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a b s t r a c t

This work reports the first functional characterization of leishmanial PEPCK. The recombinant Leishmania
major enzyme (Lmj_PEPCK) exhibits equivalent kcat values for the phosphoenolpyruvate (PEP) and
oxaloacetate (OAA) forming reactions. The apparent Km towards OAA is 10-fold lower than that for PEP,
while the Km values for ADP and ATP are equivalent. Mutagenesis studies showed that D241, D242 and
H205 of Lmj_PEPCK like the homologous residues of all known PEPCKs are implicated in metal ions
binding. In contrast, the replacement of R43 for Q nearly abolishes Lmj_PEPCK activity. Moreover, the
Y180F variant exhibits unchanged Km values for PEP, Mn2þ, and HCO3

�, being the kcat for PEP- but not
that for OAA-forming reaction more notably decreased. Instead, the Y180A mutant displays an increase in
the Km value towards Mn2þ. Therefore in Lmj_PEPCK, Y180 seems to exert different functions to those of
the analogous residue in ATP- and GTP-dependant enzymes. Besides, the guanidinium group of R43
appears to play an essential but yet unknown role. These findings promote the need for further structural
studies to disclose whether Y180 and R43 participate in the catalytic mechanism or/and in the transitions
between the open and the catalytically competent (closed) forms of Lmj_PEPCK

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Leishmania parasites are pathogenic protozoa comprised within
the family Trypanosomatidae, which also includes other human
pathogens such as Trypanosoma cruzi and Trypanosoma brucei.
Notably, more than 20 species of Leishmania are responsible for
producing a broad spectrum of clinical manifestations in man
(leishmaniasis), ranging from self-healing cutaneous lesions to
debilitating mucocutaneous and lethal visceral infections. If un-
treated, leishmaniasis can lead to severe tissue damage, disfigure-
ment and death. Up to now, no vaccines have been developed and
the current clinical treatments are far from being satisfactory [1,2].
In mammals, Leishmania parasites are obligate intracellular path-
ogens, amastigotes proliferate within acidic vacuoles inside mac-
rophages. Therefore, this developmental stage represents the target
of anti-parasite therapies.

Phosphoenolpyruvate carboxykinases (PEPCKs) catalyzes
oxaloacetate (OAA) decarboxylation and phosphoryl transfer from a
nucleoside triphosphate (NTP) to form phosphoenolpyruvate (PEP).
ki).
Even though this reaction is reversible in vitro, PEP formation is
normally favored in vivo. In man two isoforms are active; one is
localized in the cytosol and the other in the mitochondria. Given
that the cytosolic PEPCK catalyzes the rate-controlling step in the
gluconeogenic pathway, this isozyme has been the most deeply
studied. In addition, cytosolic PEPCK also plays an important
function in regulating energy homeostasis and flux through the
TCA cycle [3].

Based on the specificity of PEPCKs towards the NTP utilized as
energy donor, these enzymes are classified in two groups, ATP- and
GTP-dependant proteins. Homologues from bacteria, yeast, plant
and trypanosomatids use ATP, while PEPCKs from mammals and
certain bacteria such as Mycobacterium tuberculosis counterpart
utilize GTP. Both types of PEPCKs display remarkably low overall
sequence relatedness (identity <20%). However, structural studies
on PEPCKs from varied sources have shown that the key residues
involved in the catalytic mechanism are reasonably conserved
among ATP- and GTP-dependant enzymes [for review see [4e6]].

While a wide range of studies have been conducted to disclose
the physicochemical properties, 3-D structures and metabolic roles
of PEPCKs from diverse organisms, limited information is available
for homologues frompathogenic trypanosomatids. Only T. cruzi and
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T. brucei PEPCKs have been functionally characterized so far, and
notably both enzymes differ in their kinetic parameters [7e9]. The
3-D structure of T. cruzi PEPCK has been solved in the absence of
substrates or metal ions. Despite this fact, the conformation of the
crystallized enzyme resembled that of the closed, ligand-bound
form of Escherichia coli PEPCK [10].

In trypanosomatids, PEPCK localizes within glycosomes
(peroxisome-like organelles), and like the mammalian homo-
logues, it is also expected to be involved in gluconeogenesis and
anaplerotic processes. However in these pathogenic protozoa, the
reactions catalyzed by PEPCK take part in uniquely organized
pathways [11]. This enzyme plays a major role in maintaining
NADþ/NADH and ATP/ADP balance via the glycosomal succinate
fermentation pathway (gSF). PEPCK catalyzes the first committed
step of the gSF by converting PEP into OAA. The subsequent
transformation of OAA into succinate allows the reoxidation of two
molecules of NADH into NADþ, per molecule of PEP. Moreover, the
generated C4 dicarboxylic acids (malate and succinate) are further
utilized for Krebs cycle anaplerosis. On the other hand, PEPCK also
participates in gluconeogenesis by means of the conversion of the
OAA derived from amino acid catabolism into PEP. Both roles are
supported by genetic andmetabolic studies performed in the insect
and mammalian stages of Leishmania mexicana [12e14]. Besides,
recent findings have demonstrated that PEPCK is an essential
enzyme for the survival of the mammalian stage of T. brucei [15].

Early studies have shown that the specific activity of PEPCK was
about 6-fold higher in cell-free extracts of L. mexicana amastigotes
than in the crude extracts of promastigotes, the insect stage of these
parasites [16]. In line with those findings, proteomic approaches
have also provided evidence for the presence of PEPCK in amasti-
gotes from different Leishmania species [17e19]. However, no
leishmanial PEPCK has been purified to protein homogeneity and
none has been functionally characterized yet.

