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Abstract Phosphoenolpyruvate carboxylase (PEPC)
catalyzes the carboxylation of phosphoenolpyruvate (PEP)
in the presence of bicarbonate to form oxaloacetate (OAA),
and it plays an important role in high-efficient production
of OAA-derived metabolites such as lysine, glutamate and
succinate. However, PEPCs often suffered from serious
feedback inhibition by various metabolic effectors like
aspartate. Here, the feedback inhibition of PEPC from
Corynebacterium glutamicum was removed by adding a
short terminal peptide like His-tag. The effect of His-tag
location on the structure and important properties such as
activity, thermostability and feedback inhibition of PEPC
has been investigated. The purified untagged PEPC, N-
terminal His-tagged PEPC (PEPC-N-His) and C-terminal
His-tagged PEPC (PEPC-C-His) were characterized. PEPC-
N-His (439.71/sec/mM) showed a 1.26 and 186-fold higher
catalytic efficiency than untagged PEPC (348.59/sec/mM)
and PEPC-C-His (2.36/sec/mM), respectively. Both PEPC-
N-His and untagged PEPC were significantly inhibited by
aspartate at the concentrations above 4 mM (residual
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activities < 10%), while PEPC-C-His was almost desensitized
to aspartate within 10 mM (around 90% of residual activity).
Structural analysis showed that the extension of C-terminus
may cause steric hindrance for aspartate binding with
enzymes, leading to the deregulation of feedback inhibition
of PEPC-C-His. This study provides a deeper understanding
of the effect of terminal fragments on the structure and
function of PEPCs, and helps to engineer the feedback
inhibition of PEPCs and structurally similar enzymes.

Keywords: Corynebacterium  glutamicum, feedback
inhibition, His-tag, phosphoenolpyruvate carboxylase,
structural analysis

1. Introduction

Phosphoenolpyruvate carboxylases (PEPCs; EC 4.1.1.31)
catalyze the carboxylation of phosphoenolpyruvate (PEP)
to form oxaloacetate (OAA) and Pi using Mg** or Mn*" as
a cofactor [1]. They are present in photosynthetic organisms,
nonphotosynthetic bacteria and protozoa and usually
composed by four identical subunits [2]. PEPCs primarily
play an anaplerotic role by replenishing C,-dicarboxylic
acids utilized for both energy and biosynthetic metabolisms
and most PEPCs are allosteric enzymes with a wide variety
of allosteric effectors [1,3]. Given the physiological
importance of PEPCs, a large number of enzymological
studies have been carried out [4,5]. The PEPC from
Corynebacterium glutamicum (an important amino acid-
producing strain) plays an important role in industrial
production of OAA-derived metabolites such as lysine,
glutamate and succinate [6,7]. For instance, Chen et al.
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constructed several aspartate-resistant mutants of PEPC
from C. glutamicum by rational protein design, and obtained
a 37% higher lysine production using the strain expressing
the PEPC mutant (N917G) [6].

Affinity tags particularly the short peptide like histidine-
tags (His-tags) are commonly used for fast enzyme
purification [8-10]. They are usually added at the N- or C-
terminus of the enzyme of interest. His-tags are generally
supposed to have no or little influence on the structure and
function of native proteins [11]. However, His-tags can
also significantly affect the solubility or catalytic activity of
some specific enzymes [12-14]. Since structural analysis
suggested that C-terminus of PEPCs plays an important
role both in catalytic activity and allosteric regulation [15],
the effect of a short terminal peptide (e.g., His-tag) extension
on the multiple important properties of PEPCs would be of
great interest.

In this study, the purified untagged PEPC from C.
glutamicum was compared with the N-terminal His-tagged
PEPC (PEPC-N-His) and C-terminal His-tagged PEPC
(PEPC-C-His) in terms of activity, feedback inhibition and
thermostability. The structural basis of the His-tag effect
was further elucidated.

