocytogenes) is re-
gulated by a mechanism that is identical with the mecha-
nism described for plant PPDK. Using specific antibo-
dies we have clearly demonstrated that the ADP-depen-
dent inactivation of bacterial PPDK is due to phosphory-
lation of a threonine residue located very close to the
catalytically important histidine residue. And using the
same antibodies we have shown clearly that the mecha-
nism of regulating E. coli PEP synthetase is very similar
to the mechanism operating for L. monocytogenes PPDK.

The identification and the characterization of a bacte-
rial PPDK regulatory system together with the charac-
terization of a PEPS regulatory system has allowed a
comparative study of homologous proteins.

The two systems are very similar sharing common cha-
racteristics including

1) a requirement for catalytic phosphorylation prior to
inactivation

2) ADP being the phosphate donor in the inactivation
reaction

3) a threonine residue close to the catalytic histidine
being responsible for enzyme inactivation

4) inorganic phosphate being required for activation,
and

5) both reactions being catalyzed by a single protein.

A close examination of the regulatory mechanisms
involved in regulating PPDK and PEPS activity reveals
that there is only one major difference between the two
enzymes and that is the involvement of an extra phos-
phate in the reaction catalyzed by PPDK. However, this
difference may affect the relationship between enzyme
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activity (PPDK versus PEPS) and rates of activation of
PPDK and PEPS, respectively, due to the fact that the
end product of both PPDK and PEPS activation is pyro-
phosphate that, in the case of PPDK, is also an end
product and an inhibitor of PPDK activity. This is not the
case for PEPS; pyrophosphate is not an end product of
the reaction catalyzed by PEPS (see Figure 4). The
similarity between the two regulatory systems has also
been demonstrated in parallel mutagenesis studies [13,
20]. These studies revealed that two separate regions are
involved in catalysis; a central P-loop required for the
binding of the regulatory protein to its homologous pro-
tein substrate (PPDK for PDRP and PEPS for PSRP) and
a C-terminal region that binds ADP and phosphate. Fur-
thermore, these two sites are likely to be juxtaposed in
the catalytically active regulatory proteins. Previous stu-
dies have been conducted to identify factors that affect
the partitioning of pyruvate between anabolic and cata-
bolic pathways. In E. coli cells grown on three-carbon
sources such as lactate, pyruvate or alanine, pyruvate
occupies the major metabolic branch point. The relative
activities of PEP synthetase and pyruvate dehydrogenase
are expected to control the relative rates of the anabolic
and catabolic fates for pyruvate. Kinetic studies con-
ducted using purified PEP synthetase and pyruvate de-
hydrogenase complex from E. coli were conducted in the
early 1970s [21]. Significantly, these studies were per-
formed in the absence of PEPS regulatory protein. In
light of the discovery of the presence of PSRP in bacteria
the effect of adenylate energy charge on the metabolic
partitioning of pyruvate needs to be revisited using a
system in which PSRP, PEPS and the pyruvate dehydro-
genase complex are present.

With respect to the regulation of both PPDK and PEPS
there has been some confusion as to the physiological
origin of the catalytic phosphate required prior to ADP-
dependent inactivation. Since the role of both enzymes is
anabolic and the level of activity of both PEPS and
PPDK will be controlled by the intracellular ADP con-
centration, then it is logical to conclude that the phos-
phorylation of the catalytic histidine residue will be a

ATP AMPPi ADP AMP

E’His)-d'\ IHis'l/PSRP E,His-P
“Thr E‘Thr “Thr-P

PEP Pyruvate PPi Pj
ACTIVE ACTIVE INACTIVE

Since the catalytically-phosphorylated form
of PPDK is the substrate for ADP-dependent
inactivation, the rate of inactivation will be
controlled by both the ratio of PEP and
pyruvate as well as the concentration of
ADP.

Figure 4. A scheme showing the re-
gulation of E. coli PEPS.
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function of the PEP to pyruvate ratio rather than a func-
tion of the ATP to AMP ratio. Assuming that this is the
case any accumulation of PEP will increase the level of
catalytic phosphorylation, and the level of enzyme activ-
ity will then be controlled by the intracellular ADP con-
centration. The requirement for PEPS (and PPDK) to be
catalytically phosphorylated prior to activation allows an
extra layer of complexity to the regulatory mechanism
that permits the cell to more effectively partition pyru-
vate between energy use for anabolic reactions or energy
production via the Krebs cycle and the electron transport
chain.

It is significant that PPDK regulatory proteins are not-
present in either PPDK-possessing Archaea or unicellu-
lar eukaryotes and this may be an indication of their
metabolic role in the conversion of PEP to pyruvate via
glycolysis. This makes sense from an energetics view-
point, as it would be counter productive to inactivate
PPDK when ADP levels were high (ATP levels low) as
the role of PPDK in these organisms is to increase the
efficiency of ATP production during glycolysis. Given
that the PEPS—catalyzed reaction is essentially irre-
versible, the presence of both PPDK and PDRP in bacte-
ria may be an indication that the role of PPDK in bacteria
is exclusively gluconeogenic.

In hindsight it makes sense that the Pi-dependent acti-
vation of PPDK results in the formation of PPi, a potent
feedback inhibitor of PPDK activation and a product of
the reaction catalyzed by PPDK. An understanding of the
regulation of both PPDK and PEPS points to the fact that
the role of PPDK in bacteria is to synthesize PEP from
pyruvate rather than being involved in increasing the
efficiency of ATP synthesis via glycolysis. Support for
this hypothesis is two-fold. 1) ATP synthesis would tend
to be stimulated by low adenylate energy charge (AMP
concentrations high), conditions that would favour PPDK
inactivation and inhibit PPDK activation). And 2) PDRP
is absent from organisms (e.g., Entamoeba histolytica
and Giardia lamblia) that use PPDK to catalyze the
conversion of PEP to pyruvate [22,23]. Similarly, an-
other oddity of the regulatory mechanism appears to be
logical; that is the formation of pyrophosphate during
phosphate-dependent activation as opposed to a simple
phosphatase reaction; the release of inorganic phosphate
would lead to the production of a substrate for activation
and feed forward stimulation. The production of pyro-
phosphate, an end product of PPDK also provides a link
to the feed- back inhibition of PPDK.

The identification of a functional PPDK regulatory
protein in bacteria coupled with the previous demonstra-
tion of an active PEPS regulatory protein may provide an
opportunity for further comparative studies to expand our
understanding of the regulatory proteins themselves.
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5. SUMMARY

1) L. monocytogenes PPDK and PDRP have been
cloned and expressed.

2) L. monocytogenes PPDK 1is regulated by a post-
translational modification mechanism involving an ADP-
dependent phosphorylation of a threonine residue located
in close proximity to the active site histidine residue.

3) Both inactivated L. monocytogenes PPDK and F.
coli PEPS cross-react with antibodies raised against a
synthetic phosphopeptide corresponding to the threonine
phosphorylated during inactivation of maize PPDK.

4) Both L. monocytogenes PPDK and E. coli PEPS
could be inactivated and reactivated when the amino acid
located between the regulatory threonine and the cata-
lytic histidine residue was replaced with an amino acid
that could not be phosphorylated (alanine).

5) The substrate specificity of the regulatory protein
for its protein substrate was not altered by changing the
amino acid separating the regulatory threonine or the ca-
talytic histidine (serine in PPDK and cysteine in PEPS).
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