Taking advantage of the completely sequenced genomes of
various Leishmania species, we cloned and functionally character-
ized Leishmania major PEPCK. Moreover, to further explore the
functional properties of L. major PEPCK, the kinetic consequences of
the replacement of seven strictly conserved residues in the ATP-
and GTP-dependant homologues were also examined. Our results
show that in regards to the kinetic properties, the recombinant
L. major enzyme more closely resembles T. brucei than T. cruzi
PEPCK. Interestingly, L. major PEPCK also differs from T. cruzi ho-
mologue in that 3-mercaptopicolinic acid (3MPA), a typical inhib-
itor of PEPCKs acts by means of a mixed and a non-competitive
mechanism when PEP or HCO3

� are tested as substrates, respec-
tively. Moreover, mutagenesis studies suggest that as compared
with the ATP- and GTP-dependant enzymes, Y180 and R43might be
differently involved either in the transitions between the open and
closed forms or in the catalytic mechanism of L. major PEPCK.

2. Material and methods

2.1. PCR and cloning

Total DNA from L. major promastigotes was isolated [20].
L. major PEPCK (LmjF.27.1810, Lmj_PEPCK) was amplified by PCR
using genomic DNA as template and Pfu-Turbo DNA-polymerase
(Stratagene). In order to perform the PCR, specific primers were
designed on the basis of the predicted ORF in the genome project
database (http://www.genedb.org): Lmj_pepck-fw-NdeI: 50-CATA-
TGGCCCCGATCATCCAC-30 and Lmj_pepck-rev-EcoRI: 50-GAATTCC-
TACAGATGAGCCGTCTCC -30. The PCR reaction settings were as
follows: 5 min at 95 �C and 25 cycles under the next conditions: (i)
denaturation at 95 �C for 45 s, (ii) annealing at 58 �C during 45 s,
(iii) extension at 72 �C for 1 min 40 s, in addition a final extension
step was performed for 10 min. The resulting DNA fragments were
cloned into pGEM-T Easy vector and fully sequenced to confirm the
predicted ORF. The DNA fragment encoding Lmj_PEPCKwas excised
by digestionwith NdeI and EcoRI and ligated into pET28 vector. The
generated pET28-Lmj_PEPCK plasmid allowed the expression of the
recombinant PEPCK with a 6xHis extension at its N-terminus. Be-
sides, in order to produce an untagged recombinant enzyme,
Lmj_PEPCK was cloned into pET24 vector. Subsequently, the con-
structed plasmids were used to transform E. coli Rosetta (DE3)
pLysS. A selected bacteria colony was grown at 37 �C in LB medium
supplemented with 30 mg/ml kanamycin and 34 mg/ml chloram-
phenicol. When an OD600nm of 0.6 was reached, protein expression
was induced by adding isopropyl-D-thiogalactopyranoside at final
concentration of 0.1 mM. Then, cultures were further grown over-
night at 20 �C. The recombinant His-tagged Lmj_PEPCK was puri-
fied by affinity chromatography on a Ni2þ-nitrilotriacetic (Ni-NTA)
column (Qiagen, Germany) following standard procedures. Instead,
the untagged enzyme was purified by cation exchange and gel
filtration chromatography. The bacteria cell-free extract was
applied onto a cation exchange matrix equilibrated in 75 mM
triethanolamine buffer, pH 7.4. The weakly interacting proteins
were washed with the same buffer while bound proteins were
eluted with a linear gradient from 0 to 500 mM KCl in the same
buffer. Lmj_PEPCK eluted at about 300 mM of KCl. Subsequently,
the fractions with the highest specific activities were pooled and
subjected to gel filtration chromatography on a Sephacryl-S200 HR
column equilibrated with 50 mM HCl-Tris buffer, pH 8, supple-
mented with 150 mM NaCl. Protein homogeneity of the recombi-
nant Lmj_PEPCK was analyzed by SDS-PAGE [21], and protein
concentration was determined using the method of Bradford and
bovine serum albumin as standard [22]. The N-terminal sequence
of the recombinant untagged protein was determined by Edman
degradation in an Automatic Sequencer (Applied Biosystems, Foster
City, CA, USA), run according to the manufacturer's instructions at
Lanais-Pro (UBA-CONICET).

2.2. PEPCK activity assays

PEPCK activity was measured spectrophotometrically by moni-
toring the absorbance decrease at 340 nm resulting from NADH
oxidation in the carboxylation and decarboxylation assays. The
reactions in both directions were conducted in 75 mM triethanol-
amine (TEA) buffer, pH 7.4 at 37 �C. PEP-carboxylationwas followed
by coupling the production of oxaloacetate to NADH oxidation in
the presence of malate dehydrogenase. A typical assay mixture
contained 2 mM ADP, 6 mM PEP, 100 mMNaHCO3

�, 3.5 mMMgCl2,
and 0.15 mM MnCl2, 0.28 mM NADH, 8 units of malate dehydro-
genase. The PEP-carboxylation reaction was started by adding
Lmj_PEPCK. On the other hand, the standard assay mixture of the
OAA-decarboxylation reaction contained 1 mM ATP, 1 mM OAA,
3.5 mM MgCl2, 0.15 mM MnCl2, 0.28 mM NADH, and 20 units of
both lactate dehydrogenase and pyruvate kinase. The OAA-
decarboxylation reaction was started by adding OAA. For each re-
action, blanks were run to measure the unspecific OAA decarbox-
ylation. The obtained values were substracted from thosemeasured
in the presence of Lmj_PEPCK. One unit of enzyme activity was
defined as the amount of enzyme that produces either 1 mmol of
OAA or PEP permin. The optimal pH of the recombinant Lmj_PEPCK
reaction was determined using a wide range of buffers: 75 mM
sodium acetate/acetic acid (pH 3.6e5.6), 75 mM Bis-Tris (pH
5.8e7.2), 75 mM TEA-HCl (pH 7.3e8.3), and 75 mM glycine-sodium
hydroxide, (pH 8.6e10.6). Initial velocity studies were performed
by varying the concentration of one of the substrates around its Km
value while the concentrations of the other substrates were
maintained constant at saturating levels. The kinetic parameters