2. Materials and Methods

2.1. Chemicals and strains

All chemicals were of analytical grade or higher quality
and purchased from Sigma-Aldrich Chemie (Missouri, USA)
and Solarbio (Beijing, China) unless specified. Escherichia
coli DH5a strain was used as cloning host. For expression,
E. coli Rosetta2 (DE3) or E. coli BL21 (DE3) (TransGen
Biotech, Beijing, China) was used.

2.2. Construction of over-expression plasmids

The sequence of ppc gene from C. glutamicum 7188 has been
deposited in NCBI database (Accession No. AKXP01000022,
complement (37514-40273)) and shown in Supplementary
Information. Note that the PEPC from C. glutamicum 7,188
shares 98% amino acid sequence identity with PEPC from
C. glutamicum ATCC13032 (Supplementary Fig. S1). The
ppc gene from C. glutamicum 7188 was amplified by ppc-F
(5'-GGAATTCCATATGACTGATTTTCTACGCGATGA
CATCAGG-3") and ppc-R (5'-GCGTCGACCTAGCCG
GAGTTGCGCAGTG-3"), the underlines indicate Ndel
and Sall restriction site, respectively. The PCR product was
digested by Ndel and Sall, and ligated into pET-28a(+)
vector to obtain the recombinant plasmid for expression
of PEPC with an N-terminal His-tag (named pSXGl).
Additionally, the treated PCR product was ligated into
pET-21a(+) vector to obtain the recombinant plasmid for

expression of PEPC with a C-terminal His-tag (named
pSXL2). The amino acid sequence of extended C- and N-
terminus is VDKLAAALEHHHHHH and MGSSHHHHH
HSSGLVPRGSH, respectively.

2.3. Expression and purification of enzymes

For protein expression, pSXG1 and pSXL2 plasmids were
transformed to chemically competent E. coli Rosetta2
(DE3) and E. coli BL21 (DE3) cells, respectively. The cells
were cultured in LB medium at 37°C until the optical
density at 600 nm (ODg) reached 0.6, and 0.5 mM IPTG
(isopropyl-p-D-1-thiogalactopyranoside) was added to
induce enzyme overexpression for another 24 h at 20°C.
The N- or C-terminal His-tagged PEPCs were purified by
using Ni-NTA resin (GE Healthcare, Uppsala, Sweden) on
an AKTA purification system (GE Healthcare, Uppsala,
Sweden). To obtain the purified untagged PEPC, the His-
tag of PEPC-N-His was removed by thrombin digestion as
shown in literature [16] with minor changes: a) the thrombin
cleavage buffer was 100 mM Tris/HCI (pH 7.5) containing
20% (v/v) glycerol; b) digestion was performed at 4°C for
12 h. The enzyme purity was estimated by 12% SDS—-PAGE,
and enzyme concentration was measured using Pierce BCA
Protein Assay Kit (Thermo Scientific, Waltham, USA).

2.4. Enzyme activity assay

The enzyme activity of the purified PEPC was determined
by a coupling reaction catalyzed by malate dehydrogenase
at 30°C as previously described [17,18]. PEPC catalyzes
the carboxylation of PEP to form oxaloacetate and inorganic
phosphate using Mn”>* as a cofactor, and then malate
dehydrogenase catalyzes the oxaloacetate to form malate
using NADH as a cofactor. The standard reaction mixture
contained 100 mM Tris/HCI (pH 7.5), 2 mM PEP, 10 mM
NaHCO;, 10 mM MnSO,, 0.1 mM NADH, 20% (v/v)
glycerol, 1.6 U of malate dehydrogenase and appropriate
amounts of purified PEPCs. The activity was assayed
spectrophotometrically by monitoring the decrease in
absorbance of NADH at 340 nm. One unit (U) of the
enzyme activity was defined as the oxidization of 1 pmol
of NADH per minute under assay conditions. The kinetic
parameters of purified PEPCs were determined by assaying
the activity on the substrate PEP at different concentrations
(0.05 ~ 3 mM) but at fixed Mn?* (10 mM) and NaHCO;
(10 mM) concentrations. Data were fitted to the Michaelis—
Menten equation by non-linear regression analysis in
Graphpad Prism 6.