http://www.genedb.org
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were determined from at least three to four data sets which were
adjusted to non-linear regression by using GraphPad Prism 5.01
software. Turnover numbers (kcat, s�1) were calculated using a
molecular mass of 58.2 kDa per subunit. To examine the inhibition
modality of (3MPA), steady state kinetic data were obtained at
different concentrations of the inhibitor. The plots of velocity
versus [S] at several fixed 3MPA concentrations were globally fitted
to different models (competitive, non-competitive, mixed and un-
competitive) using GraphPad 5.01 software and the equations
stated below:
Competitive Noncompetitive Mixed Uncompetitive

v ¼ Vmax½S�
½S� þ Km

�
1 þ ½I�

Ki

� v ¼
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1þ ½I�

Ki
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�
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�
�
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�
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�
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�

The inhibition type was determined on the bases of the statis-
tical goodness of fits (Akaike information criterion, AICc values) of
the experimental data to the alternative kinetic models. The
equation used for this purpose is included below:

AICC ¼ N ln
�
SS
N

�
þ 2K þ 2K ðK þ 1Þ

N � K � 1

where “N” is the number of data points, “K” is the number of pa-
rameters fit by the regression plus one and SS is the sum of the
square of vertical distances of points from the curve [23,24]. On the
other hand, the inhibition type was also estimated by Lineweaver-
Burk plots and the Kis and Kii values were calculated from the
graphs of slopes and intercepts, respectively, as a function of the
tested concentrations of 3MPA.
2.3. Site directed mutagenesis

Complementary oligonucleotides containing the appropriate
base alterations (in bold) were designed according to Lmj_PEPCK
sequence (Supplementary material, Table 1). Mutants were con-
structed following Quick Change protocol. PCRs were carried out
with Pfu-Turbo DNA polymerase high fidelity and pET28-
Lmj_PEPCK was used as template. The PCR products were diges-
ted with DpnI and the resulting DNA was used to transform XL1-
Blue E. coli competent cells. Each mutation was confirmed by
DNA sequencing.
2.4. Circular dichroism spectroscopy

CD spectra were recorded with a Jasco 810 spectropolarimeter.
Analyses in the Far-UV region were conducted at the wavelength
range between 200 and 250 nm, in 0.1-cm quartz cuvettes at 25 �C.
The wild type Lmj_PEPCK and the constructed variants were
desalted in 50 mM buffer HCl-Tris, pH 7.9, containing 50 mM NaCl,
the final protein concentration was in the range of 0.3 mg ml�1. For
near-UV CD spectra, the wavelength range was 250e350 nm, the
analyzed proteins were dissolved in the aforementioned buffer, at
final concentration of 0.9 mg ml�1, and the path length was 1.0 cm.
In all cases data were acquired at a scan speed of 20 nm min�1 and
at least 3 scans were averaged for each sample. Blank scans were
substracted from the spectra and values of ellipticity were
expressed in units of deg cm2 dmol�1. Data analysis was carried out
using GraphPad Prism 5.01 software.

2.5. Fluorescence spectroscopy

Fluorescencemeasurementswere performed on a Jasco FP-6500
spectrofluorometer operating in the ratio mode and equipped with
a thermostated cell holder connected to a circulating water bath set
at 20 �C. The intrinsic fluorescence (IF) of the recombinant wild-
type Lmj_PEPCK and that of the constructed mutants was
measured in 50 mM HCl-Tris buffer, pH 7.9, supplemented with
50mMNaCl. Protein concentrationwas in the range of 0.2 mgml�1.
Excitation wavelength was set at 295 nm and emission data were
collected in the range 310e410 nm. A 1.0 cm path length cell sealed
with a Teflon cap was used and the spectral slit-width was set to
3 nm for both monochromators.

2.6. Molecular modeling of L. major PEPCK

The homology model of L. major PEPCK was constructed by
comparative modeling of the crystallographic data of E. coli and
T. cruzi PEPCKs (PDB: 2PXZ and 1II2, respectively) using MODELLER
9.12 software. The obtained model of L. major PEPCK was validated
by using Procheck [25] and Verify 3D [26] programs. Structure
alignment was conducted with UCSF Chimera 1.5.3 (https://www.
cgl.ucsf.edu/chimera/) [27] and ESPrit 3.0 web tool (http://espript.
ibcp.fr/ESPript/ESPript/) [28].

3. Results

3.1. Heterologous expression

The survey of the sequenced genomes of Leishmania species
revealed that L. major and L. mexicana exhibited two gene copies
encoding putative PEPCKs, although other species such as Leish-
mania infantum and Leishmania braziliensis presented only a single
copy for this gene. These putative leishmanial PEPCKs displayed
nearly identical sequences, and high similarity with homologues
from the closely related trypanosomes (identity y 80%). Besides,
these enzymes also presented lower but important relatedness
with other ATP-dependant enzymes such as PEPCKs from Saccha-
romyces cerevisiae and E. coli (identityy 51% and 42%, respectively).
Given that PEPCK has not yet been purified from any Leishmania
species, in order to explore the biochemical properties of this
enzyme, we obtained the recombinant L. major PEPCK. The 6xHis
tagged protein was purified by means of a single step of affinity
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Fig. 1. Heterologous expression and purification of the putative phosphoenolpyruvate carboxykinase from L. major. (A) The recombinant 6xHis-tagged and untagged PEPCKs
were expressed and purified as described in Material and Methods section. Each of the recombinant proteins (5 mg) were subjected to SDS-PAGE in 10% acrylamide gels under
reducing conditions and were visualized by Coomassie Blue staining. Lane 1, 6xHis tagged-Lmj_PEPCK; Lane 2, untagged-Lmj_PEPCK; MWM, molecular mass standards. The mass
values of the protein markers are given in kDa and shown on the right side of the panel. (B) The gel filtration chromatography in native conditions of L. major 6xHis tagged and
untagged PEPCKs was performed through S-200 HR as described in Material and Methods section. The elution pattern of the 6xHis tagged enzyme is shown in open circles and that
of the untagged protein in open triangles. The inset shows the standard curve for molecular mass, proteins used as molecular mass markers are indicated in dark circles: alcohol
dehydrogenase (ADH, 146.8 kDa); tyrosine aminotransferase from Trypanosoma cruzi (TAT, 90 kDa); Hemoglobin (Hb, 68 kDa) and ovoalbumin (Ovo 44 kDA).
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chromatography onto a Ni2þ charged NTA matrix, as described in
Material and Methods section. The recombinant 6xHis tagged
Lmj_PEPCK yielded 3 mg per liter of bacterial culture, and when
stored at 4 �C, the enzyme was stable for several days with no
evident loss of activity. Once the 6xHis tagged Lmj_PEPCK was
analyzed by SDS-PAGE under denaturing conditions, a single band
with the expected apparent molecular mass was visualized
(y59 kDa), (Fig. 1A). Also, in gel filtration chromatography, under
native conditions the recombinant enzyme eluted in a single
symmetric peak. The elution volume corresponded to a protein of
approximately 103 kDa (Fig. 1B). This value fits in well with a
dimeric organization of L. major enzyme.

Notably, as compared with the T. cruzi counterpart, the 6xHis
tagged Lmj_PEPCK exhibited a significantly higher specific activity
in the OAA-forming direction (69.6± 8 Umg�1 vs 3.2± 0.04 Umg�1,
anaplerotic reaction). The recombinant enzyme was also more
active in the PEP-forming direction (gluconeogenic reaction),
although in this case, the specific activity was onlyy2 -fold higher
(51.6 ± 2 Umg�1 vs 28.04 ± 5.5 Umg�1) [7]. The potential influence
of the 6xHis tag on the catalytic competence of Lmj_PEPCK was
examined by expressing the untagged enzyme in E. coli. Based on
the fact that different pI values were predicted for L. major and
E. coli PEPCKs (8.2 and 5.5, respectively) in addition to the dissimilar
molecular organization of both homologues (dimer vs monomer),
the untagged Lmj_PEPCK was separated from the endogenous
bacteria enzyme by a two-step purification procedure. Briefly, the
bacteria cell-free extract was applied onto a cation exchangematrix
equilibrated with 75 mM triethanolamine buffer, pH 7.4, as
described in Material and Methods section. Those fractions which
eluted at about 300 mM of KCl and exhibited PEPCK activity were
collected. The recombinant enzyme was further purified by gel
filtration chromatography. The untagged Lmj_PEPCK obtained
upon the latter step presented a molecular mass of about 100 kDa
as well as being homogeneous when analyzed by SDS-PAGE
(Fig. 1A). Moreover, the expected N-terminal sequence of
Lmj_PEPCK was confirmed by Edman degradation of the first six
amino acids from the recombinant protein. When tested in the
carboxylation and decarboxylation reactions, the untagged enzyme
displayed identical specific activity to that determined for the 6xHis
tagged protein (not shown). Hereinafter, the 6xHis tagged
Lmj_PEPCK was utilized for further kinetic characterization and
mutagenesis studies.

3.2. Kinetic characterization

L. major PEPCK was active in a wide range of pH values
(4.5e9.0); the enzyme was capable of catalyzing PEP carboxylation
at lower pHs than OAA decarboxylation (not shown). However, for
both reactions, the recombinant enzyme presented optimal activ-
ities at equivalent pH values (7.0e8.0). Therefore, 75 mM trietha-
nolamine buffer, pH 7.4, was selected for activity measurements.

Similarly to PEPCKs from different sources, the L. major
enzyme exhibited an absolute requirement for divalent cations. The
most effective activator was Mn2þ (in low mM range) while Mg2þ

enhanced catalysis synergistically, displaying an optimal
activity at mM concentrations. Also, the Lmj_PEPCK proved to
be active at low mM concentrations of other divalent
cations. The level of preferences was estimated as follows:
Mn2þy Co2þ >> Zn2þ >Ni2þ >Mg2þ. Among the testedmetal ions,
Ca2þ and Cu2þ showed to be completely ineffective. On the other
hand, the activity of Lmj_PEPCK remained unaltered when
measured in the presence or absence of cysteine protective re-
agents such as 1 mM dithiothreitol (not shown).

Kinetic studies showed that the recombinant L. major PEPCK
exhibited typical hyperbolic curves for all the assayed substrates
(Supplementary material, Fig. 1). The apparent Km values towards
ADP and ATP were equivalent, while this apparent kinetic param-
eter for OAA was 10-fold lower than that determined for PEP. Be-
sides, the apparent Km value towards Mn2þ was in the mM range
and the apparent kcat values for the OAA- and PEP-forming re-
actions were similar (Table 1, panel A). As resulted from the lower
apparent Km for OAA than for PEP, the catalytic efficiency (kcat/Km)
of the recombinant Lmj_PEPCK was about 9-fold higher in the PEP-
than OAA-forming direction (gluconeogenic vs anaplerotic
reactions).

Similarly to PEPCKs from diverse sources, 3MPA also exerted an
inhibitory effect on L. major enzyme, equally decreasing the capa-
bility of catalyzing PEP and OAA production in a dose-dependent
manner. The specific activities of Lmj_PEPCK were lowered to
approximately 50% at 40 mM of 3MPA. To further evaluate the



Table 1
Kinetic characterization of the recombinant phosphoenolpyruvate carboxykinase from L. major and H205Q, Y180F and Y180A variants.