2.5. Thermostability

The thermostability was studied by incubating the purified
enzymes in the buffer (100 mM Tris/HCI (pH 7.5), 20% (v/v)
glycerol) at 30 or 40°C. Aliquots were withdrawn at
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Table 1. Kinetic parameters of PEPC from C. glutamicum with PEP

Kinetic parameters®

Enzyme

K, (mM) keat (/sec) kea/ Kiny (/sec/mM)
Untagged PEPC 0.41 £0.10 142.92 + 8.29 348.59 £ 23.78
PEPC-N-His 0.31£0.02 136.31 £ 10.32 439,71 £20.45
PEPC-C-His 1.95+0.34 4.61+1.63 236+0.73

*To determine the kinetic experiments, a range of PEP concentration from 0.05 to 3 mM was assayed with a fixed concentration of MnSO,
(10 mM) and NaHCO; (10 mM). All of the assays were repeated three times, and the mean values are shown.

different time intervals and the residual activities were
determined as described above [19,20].

2.6. Oxaloacetate production using cell-free extracts of
PEPCs

All the reactions, including 100 mM Tris/HCI buffer (pH 7.5),
6 mM PEP, 30 mM NaHCOs, 30 mM MnSO,, 1.2 mM
NADH, 20% (v/v) glycerol, 6.4 U of malate dehydrogenase
and 4.95 pg cell-free extracts of enzymes, were carried out
in a total volume of 200 pL at 30°C and 800 rpm. The
concentration of oxaloacetate was determined by monitoring
the decrease in absorbance of NADH at 340 nm. The decrease
in absorbance of NADH using supernatant of E. coli cells
with empty vector has been determined as control, and net
decrease in absorbance (after subtraction of background
value) was used for oxaloacetate quantification assay.

2.7. Structural analysis

Since the structure of PEPC from C. glutamicum has not
been elucidated until now, three-dimensional structures of
untagged PEPC, PEPC-N-His and PEPC-C-His were
generated by using YASARA program [21] based on the
crystal structure of maize PEPC (PDB code: 1JQO) [22] or
Flaveria trinervia PEPC (PDB code: 4BXH) [23]. PEPC
from C. glutamicum 7188 showed 33% sequence identity
with maize PEPC and 32% identity with Flaveria trinervia
PEPC. The structures were visualized and analyzed using
Pymol.

3. Results and Discussion

3.1. Catalytic activities of PEPCs

The untagged PEPC, N- and C-terminal His-tagged PEPC
from C. glutamicum (PEPC-N-His and PEPC-C-His) were
purified to electrophoretic homogeneity (Supplementary
Fig. S2), and their kinetic parameters were determined. As
shown in Table 1, PEPC-N-His showed a slightly higher
catalytic efficiency k../Ky (439.71 vs. 348.59/sec/mM) and
a lower K, (0.31 vs. 0.41 mM) compared with untagged
PEPC. In contrast, PEPC-C-His significantly differed from
them with a much lower £../K,, (2.36/sec/mM) and higher
K (1.95 mM). These results indicate that the catalytic
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Fig. 1. Thermostability of the untagged PEPC, N- and C-terminal
His-tagged PEPC at 40°C. The solutions of PEPCs were
preincubated at 40°C and withdrawn at different time intervals to
estimate the residual activity using the standard assay protocol.
Relative activity was expressed as a percentage of the activity
measured initially without any pre-incubation. All of the assays
were repeated three times, and the mean values are shown.

activity of PEPC from C. glutamicum was dramatically
impaired by the C-terminal His-tag.