Apparent kinetic parameters in the OAA-forming direction Apparent kinetic parameters in the PEP-forming direction

Substrate Km (mM) kcat (s�1) kcat/Km (M�1 s�1) Substrate Km (mM) kcat (s�1) kcat/Km (M�1 s�1)

Panel A Wild type PEP 0.90 ± 0.13 65.52 ± 3.14 (7.20 ± 0.14) � 104 OAA 0.09 ± 0.01 51.54 ± 2.2 (5.73 ± 0.11) � 105

ADP 0.09 ± 0.01 78.82 ± 3.54 (8.76 ± 0.16) � 105 ATP 0.054 ± 0.006 48.09 ± 1.9 (8.91 ± 0.13) � 105

Mn2þ 0.0068 ± 0.0007 60.01 ± 3.76 (8.57 ± 0.18) � 106 Mn2þ 0.008 ± 0.0002 50.73 ± 3.4 (6.34 ± 0.58) � 106

HCO3
� 12.30 ± 1.75 68.31 ± 4.39 (5.55 ± 0.11) � 103

Panel B PEPCK_H205Q aPEP 1.63 ± 0.36 0.7 ± 0.04 (4.29 ± 1,19) � 102 aOAA 0.21 ± 0.03 4.41 ± 0.11 (2.10 ± 0.16) � 104
aADP 0.41 ± 0.06 0.67 ± 0.04 (1.63 ± 0.45) � 103 aATP 0.15 ± 0.04 3.86 ± 0.15 (2.63 ± 0.85) � 104

Mn2þ 1.93 ± 0.31 0.89 ± 0.03 (4.61 ± 0.89) � 102 Mn2þ 3.20 ± 0.75 3.43 ± 0.26 (1.07 ± 0.33) � 103
aHCO3

- 7.59 ± 0.91 0.64 ± 0.02 84.3 ± 12.7
Panel C PEPCK_Y180F PEP 0.59 ± 0.05 37.78 ± 0.70 (6.36 ± 0.69) � 104 OAA 0.17 ± 0.03 9.07 ± 0.68 (5.46 ± 0.14) � 104

ADP 0.10 ± 0.01 29.80 ± 0.56 (3.04 ± 0.32) � 105 ATP 0.09 ± 0.01 6.75 ± 0.16 (7.26 ± 0.83) � 104

Mn2þ 0.009 ± 0.0018 30.87 ± 2.21 (3.43 ± 0.93) � 106 Mn2þ 0.0025 ± 0.0003 6.46 ± 0.31 (2.57 ± 0.40) � 106

HCO3
� 16.67 ± 2.20 31.52 ± 2.38 (1.89 ± 0.39) � 103

Panel D PEPCK_Y180A bPEP 1.24 ± 0.14 2.66 ± 0.07 (2.15 ± 0.30) � 103 bOAA 0.43 ± 0.11 3.18 ± 0.27 (7.40 ± 2.52) � 103
bADP 0.29 ± 0.04 3.22 ± 0.13 (1.11 ± 0.20) � 104 bATP 0.09 ± 0.02 3.93 ± 0.20 (4.23 ± 0.99) � 104

Mn2þ 0.10 ± 0.02 3.34 ± 0.12 (3.34 ± 0.78) � 104 Mn2þ 0.14 ± 0.020 4.41 ± 0.25 (3.15 ± 0.63) � 104
bHCO3

- 13.97 ± 1.38 3.61 ± 0.11 (2.58 ± 0.33) � 102

The kinetic parameters were determined by varying the concentration of the tested substrate whereas the concentrations of the other substrates were kept constant at the
concentrations corresponding to the standard reaction mixture described in Material and Methods. The apparent Km and Vmax values were determined by non-linear
regression using GraphPad Prism 5.01 software. The kinetic constants are the means of at least three to four determinations ± S.E.M. Turnover numbers (kcat, s�1) were
calculated using a molecular mass of 58.2 kDa per subunit. a and b denotes those kinetic parameters which were determined at 10 mM and 1.5 mM of Mn2þ, respectively.

Fig. 2. The inhibitory effect of 3-mercaptopicolinic acid (3MPA) on the activity of L. major PEPCK. (A) The influence of 3MPA on the apparent Km and Vmax values when PEP and
HCO3

� were tested as substrates is illustrated with Michaelis-Menten plots. In regards to PEP (panel A, left) and HCO3
� (panel A, right), the best fits were obtained for a mixed and a

non-competitive model, respectively, when the Akaike information criterion (AICc) was applied (shown in Supplementary material, Table 2). (B) The corresponding Lineweaver-
Burk plots for PEP and HCO3

� are depicted in the left and right side panels, respectively. (C) Secondary replots of slopes and intercepts for PEP and HCO3
� as a function of the

assayed 3MPA concentrations are represented in the left and right panels, respectively. The estimated Kii and Kis values for PEP and HCO3
� are tabulated below each graph. The

errors associated with each data point in the MichaeliseMenten and Lineweaver-Burk plots are indicated and the assayed concentrations of 3MPA are shown in the insets.
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mechanism by which 3MPA inhibited Lmj_PEPCK, steady state ki-
netic studies were conducted and the initial rates of PEP-
carboxylation reaction were measured at different concentrations
of the inhibitor. The obtained data were analyzed by (i) fitting the
untransformed data to the different kinetic models as described in
Material and Methods section, (ii) constructing the double recip-
rocal graphs and further replots of the slopes and intercepts as a
function of the assayed 3MPA concentrations. The outcomes ob-
tained by applying the nonlinear regression supported a mixed
inhibitory mechanism of 3MPA for PEP and a canonical non-
competitive mechanism in respect to HCO3

� (Fig. 2A). The lowest
Akaike information criterion (AICc) values were used to select the
best models (Supplementary material, Table 2). On the other hand,
the Lineweaver-Burk plots also showed analogous inhibitory
mechanisms for both substrates (Fig. 2B). Consistently, the sec-
ondary replots provided equivalent apparent Kii and Kis values
(14.93 mM and 15.19 mM, respectively) for HCO3

�. However, in the
case of PEP, these parameters were notably dissimilar, being Kii
higher than Kis. (112.35 mM vs 4.71 mM) (Fig. 2C). In brief, both
methods (global fitting of untransformed data and double recip-
rocal graphical plots) estimated equivalent inhibition modalities of
3MPA towards L. major PEPCK, a mixed inhibition mechanism for
PEP and a canonical non-competitive mechanism in respect to
HCO3

�.
On the other hand, regarding the non-physiological reactions

catalyzed by certain PEPCKs such as OAA decarboxylation in the
absence of ATP (OAA decarboxylase activity) or phosphoryl transfer
from PEP to ADP (Pyruvate Kinase-like activity, PK-like), L. major
PEPCK only displayed PK-like activity. For this secondary reaction, a
specific activity of about 1.5 ± 0.3 U mg�1 was determined.

3.3. Mapping the active site of L. major PEPCK

A three-dimensional model of Lmj_PEPCKwas built by using the
3-D structures of PEPCKs from T. cruzi and E. coli enzymes (1II2.pdb
and 2PXZ.pdb, respectively) as templates; a structure-based protein
alignment is depicted in Fig. 3. In order to provide experimental
evidence about the roles played by selected conserved residues in
L. major PEPCK, seven single point mutants were obtained and
functionally characterized. The first group of mutants was con-
structed to address whether the side chains of D241, D242 and
H205 were indeed implicated in binding the Mn2þ and Mg2þ metal
ions. Hence, the following variants were built: D241A, D242A and
H205Q. Besides, the second group of mutations (R43Q, R43A,
Y180A and Y180F; R65 and Y207 E. coli numbering) was designed to
probe the potential functions of R43 and Y180 in the active site of
L. major PEPCK. The Lmj_PEPCK variants were expressed in parallel
with the wild type enzyme. Upon purification by affinity chroma-
tography, the mutated proteins exhibited equivalent yields as well
as presenting the expected apparent molecular masses, when
analyzed in SDS-PAGE (not shown). However, the Lmj_PEPCK R43A
variant was not functionally characterized given that this mutant
resulted in a poorly stable protein with a manifest trend towards
aggregation. The secondary and tertiary structure contents of
Lmj_PEPCK Y180F, Y180A, D242A, D241A, R43Q and H205Q mu-
tants were examined by spectroscopic analysis. As compared with
the wild type enzyme, all the variants presented indistinguishable
IF spectra and no significant changes in the near-UV CD patterns
were observed (Fig. 4A and B). Furthermore, CD analysis in the far-
UV region showed that the mutated proteins also exhibited
equivalent patterns, when compared with the wild type enzyme
(Fig. 4C). These outcomes indicated that the engineered sub-
stitutions neither altered the overall folding nor produced any
significant distortion in the secondary and tertiary structures of the
mutated proteins.
3.3.1. D241, D242 and H205 variants
All PEPCKs possess two strictly conserved aspartate residues in

the Kinase-2 motif (265LIGDD269, E. coli sequence), which establish
hydrogen bonds with water molecules as well as with other side
chains from the active site and form part of the Mn2þ and Mg2þ

binding sites. Among other side chains involved in the hydrogen
bonding network, the imidazole group of H232 (E. coli numbering)
also contributes to Mn2þ binding in the active site [4]. In L. major,
the substitution of D242 for A led to a completely inactive enzyme
(Fig. 4, panel D). Besides, identical substitution of D241 also
exerted a large influence on the OAA- and PEP-forming activities
(about 1400-fold and 31-fold, respectively). The operability of
Lmj_PEPCK D241A and D242A mutants could not be rescued even
though the concentrations of Mn2þ (enzyme cofactor) and
Mg2þwere raised 100-fold in the standard reaction mixture. On the
other hand, the substitution of H205 for Q (H232 in E. coli) also
remarkably diminished the activity of this variant (Fig. 4, panel D).
However, the capability of H205Q mutant to catalyze PEP- and
OAA-forming reactions could be rescued when the concentration
of Mn2þ was raised in the reaction mixture. Further kinetic anal-
ysis showed that when this mutant was assayed either in PEP- or
OAA-forming reactions, only the apparent Km value towards Mn2þ

was dramatically increased (over 250-fold). Moreover, as
compared with the wild type enzyme, the catalytic efficiency of
H205Q variant was notably lower for the reaction leading to OAA
production. This outcome resulted from a remarkable high
decrease (100-fold) in the apparent kcat values for OAA-forming
activity (Table 1, panel B).

3.3.2. R43Q, Y180A and Y180F variants
The L. major PEPCK R43Q variant exhibited an extremely low

activity either in the OAA- or PEP-forming directions. The decrease
appeared to be notably higher for OAA-than for PEP-forming ac-
tivities (y31000-fold vsy1800-fold), (Fig. 4, panel D). The fact that
the substitution of R43 for Q so remarkably influenced PEP and OAA
forming capabilities indicated that like in other PEPCKs, the gua-
nidinium group of R43 played a critical role in the catalytic mech-
anism. However, further characterization of this mutant was
precluded because its activity remained almost unchanged even
when the concentration of PEP, HCO3