3.2. Thermostability of PEPCs

The thermostability of PEPCs was examined by measuring
the residual activities at 30 and 40°C. As shown in
Supplementary Fig. S3, untagged PEPC and PEPC-N-His
retained around 40% of initial activities after incubation at
30°C for 15h, while PEPC-C-His completely lost the
activity after 4 h incubation. However, all three PEPCs
were heat-sensitive at 40°C, and PEPC-C-His exhibited
poorer thermostability with half-life of 3 min than untagged
PEPC (8 min) and PEPC-N-His (10 min) (Fig. 1). These
results suggest that C-terminal His-tag may negatively
affect the stability of native PEPCs. Noteworthy, many
purified PEPCs were heat-sensitive at temperatures above
40°C, for example the half-lives of PEPCs from lupin were
between 7 and 13 sec at 50°C [20]. In addition, the soluble
PEPC-C-His was slightly less than soluble untagged PEPC
(Supplementary Fig. S4), which might be caused by the
poorer thermostability.
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Fig. 2. Profiles of inhibition of the untagged PEPC, N- and C-
terminal His-tagged PEPC by aspartate. All of the assays were
repeated three times, and the mean values are shown.

3.3. Feedback inhibition of PEPCs

The residual activities of PEPCs at aspartate (an allosteric
inhibitor) concentrations from 1 to 10 mM were investigated
(Fig. 2). The untagged PEPC was significantly inhibited
and lost most activity (> 82%) at aspartate concentrations
above 2 mM, which agrees with the previous report [6].
The presence of N-terminal His-tag resulted in greater
inhibition, e.g., 95% of activity was lost at 2 mM aspartate.
However, the inhibition was unexpectedly almost
deregulated for the purified PEPC-C-His, and around 90%
of activity was remained at aspartate concentrations up to
10 mM. These results suggested that the extension of a
short peptide at the C-terminus of PEPCs could significantly
deregulate the feedback inhibition of aspartate, but at the
expense of lower catalytic efficiency in our case (C-terminal
His-tag and PEPC of C. glutamicum). Nevertheless, the
catalytic efficiency might be improved by optimizing the
length and composition of C-terminus or protein engineering
technique.

3.4. Oxaloacetate production using cell-free extracts of
PEPCs

Supplementary Fig. S5 shows the OAA production using
cell-free extracts of untagged PEPC, PEPC-C-His and
PEPC-N-His. It is found that, a much higher OAA
productivity was obtained using untagged PEPC and
PEPC-N-His (around 500 uM for both) compared to
PEPC-C-His (around 60 uM), which might be due to the
significantly higher catalytic efficiency of untagged PEPC
and PEPC-N-His. Interestingly, the OAA productivity was
not increased after 25 and 20 min for untagged PEPC and
PEPC-N-His, respectively, while it was still increased for
PEPC-C-His. These results indicate that both catalytic
efficiency and aspartate resistance of PEPCs are critical for

efficient production of OAA. Simultaneous improvement
of the activity and feedback-resistance of PEPC by
optimizing the length and composition of C-terminus and
protein engineering technique is currently in progress.

3.5. Structural insights into the effect of his-tag

To investigate the structural effect of His-tag, the three-
dimensional structures of untagged PEPC, PEPC-N-His
and PEPC-C-His were generated by homology modeling.
The crystal structure of PEPC from Maize which was
thought to be in the active state (R state) [22] was selected
as the template. It is observed that similar with other PEPCs
[22], the N-terminus of C. glutamicum PEPC is distant from
the active site, and C-terminus is in the enzyme interior
(Supplementary Fig. S6).

As shown in Fig. 3, the active site pocket was intact in both
structures of untagged PEPC and PEPC-N-His, and the PEP
analog DCDP (3,3-dichloro-2- dihydroxyphosphinoylmethyl-
2-propenoate) can be well accommodated. However, the
extension of 15 residues at C-terminus in PEPC-C-His
(V920 to H934) blocked its active site pocket (Figs. 3C and
3F), causing the reduced access probability of substrate
into the active site. This was supported by the much higher
K., and lower k., of PEPC-C-His (1.95 mM and 4.61/sec)
than that of PEPC-N-His (0.31 mM and 136.31/sec) and
untagged PEPC (0.41 mM and 142.92/sec). Note that since
the extension at C-terminus would affect the rate of
substrate access to the active site and/or product release,
resulting in the significantly lower k., of PEPC-C-His
(almost 30-fold decreased) compared to untagged PEPC,
therefore k. seems to be the predominant determinant.
These results can explain the lowest catalytic activity of
PEPC-C-His among three forms. Note that the importance
of the C-terminal peptide of PEPCs in catalytic activity has
been previously reported [24]. In addition, the presence of
His-tag might disturb the natural refolding of PEPC,
leading to altered thermostability.