� and OAA was increased
within the limits of substrate solubility. On the other hand, the role
of Y180 in the catalytic mechanism of Lmj_PEPCK was explored by
constructing two variants, Y180F and Y180A. The more conserva-
tive substitution (Y for F) exerted a milder effect on Lmj_PEPCK
operability; as compared with the wild type enzyme, the specific
activity of this mutant showed a 2- and 8-fold decrease for the
OAA- and PEP-forming reactions, respectively (Fig. 4, panel D).
Lmj_PEPCK Y180F mutant presented nearly unaltered apparent Km
values towards PEP, ADP, HCO3

�, OAA and ATP. Besides, the
apparent Km value for Mn2þ also remained unchanged in the PEP-
and OAA-forming directions. When compared with the wild type
enzyme, the lower catalytic efficiency (kcat/Km z 10-fold) observed
in the decarboxylation of OAA mainly derived from the decrease in
the kcat value in PEP-forming reaction (Table 1, panel C). Besides,
PK-like activity of Lmj-PEPCK Y180F variant remained unchanged
(not shown) in comparisonwith the wild type enzyme. Instead, the
replacement of Y180 for A brought about more important effects on
the carboxylation and decarboxylation activities of Lmj_PEPCK
(Fig. 4, panel D). The kinetic analysis of Y180A mutant indicated
that the lack of this aromatic ring was mainly reflected in the
apparent Km value towards Mn2þ, which was about 10-fold higher
than that determined for the wild type enzyme in the PEP- and
OAA-forming directions. Besides, this variant exhibited equiva-
lently reduced the kcat values for the carboxylation and decarbox-
ylation reactions (Table 1, panel D).
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Fig. 4. Spectroscopic and functional characterization of L. major phosphoenolpyruvate carboxykinase mutants. (A) Intrinsic fluorescence, the excitation wavelength is
295 nm; (B) Near-UV CD spectra; (C) Far-UV CD spectra. All the assayed proteins were in 50 mM buffer HCl-Tris, pH 7.9, supplemented with 50 mM NaCl at concentrations indicated
in Material and Methods. The color code for each protein spectrum is shown in the inset of panel A and maintained unvaried in panels B and C. (D) Specific activities in the OAA- and
PEP-forming directions of the wild type L. major PEPCK and those of the analyzed mutants. ND: not detectable. Each assay was performed in triplicate using the standard assays
mixtures and following the conditions described in Material and Methods.
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4. Discussion

Results reported herein particularly disclose the biochemical
properties of the L. major PEPCK as well as providing a first glimpse
into this enzyme active site. Despite the fact that L. major PEPCK
and trypanosomial counterparts reveal high sequence relatedness,
interestingly our findings show that the kinetic properties of
L. major enzyme more closely resemble those of T. brucei than
T. cruzi PEPCK (For comparison see Table 2). Opposed to the T. cruzi
enzyme, L. major PEPCK remains equally active in the presence or
absence of reducing agents [30]. Besides, the over-all kinetic
properties of L. major PEPCK show that like other homologues, this
enzyme also exhibits the trend of catalyzing the PEP-forming re-
action (gluconeogenic activity) more efficiently than PEP-
carboxylation, to produce OAA (anaplerotic activity). Owing to the
notable nutrient variability that trypanosomatids encounter in the
different niches they colonize, PEPCK seems to be needed to
guarantee the operability of Krebs cycle as well as the de novo
synthesis of glucose in Leishmania spp. Therefore, this enzyme is
believed to contribute to the fine tuning balance between gluco-
neogenesis and anaplerotic processes in the insect and mammalian
stages of this pathogen [13,31,32].

3MPA has been shown to act on the T. cruzi PEPCK as a purely
noncompetitive inhibitor in respect of the substrates corre-
sponding to the carboxylation reaction [33]. By contrast, in the
Fig. 3. Structure-based protein sequence alignment of L. major phosphoenolpyruvate c
PEPCKs from E. coli (2PXZ.pdb), and T. cruzi (1II2.pdb) were downloaded from the PDB d
dimensional structures of PEPCKs from E. coli (E. coli, 2PXZ.pdb), T. cruzi (T. cruzi, 1II2.pdb)
to generate the structure alignment with UCSF Chimera 1.5.3 version. The first 37 and 17
alignment. Invariant residues are highlighted by shaded red boxes while conserved residue
are indicated by green triangles. The figure was made with ESPrit 3.0 web tool [http://espr
case of the L. major enzyme, a mixed mechanism and a classical
non-competitive inhibition were observed when PEP and HCO3

�

were tested as substrates, respectively. In the case of PEP, the
higher value obtained for Kii than for Kis indicates that within the
mixed inhibitory modality, the competitive component might be
more prevalent than the un-competitive mechanism. This obser-
vation raises the question whether in the case of Lmj_PEPCK,
3MPA might operate as a discrete allosteric inhibitor, preventing
the enzyme from achieving the catalytically competent confor-
mation or precluding the entrance of PEP in the active site. In ATP-
dependant PEPCKs, the binding site of 3MPA still remains to be
disclosed. However in GTP-dependant homologues, it has been
assumed that this inhibitor and PEP binds to partially overlapped
sites [34].

Site directed mutagenesis studies show that the change of D242
for A renders a completely inactive enzyme, while the substitution
of D241 and H205 for A and Q, respectively produces important but
no so dramatic effects on Lmj_PEPCK activity. Particularly, the
H205Q variant exhibits an over 250-fold increase in the apparent
Km value towards Mn2þ in addition to the notably lower kcat values
for the OAA-forming reaction (Table 1, panel B). Therefore, it is
likely that as observed in the crystallographic structures of ATP-
and GTP-dependant PEPCKs as well as inferred for the T. cruzi ho-
mologue [10,35], the side chains of the strictly conserved D241,
D242 and H205 could also fulfill equivalent roles in Lmj_PEPCK.
arboxykinase with ATP- and GTP-dependant homologues. The crystal structures of
atabase. Lmj_PEPCK model was generated by using MODELLER 9.12 software. The 3-
and man (Human, 1 KHB pdb) as well as the build model for Lmj_PEPCK were used
amino acids from human and E. coli PEPCKs, respectively, were not included in the

s are indicated by open blue boxes. The selected residues for site directed mutagenesis
ipt.ibcp.fr/ESPript/ESPript/].

http://espript.ibcp.fr/ESPript/ESPript/


Table 2
Comparison of the apparent kinetic parameters of L. major, T. brucei and T. cruzi PEPCKs.