An interesting question is why PEPC-C-His but not
PEPC-N-His was desensitized to the allosteric inhibitor
aspartate? The C-terminus of PEPC has been demonstrated
to directly interact with the allosteric inhibitor, e.g., N881
formed two H-bonds with aspartate in crystal structure of
E. coli PEPC (PDB code: 1JQN), and G919 formed one
H-bond with ethylene glycol (EDO) in structure of
F trinervia PEPC (PDB code: 4BXH). Thus, the extension
of C-terminus in PEPC-C-His may destroy these contacts
or even sterically hinder access of allosteric inhibitors. This
hypothesis was supported by the observations that, when
structures of untagged PEPC, PEPC-N-His and PEPC-C-
His were generated based on F. frinervia PEPC (Fig. 4 and
Supplementary Fig. S7), each of the four monomers in
untagged PEPC and PEPC-N-His had an EDO molecule in
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Fig. 3. Active site pocket of PEPC-N-His ((A) and (D)), untagged PEPC ((B) and (E)), and PEPC-C-His ((C) and (F)) whose structures
were generated based on Maize PEPC (PDB code: 1JQO). The extension of C-terminus (V920 to H934) is in red. The PEP analog
DCDP was in green sphere, and placed in active site based on its coordinates in PEPC from E. coli (PDB code: 1JQN). All enzyme
orientations are identical and active site pocket is at the center of each structure.

Fig. 4. Structural comparison of untagged PEPC and PEPC-N-His (A), untagged PEPC and PEPC-C-His (B) which were generated
based on F trinervia PEPC (PDB code: 4BXH). The untagged PEPC, PEPC-N-His and PEPC-C-His is in bluewhite, pink and cyan,
respectively. The EDO in active site is in green sphere for all three structures, and EDO in inhibitor-binding site is indicated by blue
circle and as the respective backbone. The extension of C-terminus (V920 to H934; VDKLAAALEHHHHHH) is in red.

inhibitor-binding site like F. #rinervia PEPC, however such
EDO molecules were absent in three of four monomers in
the case of PEPC-C-His. Furthermore, another reason for
the deregulation of aspartate inhibition in PEPC-C-His
might be the prevention of aspartate into active site by the
extended C-terminus (V920 to H934), since aspartate can
function as competitive inhibitor of PEPCs [20].
Noteworthy, modification of the terminal fragments of

@ Springer

protein has been previously reported as an alternative
strategy to engineer enzyme properties of interests [25,26].
For instance, Jossek ef al. reported a tyrosine-resistant
AroF (3-deoxy-d-arabino-heptulosonate -7-phosphate synthase
isoenzyme) mutant, which was obtained by removing
seven N-terminal residues [25]. In another study, Zhang et
al. constructed nine AroF mutants with truncation of
different N-terminal fragments, and overexpression of the
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mutant AroF2(~!V significantly increased the accumulation
of l-phenylalanine [26]. These examples suggest that
extension or deletion of terminal peptide could be an
efficient approach to engineer the properties like feedback
inhibition of some enzymes.

4. Conclusion

The effect of a short peptide like His-tag on the structure
and catalytic properties of PEPC from C. glutamicum was
investigated in terms of activity, feedback inhibition and
thermostability. The PEPC-N-His behaved similar with
untagged PEPC, while PEPC-C-His showed lower catalytic
efficiency, lower thermostability, and improved aspartate
resistance compared with other two forms. Structural
analysis showed that the extension of C-terminus in PEPC-
C-His not only prevented substrates into the active site, but
also limited the small molecules like EDO or aspartate into
the inhibitor-binding site. This study provides an alternative
strategy to deregulate the feedback inhibition of PEPCs
and other structurally similar enzymes by modifying the
terminal peptides. Removal of feedback inhibition of
PEPCs can contribute to the improved production of OAA-
derived chemicals such as lysine, glutamate and succinate.
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