Apparent kinetic parameters in the OAA-forming direction Apparent kinetic parameters in the PEP-forming direction

Km (mM) Km (mM) Km (mM) Vmax (U mg�1) Km (mM) Km (mM) Vmax (U mg�1)

PEP ADP HCO3
- OAA ATP

L. major 0.90 ± 0.13 0.09 ± 0.01 12.3 ± 1.7 72 ± 3.5 0.09 ± 0.01 0.054 ± 0.006 49.5 ± 1.7 This work
*T. brucei 0.465 ± 0.112 0.045 ± 0.005 19 ± 2 205 ± 9 ND ND ND [9]
T. brucei 0.490 ± 0.100 0.040 ± 0.011 25.7 ± 7.4 ND 0.037 ± 0.018 0.0103 ± 0.0002 ND [8]
T. cruzi 0.035 ± 0.003 0.017 ± 0.02 2.77 ± 0.37 3.40 ± 0.18 0.044 ± 0.025 0.027 ± 0.002 32 ± 0.34 [7]
T. cruzi 0.36 ± 0.08 0.039 ± 0.001 3.7 ± 0.2 6.3 0.027 ± 0.003 0.039 ± 0.001 24 [29]

The values of the kinetic constants for PEPCK from trypanosomes were adapted from published data, references are included within the Table. *T. brucei denotes that the
kinetic parameters were determined for the recombinant enzyme and ND stands for not determined.
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Interestingly, our findings show that in L. major PEPCK the
replacement of R43 for Q and Y180 for F do not equally affect the
catalytic performance of the leishmanial enzyme as identical sub-
stitutions do in ATP- (E. coli and yeast homologues) and GTP-
dependant PEPCKs (human enzyme) [35e39]. L. major R43Q
variant exhibits a meaningful 31000- and 1800-fold decrease in its
capability of catalyzing the OAA- and PEP-forming reactions,
respectively. Besides, the activity of this variant remains unre-
sponsive when the concentrations of PEP, OAA or HCO3

� are
increased beyond those utilized in the standard reaction mixture.
As compared with the wild type enzyme, this variant does not
exhibit significant differences in the secondary and tertiary struc-
tures; therefore it seems likely that R43 is critical for Lmj_PEPCK
activity. Given that the influence of the substitution of R for Q on
the kinetic parameters could not be estimated, how R43 affects
Lmj_PEPCK activity remains to be disclosed. Notably, equivalent
substitution in S. cerevisiae PEPCK (R70Q) results in a significant but
not so remarkable decrease in the rate of OAA-forming reaction
(about of 4000-fold). In yeast PEPCK, the positive charge of R70 has
been correlated with the catalytic mechanism as well as with PEP
binding [39]. By contrast in E. coli PEPCK, the replacement of R65 by
Qmildly raises the Kmvalue for PEP (11 vs 42mM) and the kcat value
is about y 30% lower than that of the wild enzyme. Besides in
E. coli, kinetic and structural studies have shown that R65 jointly
with Y207 (R43 and Y180 in L. major PEPCK) hold the CO2 molecule
in the precise location to facilitate its attack by the unstable carb-
anion intermediate formed when PEP is converted into OAA [36].
However, our findings show that in Lmj_PEPCK, the lack of the
hydroxyl group of Y180 does not meaningfully affect the apparent
Km value for HCO3

�.
On the other hand in rat and human GTP-dependant PEPCKs, the

guanidine group of R87 and the positively charged edge of the ar-
omatic ring of Y235 (equivalent to R43 and Y180 in Lmj_PEPCK) are
mainly involved in counterbalancing the negative charges of PEP
phosphate and carboxylate groups [40,41]. In human PEPCK, the
substitution of Y235 for F remarkably influences the OAA forming
activity. The Vmax of this mutant is about 10% of the value deter-
mined for the wild type enzyme, being the apparent Km value for
Mn2þ notably increased, while that for PEP significantly lowered
[37]. By contrast, our findings show that in L. major PEPCK, the
substitution of Y180 for F affects PEP- more significantly than OAA-
forming activity, remaining unaltered the apparent Km values for
the substrates andMn2þ. Alternatively, when Y180 is replaced for A,
the Km value towards Mn2þ increases in about 10-fold. Besides
opposed to the human variant, when in Lmj_PEPCK Y180 is
substituted for F or A the apparent Km values towards HCO3

� and
PEP remain nearly unaltered (Table 1, panels C and D). These
findings suggest that unlike in human enzyme [37], the aromatic
ring of Y180 might not establish an anionequadrupole interaction
with PEP in Lmj_PEPCK.
In summary, it appears that R43 and Y180 play relevant roles
even in the catalytic mechanism or in the transition rates from the
open state to the closed and catalytically competent form of
L. major PEPCK. Unexpectedly, the lack of the aromatic ring in the
position of Y180 only significantly increases the apparent Km value
for Mn2þ and diminishes the rates of both PEP- and OAA-
production. These findings indicate that further structural and
biochemical studies are needed to better understand the roles
played by R43 and Y180. These residues could be directly involved
in the catalytic mechanism or/and comprised among those
involved in the substrate induced fit required to reach the final key-
lock or active enzyme conformation. In order to shed light on the
particularities of leishmanial PEPCKs, new approaches are currently
under way in our laboratory.
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